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e species to study human embryology; however, there are limited reports on the key transcription factors
and epigenetic events of rabbit embryos. This study examined the Oct-4 and acetylated H4K5 (H4K5ac) patterns in rabbit embryos
using immunochemistry staining. The average intensity of the Oct-4 signal in the nuclei of the whole embryo spiked upon fertiliza-
tion, then decreased until the 8-cell stage and increased afterwards until the compact morula (CM) stage. It decreased thereafter
from the CM stage to the early blastocyst (EB) stage, with a minimum at the expanded blastocyst (EXPB) stage and came back to a
level similar to that of the CM-stage embryos in the hatching blastocysts (HB). The Oct-4 signal was observed in both the inner cell
mass (ICM) and the trophectoderm (TE) cells of blastocysts. The average H4K5ac signal intensity of the whole embryo increased upon
fertilization, started to decrease at the 4-cell stage, reached a minimum at the 8-cell stage, increased again at the EXPB stage and
peaked at the HB stage. While TE cells maintained similar levels of H4K5ac throughout the blastocyst stages, ICM cells of HB showed

higher levels of H4K5ac than those of EB and EXPB. RBMOnline
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Introduction

A series of genetic and epigenetic events define early embryo
development. Disturbances in these highly co-ordinated pro-
cesses are believed to contribute to developmental failures
and defects in mammals (Corry et al., 2009; Jaenisch and
Bird, 2003; Palini et al., 2011). For example, cell lineage
formation at the blastocyst stage is regulated by the
POU-domain transcription factor Oct-4 (also known as
Pou5f1) (Ovitt and Scholer, 1998; Pesce and Scholer, 2001).
When Oct-4 was mutated, mouse embryos failed to establish
an inner cell mass (ICM) and eventually died prematurely
(Boiani and Scholer, 2005; Nichols et al., 1998). Therefore
understanding key genetic and epigenetic events during early
embryo development will help to identify the factors con-
tributing to embryo losses and consequently improve embryo
survival rates in human and other mammalian species (Maher
et al., 2003; Mamo et al., 2008). It is reported that about
15–50% of mammalian embryos die during the preimplanta-
tion period (Mamo et al., 2008; Warner et al., 1998).

The majority of studies on early embryo development
use mouse models; however, mouse embryos are not always
representative of the earliest stages of mammalian develop-
ment (Berg et al., 2011; Winston and Johnson, 1992). For
example, the restrictive expression of Oct-4 in the ICM,
but not in the trophectoderm (TE), appears to be unique
in the mouse (Dietrich and Hiiragi, 2007; Ovitt and Scholer,
1998; Palmieri et al., 1994; Pesce et al., 1998; Yeom et al.,
1996). In human, cattle, pig and rabbit embryos, Oct-4
expression was present in both ICM and TE cells even until
the expanded blastocyst stage (Berg et al., 2011; Hansis
et al., 2000; Kirchhof et al., 2000). It was suggested that
the regulatory circuitry determining ICM/TE identity has
been rewired in the mouse, to allow rapid TE differentiation
and early blastocyst implantation (Berg et al., 2011). Alter-
native animal models are needed for better understanding
of human embryology and stem cell biology.

The rabbit is a classic agricultural species and a useful
model animal for biomedical research (Fan and Watanabe,
2003). Rabbits are genetically and physiologically closer to
humans than mice. In comparison with larger animals, such
as pigs and monkeys, rabbits can be housed indoor, have a
short gestation and produce multiple-offspring litter. These
advantages make rabbit a unique species for the study of
human physiology. As a preferred laboratory species for
many human disease studies such as atherosclerosis, it is
also a pioneer species in the development of several embryo
biotechnologies, such as IVF, transgenesis, animal cloning,
embryo cryopreservation and embryonic stem cells (ESC)
(Fan and Watanabe, 2003; Lin et al., 2011).

There are limited studies on key transcription factors and
epigenetic programming events in preimplantation-stage
rabbit embryos. Using quantitative real-time PCR, the gene
for Oct-4, one of the few transcription factors studied in rab-
bit embryos, was found abundantly expressed in oocytes and
zygotes, then gradually reduced until the activation of the
embryonic genome and thereafter continuously increased
until the blastocyst stage (Kobolak et al., 2009; Mamo
et al., 2008). Oct-4 mRNA was found in both the ICM and
the TE, a pattern similar to that of the human embryos.
Studies on epigenetic events during early rabbit embryo
development are mostly based on nuclear transfer experi-
ments. Immunostaining results showed that the acetylation
patterns of histones H3K14, H4K12 and H4K5 were different
between fertilized and cloned embryos. When cloned
embryos were treated with trichostatin A, a histone deacet-
ylation inhibitor, they displayed an acetylation pattern of
H3K14, H4K12 and H4K5 more similar to that of normally fer-
tilized embryos than those not treated with trichostatin A,
suggesting that increased levels of global acetylation in
cloned embryos may improve genetic reprogramming and
consequently embryo development competence in rabbits
(Shi et al., 2008).

As far as is known, the distribution pattern of Oct-4 has
not been thoroughly examined in preimplantation-stage rab-
bit embryos at the protein level. Previous studies have only
examined at themRNA expression level (Kobolak et al., 2009;
Mamo et al., 2008). The acetylated H4K5 (H4K5ac) pattern in
different cell lineages (i.e. ICM and TE cells) in rabbit blasto-
cysts is not available yet. H4K5ac is a good indicator for the
global activation of genes (Grunstein, 1997; Rundlett et al.,
1998; Shi et al., 2008), as the acetylation of histone H4 occurs
initially at lysine 16 (H4K16), then at K8 or K12, and ulti-
mately at K5 (Corry et al., 2009).

The present study used the immunochemistry approach
to examine the spatial and temporal profiles of Oct-4 and
H4K5ac in rabbit embryos at different developmental stages
from zygotes to hatching blastocysts. This study also com-
pared the patterns of these two important biomarkers in
ICM and TE cells in blastocyst-stage embryos.

Materials and methods

All chemicals were purchased from Sigma Chemical Co (St.
Louis, MO, USA), unless otherwise indicated.

Animal maintenance and hormone administration

All animal maintenance, care and use procedures were
reviewed and approved by the Institutional Animal Care
and Use Committee of the National Taiwan University and
the University Committee on the Use and Care of Animals
of the University of Michigan. Sexually mature (6–18 months
old) New Zealand White female rabbits were maintained
under a 12/12 light/dark cycle and superovulated with hor-
mones using a routine regime (Du et al., 2009), consisting
of two 0.3-mg, two 0.4-mg and two 0.6-mg injections of
FSH (folltropin-V; Bioniche Animal Health Canada, Belleville,
Ontario, Canada) at intervals of 12 h, followed by 200 IU of
human chorionic gonadotrophin (HCG; Chorulon; Intervet,
Millsboro, DE, USA). Superovulated rabbits were either
mated with fertile males and served as embryo donors or
not mated and served as oocyte donors.

Embryo collection and culture

Embryo collection and culture were performed as described
previously (Lin et al., 2011). Briefly, Dulbecco’s phos-
phate-buffered saline (DPBS; 15240-013; Gibco, Grand
Island, NY, USA) containing 0.1% polyvinyl alcohol (P-8136)
was used for flushing embryos from oviducts (PBS-PVP).
Medium 199 with Earle’s Salts, l-glutamine, 2.2 g/l sodium
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bicarbonate and 25 mmol/l HEPES (12340-014, Gibco) sup-
plemented with 10% fetal bovine serum (FBS; SH0070.03;
Hyclone, Logan, UT, USA) was used as the standard manipu-
lation medium. Metaphase II (MII) oocytes were flushed at
12–14 h post HCG from oocyte donors. Zygotes were col-
lected at 18–20 post HCG from embryo donors and cultured
in B2 medium (Laboratories CCD, Paris, France) supple-
mented with 2.5% FBS at 38.5�C in 5% CO2 and humidified air.

Immunostaining of rabbit embryos

Embryos at different stages – i.e. 2-cell, 4-cell, 8-cell,
16-cell, compact morulae (CM), early blastocyst (EB, diame-
ter �135 lm), expanded blastocyst (EXPB, diameter
>135 lmwith intact zona pellucida) and hatching blastocyst
(HB) – were fixed with fresh 4% paraformaldehyde in DPBS
for 10 min and stored in DPBS at 4�C until ready for process-
ing. After washing in DPBS for 10 min, permeabilization was
achieved by treatment of 0.5% Triton-X 100 for 15–30 min
and washing in 0.25% DPBS/Tween 20 (PBST) for 30 min at
room temperature (20–25�C). Treatment of DPBS supple-
mented with 2% bovine serum albumin for 1 h at room tem-
perature was used to block nonspecific binding sites.
Immunostaining was performed by incubation with the first
primary monoclonal antibody versus Oct-4 (1:150; MAB4401;
Millipore, Billerica, MA, USA) overnight at 4�C and then
washed in PBST three times for 15 min at room temperature.
Incubation with the first secondary antibody Alexa Fluor 488
goat anti-mouse IgG (1:500; A11029; Invitrogen, Carlsbad,
CA, USA) was performed for 1 h at 37�C. Then embryos were
washed in PBST twice for 30 min at room temperature. Incu-
bation of the second primary monoclonal antibody versus
acetylated H4K5 (1:250; ab51997; Abcam, Cambridge, UK)
was performed for 1.5 h at room temperature and then
washed in PBST three times for 15 min at room temperature.
Embryos were then incubated with the second secondary
antibody Alexa Fluor 594 donkey anti-rabbit IgG (1:500;
A21207; Invitrogen) for 1 h at 37�C. Embryos were washed
by PBST for 30 min at room temperature. Finally, the
embryos were stained with 4(,6-diamidino-2-phenylindole)
(DAPI; 100 ng/ml; D9564) for 10 min and mounted on slides
with 50% glycerol in DPBS.

Image processing and quantification

Image sections of individual embryos stained with DAPI,
Oct-4 or H4K5ac were observed and captured by laser scan-
ning confocal microscopy (Olympus IX71 with UltraVIEW
confocal software; PerkinElmer, Covina, California, USA).
Volocity (version 5.3.1; Improvision) and ImageJ (version
1.45b; National Institutes of Health) were applied for inten-
sity analysis of these images.

For Oct-4 intensity of the whole embryo, image planes of
each individual embryo were merged by Volocity without any
modification of fluorescent intensity. Images were first con-
verted to 8-bit greyscale and the background value was elim-
inated by the background subtract function. The nuclear
intensities of integrated fluorescent images were measured
by manually outlining all nuclei of embryos at the zygote
stage to the 16-cell stage, randomly selected 20 nuclei at
the CM stage and 30 nuclei at the blastocyst stages, as previ-
ously described (Shi et al., 2008).
For comparison of Oct-4 intensity between the ICM and
TE regions in blastocyst-stage embryos (EB, EXPB and HB),
a representative single plane across both the ICM and the
TE regions of each embryo was selected. The test areas (i.e.
the ICM and TE regions) were visually identified and all
nuclei of the selected region were measured using ImageJ.

The same measurement procedures were applied for
H4K5ac intensity analysis.

Statistical analysis

Statistical analyses were performed with Prism (version
5.0C; GraphPad Software, La Jolla, CA, USA). Differences
of Oct-4 or H4K5ac intensity among different stages of
in-vitro cultured embryos were subjected to one-way
ANOVA. Paired t-test was used to compare the intensity dif-
ference between the ICM and TE regions in blastocyst-stage
embryos. A P-value less than 0.05 was considered statisti-
cally significant.
Results

Oct-4 protein signals in in-vitro cultured rabbit
embryos

After testing different Oct-4 antibodies, the purified mono-
clonal antibody MAB4401 was used. This human Oct-4 anti-
body cross-reacted with rabbit Oct-4 satisfactorily, as
previously described (Zhang and Wang, 2010).

A diffuse signal of Oct-4 was observed in the cytoplasm
but not on the chromosomes of MII oocytes (Figure 1A). A
strong Oct-4 signal in the nuclei was observed at the 1-cell
stage (Figure 1B,K), gradually decreased at the 2- and 4-cell
stages and reached its lowest level at the 8-cell stage
(P < 0.05; Figure 1C–E,K). Embryos at the 8-cell stage
showed a very weak Oct-4 signal in the cytoplasm and dimin-
ished signal in the nuclei (Figure 1E). The signal started to
increase at the 16-cell stage (Figure 1F) and became very
intense in all nuclei at the CM stage (Figure 1G). In all blas-
tocysts examined, at the EB, EXPB and HB stages, the Oct-4
signal was present in the nuclei of both ICM and TE cells (Fig-
ure 1H–J). Interestingly, the average nucleus intensity of
the Oct-4 signal decreased again at the EB stage and reached
another minimum at the EXPB stage (P < 0.05; Fig-
ure 1H,I,K). The embryos regained the Oct-4 signal in the
nuclei at the HB stage to a level similar to the CM-stage
embryos (Figure 1J,K).

Oct-4 protein signals in the ICM and TE regions of
blastocysts

The Oct-4 intensity in the nuclei between two cell lineage
types, ICM and TE cells, was compared at the EB, EXPB
and HB stages. At the EB stage, clear and strong Oct-4
staining in the nuclei of ICM cells was observed, in contrast
to diffuse but visible signals in the nuclei of TE cells
(Figure 2A,D). At the EXPB stage, both ICM and TE nuclei
displayed a weak Oct-4 signal. No intensity difference was
found between these two cell types (Figure 2B,D). At the
HB stage, the Oct-4 signal in the nuclei of ICM cells was
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Figure 1 (A–J3) Oocytes and embryos at different stages doubly labelled for DNA (4(,6-diamidino-2-phenylindole); DAPI; blue)
and Oct-4 (green). Oct-4 staining of metaphase-II oocytes (MII) showed visible but diffuse signals distributed throughout the
cytoplasm (A–A3). Oct-4 signals were detected both in the cytoplasm and the nuclei of zygotes (B–B3) and 2-cell (C–C3) and 4-cell
(D–D3) embryos. A very weak Oct-4 signal was found in the cytoplasm and diminished in the nuclei of 8-cell embryos (E-E3). Nuclear
Oct-4 staining was evident again at the 16-cell stage (F–F3) and became more intense at the compact morula stage (CM; G–G3). A
wave of Oct-4 signal intensity change was observed in blastocyst embryos (H-J3): the average intensity of Oct-4 signal decreased at
the early blastocyst stage (EB; H–H3), reached a minimum at the expanded blastocyst stage (EXPB; I–I3) and spiked at the hatching
blastocyst stage (HB; J–J3). Bars = 100 lm (A–J3). (K) Quantification of Oct-4 intensity at different stages of in-vitro cultured
rabbit embryos. Values are mean ± SEM. Numbers of embryos used for each stage are indicated above each bar. Different letters
(a–c) indicate a statistically significant difference (P < 0.05). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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much higher than those in TE cells of the same embryo and
ICM cells of EB and EXPB embryos (Figure 2C,D; P < 0.05). A
wave of Oct-4 signal intensity in the nuclei of ICM cells was
observed during the EB (moderate), EXPB (lowest) to HB
(highest) stages, while such signal intensity remained at
similar levels in TE cells throughout these stages.

Acetylated H4K5 distribution in rabbit in-vitro
cultured embryos

The terminal histone acetylation marker of histone 4, acet-
ylated H4K5, was examined in rabbit oocytes and
preimplantation-stage embryos. Immunocytochemistry with
specific antibodies against acetylated H4K5 was negative in
spermatozoa (data not shown) and weak in MII chromosomes
(Figure 3A,K). Hyper-acetylated H4K5 was found in both
parental pronuclei at the zygote stage (Figure 3B,K). The
hyper-acetylated H4K5 status peaked at the 2-cell stage
(Figure 3C,K), decreased at the 4-cell stage, reached a min-
imum at the 8-cell stage and remained low until the EB
stage (Figure 3D–H,K). The average signal intensity of
H4K5ac of the whole embryo increased again at the EXPB
stage and reached the highest level at the HB stage
(P < 0.05; Figure 3I–K).
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Figure 2 (A–C3) Inner cell mass (ICM) and trophectoderm
(TE) at the early blastocyst (EB), expanded blastocyst (EXPB)
and hatching blastocyst (HB) stages doubly labelled for DNA
(4(,6-diamidino-2-phenylindole); DAPI; blue) and Oct-4 (green).
Oct-4 fluorescence associated with the ICM was strong in EB
(A–A3), dramatically declined after expansion (B–B3), but
then elevated to a higher level in HB (C–C3). The Oct-4 signal
was detectable in TE cells throughout the blastocyst stages
(arrows, A2–C2). Bars = 100 lm (A–C3). (D) Quantification of
Oct-4 intensity in the nuclei of ICM and TE cells at different
blastocyst stages. The Oct-4 signal in ICM cells at the HB stage
was much higher than that in the EB and EXPB stages, whereas
the signal intensity was similar in TE cells of all three stages.
Oct-4 intensity of the ICM versus the TE regions was also
analysed. Significantly higher intensity of the Oct-4 signal was
found in ICM cells than in TE cells in both EB- and the HB-stage
embryos. The Oct-4 signal was similarly low between these two
groups of cells in EXPB-stage embryos. Values are mean ± SEM.
Numbers of embryos used for each stage are indicated above
each bar. Asterisks indicate statistically significant differences
(P < 0.05). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this
article.)
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Acetylated H4K5 distribution in the ICM and TE
regions of blastocysts

The H4K5ac signals of ICM and TE cells were compared at
the EB, EXPB and HB stages. In EB- and EXPB-stage embryos,
the H4K5ac signal was significantly higher in the nuclei of TE
cells than in ICM cells (P < 0.05; Figure 4A,B,D). In con-
trast, the nuclear H4K5ac signal was stronger in the ICM
than in the TE in embryos at the HB stage (P < 0.05; Fig-
ure 4C,D). The H4K5ac signal in the nuclei of ICM cells at
the HB stage was higher than in ICM cells of EB- and
EXPB-stage embryos, whereas the signal in TE cells was
almost unchanged throughout these three blastocyst stages.

Discussion

The present work studied the spatial and temporal distribu-
tion of the Oct-4 protein at different stages throughout
early embryo development in rabbits. Previously, the
expression pattern of Oct-4 in rabbit embryos was examined
using reverse-transcription PCR (Mamo et al., 2008). It was
found that the mRNA levels of Oct-4 gradually decreased
from the zygote stage until zygotic genomic activation (8-
to 16-cell stage for rabbits), then increased and reached
the highest level at the blastocyst stage. The present results
using the immunostaining approach revealed a similar
pattern where the Oct-4 signal was present in the zygote
stage, decreased gradually and reached its lowest level at
the 8-cell stage and increased again at the 16-cell stage.

However, several of the present main findings, such as
the second wave of Oct-4 signal change from the EB to
the HB, were not observed by Mamo et al. (2008). Notably,
while this study reports low Oct-4 protein signals in the ICM
cells of EXPB-stage embryos, Mamo et al. (2008) reported
high Oct-4 mRNA levels in pooled blastocysts. This is most
likely because the present study collected blastocysts at dif-
ferent stages (EB, EXPB and HB) and performed comparisons
between ICM and TE cells, whereas Mamo et al. (2008) col-
lected all blastocysts at one time point (103 h post HCG) and
did not make the comparison between ICM and TE cells. As a
result, this study is able to report the Oct-4 profiles at a
higher spatial and temporal resolution (i.e. in a specific cell
lineage at a specific blastocyst stage), while Mamo et al.
(2008) could only report at the whole embryo level for
pooled blastocysts. However, the present study cannot
exclude the possibility that Oct-4 expression in rabbit blas-
tocysts is regulated at the post-transcriptional level (e.g.
translation of mRNA is influenced by small RNA) (Ambros,
2001). If this is the case, rabbit embryos at the EXPB stage
would show high mRNA expression (as suggested by Mamo
et al., 2008) and low protein (as reported in the present
study) at the same time. Further experiments are necessary
to elucidate if such regulation exists or not.

The use of different rabbit strains and culture media may
also contribute to the different observations in the present
study and Mamo et al. (2008). It has been shown that gene
expression patterns in preimplantation-stage embryos differ
in different mouse strains (Rambhatla and Latham, 1995),
and that embryo culture conditions could affect gene
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expression patterns in mammalian embryos (Rinaudo and
Schultz, 2004).

It is important to point out that this study confirmed that
the Oct-4 signal was present in both ICM and TE cells in blas-
tocyst-stage rabbit embryos. This is different from the Oct-4
expression pattern in mouse embryos, predominately in ICM
cells, but not in TE cells (Dietrich and Hiiragi, 2007; Ovitt
and Scholer, 1998; Palmieri et al., 1994; Pesce et al., 1998;
Yeom et al., 1996). Human embryos as well as cattle and pig
embryos also express Oct-4 in both ICM and TE cells (Berg
et al., 2011; Hansis et al., 2000; Kirchhof et al., 2000).
The fact that Oct-4 is considered one of the most important
pluripotent genes and that mouse embryos and human
embryos differ in their patterns of Oct-4 expression indi-
cates that the mouse is not always a good model for the
human, particularly in the context of embryo development,
cell lineage formation and ESC biology. In fact, it is specu-
lated that the regulatory mechanisms determining ICM/TE
identity in the mouse is different from most if not all other
species, to allow rapid TE differentiation and early
blastocyst implantation (Berg et al., 2011). Such differences
may have contributed to the relatively high success rates in
authentic ESC derivation in mice and the general lack of suc-
cess with other species, such as cattle, pigs and rabbits
(Fang et al., 2006; Keefer et al., 2007; Wang et al., 2005).
The present findings on Oct-4 patterns, along with the find-
ings by several other groups (Berg et al., 2011; Kobolak
et al., 2009; Mamo et al., 2008) support the argument that
the rabbit could serve as a better model than the mouse for
human embryology and stem cell studies.

Interestingly, regarding EB-stage embryos, the ratio of
the Oct-4 signal between ICM and TE cells of different spe-
cies seems to be associated with the evolutionary distance
from human. In mouse EB-stage embryos, Oct-4 expression
is restricted to the ICM and is very low in the TE (Ovitt
and Scholer, 1998). In rabbit EB-stage embryos, the Oct-4
signal is high in the ICM but low in the TE (present study).
In bovine EB-stage embryos, Oct-4 expression is high in
the ICM and moderate in the TE (Berg et al., 2011). In mon-
key and human EB-stage embryos, Oct-4 signal is high in
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mean ± SEM. The number of embryos used for each stage is
indicated above each bar. Asterisks indicate statistically
significant differences (P < 0.05). (For interpretation of the
references to color in this figure legend, the reader is referred
to the web version of this article.)
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both ICM and TE cells (Cauffman et al., 2005; Mitalipov
et al., 2003). Such correlations have not been observed
for later stages (e.g. EXPB and HB).

From the immunostaining results, two waves of Oct-4 sig-
nal change during early embryo development in rabbits
were identified. The first wave reached a minimum at the
8-cell stage. Nuclear Oct-4 staining in rabbit embryos
became evident again at the 16-cell stage and a strong sig-
nal associated with each nucleus was observed at the CM
stage. This coincides with the timing of zygotic genomic
activation in rabbits, suggesting that the embryonic expres-
sion of Oct-4 is following the overall pattern of genomic
activation. Different from rabbits, zygotic genomic activa-
tion in mouse embryos is seen at the first cell cycle (2-cell
stage), whereas the zygotic Oct-4 expression is detected
at the 8-cell stage (Kurosaka et al., 2004; Palmieri et al.,
1994).

The second wave of Oct-4 signal change occurred in the
ICM cells, where it bottomed at the EXPB stage and spiked at
the HB stage. This finding was unexpected. In mouse stud-
ies, Oct-4 signal intensity in ICM cells was strong from EB
to HB stages (Chang et al., 2005; Nichols et al., 1998; Ovitt
and Scholer, 1998). In early studies examining the Oct-4
mRNA levels in rabbit embryos, the total mRNA of the whole
embryos was found at similar levels in unhatched and
hatched blastocysts (Kobolak et al., 2009); however, com-
parison of the Oct-4 mRNA levels between ICM and TE cells
was not conducted at different blastocyst stages. As far as is
known, the present work is the first report on Oct-4 protein
levels between ICM and TE cells at different blastocyst
stages. A quick loss of the Oct-4 signal in the ICM at the EXPB
stage and the quick re-emergence of the signal at the HB
stage may reflect critical regulating events on pluripotent
cell lineage formation. It is speculated that this may be
associated with the switch of the distal enhancer (DE) of
Oct-4 to proximal enhancer (PE). The regulatory region of
Oct-4 is highly conserved among species and usually con-
tains four conserved regions (CR1–4) within the promoter
(Chew et al., 2005; Nordhoff et al., 2001; Ovitt and Scholer,
1998; Yeom et al., 1996). Reporter gene expression experi-
ments in mouse (Bao et al., 2009; Yeom et al., 1996) iden-
tified two elements in the promoter that regulate Oct-4
expression at distinct developmental stages, including the
PE within CR2 and CR3 and the DE within CR4. DE is respon-
sible for driving Oct-4 expression in ICM and primordial germ
cells as well as in in-vitro derivatives (e.g. ESC and embry-
onic germ cells). By contrast, PE is active and directs Oct-4
expression in epiblast cells and their in-vitro counterparts,
epiblast stem cells. Thus, the regulatory machinery to
express Oct-4 is a useful tool to distinguish the pluripotent
cell property and its origins (Bao et al., 2009). In rabbits,
the gene structure and the sequence of Oct-4 were demon-
strated to be highly conserved compared with different spe-
cies (Kobolak et al., 2009; Yeom et al., 1996). Expression
analysis of rabbit Oct-4 promoter regions in mouse ESC dem-
onstrated that the function of the rabbit CR4 regulator
domain (containing DE) was indistinguishable to that of
the mouse counterpart (Kobolak et al., 2009). On the basis
of the present and previous observations, it is speculated



440 C-H Chen et al.
that the unique Oct-4 reactivation at the HB stage may
reflect the enhancer switching from DE to PE and emer-
gence of epiblast precursor cells. Further, it is postulated
that the EB-stage embryos may serve better for authentic
ESC derivation in rabbits, as the DE driving Oct-4 expression
is associated with the ICM and the ESC (Bao et al., 2009).

Histone acetylation is one of the major epigenetic reg-
ulatory mechanisms during preimplantation embryo devel-
opment (Corry et al., 2009). A single report on H4K5ac in
rabbit embryos (Shi et al., 2008) reported different acety-
lation profiles of H3K14, H4K12 and H4K5 between fertil-
ized and cloned embryos in rabbits. Relevant to the
present study, Shi et al. (2008) documented that in fertil-
ized rabbit embryos the H4K5ac signal was high at the pro-
nuclear stage, dramatically decreased at the 2-cell stage,
resurged at the 4-cell stage and then gradually decreased
at the 8-cell, CM and blastocyst stage. In comparison,
the present work included five additional stages (MII
oocyte, 16-cell, EB, EXPB and HB) and included compari-
sons between ICM and TE cells in blastocysts. Similar to
the findings of Shi et al. (2008), the present study observed
that the signal intensity of H4K5ac was low in MII oocytes
and became higher after fertilization. This suggests that
the fertilized embryos have a more open chromatin struc-
ture, consistent with the need for epigenetic reprogram-
ming of male and female pronuclei. Additionally, both
the present study and Shi et al. (2008) report a decrease
of the H4K5ac signal at the 4-cell stage. However, the
present study did not observe a sudden decrease of H4K5ac
signal between the 1- and 2-cell stages; instead it was
maintained at a similar level. Consequently, instead of a
resurgence at the 4-cell stage, as reported by Shi et al.
(2008), there was a decrease of H4K5ac signal from the
2-cell to the 4-cell stage, which is similar to a previous
report on H4K5ac in cleaved mouse embryos (Ma and
Schultz, 2008). Several factors, including biological materi-
als, external environment and experiment protocols, may
have contributed to the discrepancy between the present
study and Shi et al. (2008). For example, the present study
used a monoclonal antibodies to detect H4K5ac, B2
medium for embryo culture and New Zealand White rabbits
whereas Shi et al. (2008) used polyclonal antibodies,
medium 199 and Japanese big-eared white rabbits.

This study examined, as far as is known for the first
time, the H4K5ac in different regions of the embryos (i.e.
the ICM versus the TE) at the EB, EXPB and HB stages. The
H4K5ac signal was present in both types of cells in all
stages yet with different relative levels. While the H4K5ac
signal in TE cells was at a similar level among all three
blastocyst stages examined, the signal in ICM cells was
Table 1 Oct-4 and acetylated H4K5 (H4K5ac) profiles in d

CM EB

Inside Outside ICM

Oct-4 Similar Similar High
H4K5ac Similar Similar Low

CM = compact morulae; EB = early blastocyst; EXPB = expanded
TE = trophectoderm.
higher at the HB stage than at the EB and EXPB stages.
As a result, the H4K5ac signal of TE cells was higher than
that of ICM cells at the EB and EXPB stages; however at the
HB stage, it was lower in TE cells than in ICM cells.

In cloned rabbit and bovine embryos (Shi et al., 2008;
Shiratsuki et al., 2011), as well as in mouse ESC (Hattori
et al., 2007), improved histone acetylation by trichostatin
A treatment is correlated with increased Oct-4 expression,
implying an interplay between the histone acetylation and
Oct-4 expression. Examining the dynamics of histone acet-
ylation including H4K5ac, particularly in the context of
Oct-4, will improve the understanding of these highly
co-ordinated genetic and epigenetic events during early
embryo development. Using chromatin immunoprecipita-
tion on mouse embryos, it was revealed that the acetyla-
tion level of H4K16 at the promoter region of Oct-4 was
highly correlated with the Oct-4 concentration in ICM cells
(O’Neill et al., 2006). The present study did not observe
such association of the acetylation level of H4K5 and con-
centration of Oct-4. This is likely because the global
H4K5ac patterns were examined, but not that at the
promoter region of Oct-4. It may also be the result of a
difference between rabbits and mice. Further work is
needed to examine the interplay of these two important
processes.

It is noted that different cell lineages displayed differ-
ent signature profiles of Oct-4 and H4K5ac (Table 1).
Unlike mouse embryos where the Oct-4 signal is consis-
tently present in the ICM but not in the TE, rabbit embryos
showed the Oct-4 signal in both cell types. At the EXPB
stage, both ICM and TE showed a low Oct-4 signal, indicat-
ing that Oct-4 may not be used as a unique biomarker for
cell lineage at this stage. On the other hand, the relative
ratio of the H4K5ac levels between the ICM and TE cell
types reversed the trend at the HB stage, indicating that
H4K5ac alone is not a good biomarker for cell lineage iden-
tification either. This study also compared the Oct-4 and
H4K5ac signal intensities between the outside and inside
cells of embryos at the CM stage and found no difference
(Table 1). These findings suggest that a combination of
Oct-4, H4K5ac and possibly other biomarkers such as Cdx-2
is needed to accurately identify different lineages of cells
in morula- and blastocyst-stage rabbit embryos.

As far as is known, the present work represents a first
effort in understanding the genetic and epigenetic events
during early embryo development in rabbits. Embryos were
flushed at the zygote stage and cultured in vitro until used
for analysis. Therefore, some of observations may be arte-
facts of the in-vitro embryo culture system. Studies have
revealed that in-vitro cultured embryos may differ from
ifferent cell lineages at different embryo stages.

EXPB HB

TE ICM TE ICM TE

Low Low Low High Low
High Low High High Low

blastocyst; HB = hatching blastocyst; ICM = inner cell mass;
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in-vivo-derived embryos in many ways, such as gene expres-
sion profiles (Mamo et al., 2007; Niemann and Wrenzycki,
2000), embryo morphology, cell number, embryo size and
development speed (Hyttel and Niemann, 1990; Machaty
et al., 1998). A separate project is examining Oct-4 and
H4K5ac, as well as several other transcription factors and
epigenetic mechanisms using in-vivo-derived embryos. Also,
the current work utilized only a single method (immunostain-
ing) and further work, such as Western blotting and
reverse-transcription PCR, is needed to confirm and better
quantify the present findings.

In conclusion, this study reports the temporal and spa-
tial distribution of Oct-4 and acetylated H4K5 during rab-
bit embryo development. Future work proposes to use a
combination of biomarkers (Oct-4, H4K5ac and others)
to accurately identify different cell lineages in rabbit
embryos. This study revealed a novel wave of Oct-4 inten-
sity change in ICM cells from the early blastocyst to the
hatching blastocyst. It is postulated that such wave may
have reflected the regulation of Oct-4 through enhancer
switching.
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