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ments the spatial and temporal distribution of Oct-4, Cdx-2 and acetylated H4K5 (H4K5ac) by immunocy-
tochemistry staining using in-vivo-derived rabbit embryos at different stages: day-3 compact morulae, day-4 early blastocysts, day-4
expanded blastocysts, day-5 blastocysts, day-6 blastocysts and day-7 blastocysts. The Oct-4 signal was stronger in the inner cell
mass (ICM)/epiblast cells than in the trophectoderm (TE) cells in all blastocyst stages except day-4 expanded blastocysts, where
the signal was similarly weak in both the ICM and TE cells. The Cdx-2 signal was first detected in a small number of TE cells of day-4
early blastocysts, and became evident in the TE cells exclusively afterwards. A consistently strong H4K5ac signal was observed in the
TE cells in all blastocyst stages examined. In particular, this signal was stronger in the TE than in the ICM cells in day-4 early blas-
tocysts, day-4 expanded blastocysts and day-5 blastocysts. Double staining of H4K5ac with either Oct-4 or Cdx-2 on embryos at dif-
ferent blastocyst stages confirmed these findings. This work suggests that day 4 is a critical timing for lineage formation in rabbit
embryos. A combination of Oct-4, Cdx-2 and H4K5ac can be used as biomarkers to identify different lineage cells in rabbit blasto-

cysts. RBMOnline
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Introduction

Laboratory rabbits (Oryctolagus cuniculus) have been long
used in biochemical research as valuable experimental mod-
ter ª 2012, Reproductive Healthcare Ltd.
.rbmo.2012.07.001
els for various human diseases (Fan and Watanabe, 2003).
Scientists have attempted to derive authentic rabbit embry-
onic stem cells and inducible pluripotent stem cells, but
with little success (Honda et al., 2008, 2009, 2010;
Published by Elsevier Ltd. All rights reserved.

mailto:liyingsung@ntu.edu.tw
http://dx.doi.org/10.1016/j.rbmo.2012.07.001
http://dx.doi.org/10.1016/j.rbmo.2012.07.001
http://dx.doi.org/10.1016/j.rbmo.2012.07.001
http://www.sciencedirect.com/
http://www.rbmonline.com/


Expression of Oct-4, Cdx-2 and acetylated H4K5 in in-vivo-derived rabbit embryos 359
Intawicha et al., 2009; Wang et al., 2007, 2008). There are,
in fact, very limited studies on key transcription factors and
epigenetic programming events in preimplantation-stage
rabbit embryos. Some fundamental knowledge, such as
the expression profile of caudal-like transcription factor
(Cdx-2) in different lineage cells in rabbit embryos, is not
available as yet (Chen et al., 2012).

Recently, Chen et al. (2012) documented the spatial and
temporal distribution of the Oct-4 protein and acetylated
H4K5 (H4K5ac) using in-vitro-cultured rabbit embryos. The
Oct-4 signal was detected in both the inner cell mass (ICM)
and the trophectoderm (TE) cells, a pattern similar to that
in human embryos, but different from that in mouse
embryos, supporting the argument that rabbit could serve
as a better model than mice for human embryology and
stem cell studies. Chen et al. (2012) was the first work from
this study centre, and one of the few reported works
towards the understanding of the genetic and epigenetic
events during early embryo development in rabbits.

As a continuation of the previous work, the aim of the
present study was to determine the dynamics of several
key genetic and epigenetic markers, such as Oct-4, Cdx-2
and H4K5ac using in-vivo-derived rabbit embryos.

The germline-specific protein, POU-domain transcription
factor Oct-4 (also known as POU5F1), plays a critical role for
early embryo development and pluripotent lineage forma-
tion (Scholer et al., 1990). It is regarded as the most impor-
tant factor to maintain the pluripotency of stem cell lines,
such as embryonic stem cells, inducible pluripotent stem
cells, embryonic carcinoma cells and embryonic germ cells.
Loss of its expression almost always results in differentia-
tion (Pardo et al., 2010). In mouse blastocysts, Oct-4 pro-
tein appears to only be expressed in the ICM, but not in
the TE (Ovitt and Scholer, 1998; Palmieri et al., 1994; Pesce
et al., 1998; Yeom et al., 1996). The previous work found
that Oct-4 protein is differently expressed in in-vitro-
cultured rabbit embryos, showing detectable signals in both
ICM and TE cells throughout the blastocyst stages (Chen
et al., 2012). The expression pattern of Oct-4 in different
lineage cells (i.e. of the ICM and the TE) of in-vivo-derived
rabbit blastocysts is not available yet.

Cdx-2 is one of the earliest transcription factors and is
essential for the maintenance of TE development in mam-
malian embryos, as demonstrated in mice, cattle and prima-
tes (Berg et al., 2011; Sritanaudomchai et al., 2009; Wu
et al., 2010). It is restrictedly expressed in the TE lineage
cells of pre- and early post-implantation embryos (Beck
et al., 1995; Strumpf et al., 2005). Using Cdx-2 knockout
and knockdown models, researchers found that although
this protein might not be responsible for the initiation of
TE lineage specification, lack of Cdx-2 expression caused
low mitochondrial activity and abnormal ultrastructure of
TE cells, which further impaired TE function and ceased
embryo development (Meissner and Jaenisch, 2006; Srita-
naudomchai et al., 2009; Strumpf et al., 2005; Wu et al.,
2010). Surprisingly, as far as is known, no one has reported
the expression pattern of Cdx-2 in rabbit embryos.

Epigenetic marks are involved in mammalian develop-
ment by stabilizing gene expression and regulating cell line-
age formation (Corry et al., 2009). Among epigenetic
machinery, acetylated lysine residues of histone H4 play
important roles in regulating gene expression by governing
the access and binding activity of transcription factors and
RNA polymerases to higher-order chromatin (Adenot
et al., 1997; Lee et al., 1993; Tse et al., 1998). When his-
tone H4 is hyperacetylated in an active genome, it often
shows the ultimate acetylation at residue K5 (O‘Neill and
Turner, 1995; Thorne et al., 1990; Turner and Fellows,
1989). The acetylation of H4K5 hence reflects the hyper-
acetylation of histone H4 and correlates with the transcrip-
tion activities of the associated genes (Grunstein, 1997;
Turner, 1998). Chen et al. (2012) reported the dynamics
of H4K5ac in in-vitro-cultured rabbit embryos. As far as is
known, no group has reported the dynamics of H4K5ac in
in-vivo-derived rabbit embryos.

The present study collected in-vivo-derived rabbit
embryos 3–7 days post insemination (dpi). The immuno-
staining method was used to examine the temporal and spa-
tial expression profiles of Oct-4 and Cdx-2 proteins, as well
as the acetylation pattern of histone H4 at lysine 5 in these
embryos. Furthermore, double staining of H4K5ac with
either Oct-4 or Cdx-2 was conducted to investigate the tem-
poral and spatial relationship of these three factors in rabbit
blastocysts.

Materials and methods

All chemicals are 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. Sex-
ually mature (6–18 months old) New Zealand White female
rabbits were maintained under a 12/12 light/dark cycle and
superovulated with hormones using a routine regime (Chen
et al., 2012), 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 human chorionic gonadotrophin
(HCG; Chorulon; IntervetInc, Millsboro, DE, USA). Superovu-
lated rabbits were mated with fertile males and served as
embryo donors.

Embryo collection

Dulbecco‘s phosphate-buffered saline (DPBS; 15240-013;
Gibco, Grand Island, NY, USA) containing 0.1% polyvinyl
alcohol (P-8136) was used for flushing embryos from ovi-
ducts or uteri. Medium 199 with Earle’s salts, L-glutamine,
2.2 g/l sodium bicarbonate and 25 mmol/l HEPES
(12340-014; Gibco) supplemented with 10% fetal bovine
serum (SH0070.03; Hyclone, Logan, UT, USA) was used as
the standard manipulation medium. In-vivo-derived
embryos were collected on 3, 4, 5, 6 and 7 dpi, respectively.

Immunostaining of rabbit embryos

As described previously (Chen et al., 2012), the embryos
were first fixed with fresh paraformaldehyde. After washing
in DPBS for 10 min, permeabilization was achieved by
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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 temper-
ature (20–25 �C). Treatment with DPBS supplemented with
2% bovine serum albumin for 1 h at room temperature was
used to block nonspecific binding sites. Immunostaining of
Oct-4 and Cdx-2 was performed by incubation of the
embryos with primary antibodies, i.e. Oct-4 (monoclonal,
1:150, MAB4401; Millipore, Billerica, MA, USA) or Cdx-2
(monoclonal, 1:200, CDX-2-88; BioGenex, San Ramon, CA,
USA), at 4 �C overnight followed by washing in PBST at room
temperature. Embryos were incubated with the secondary
antibody (Alexa Fluor 488 goat anti-mouse IgG, 1:500,
A11029; Invitrogen, Carlsbad, CA, USA) for 1 h at 37 �C.
Immunostaining of H4K5ac was performed by incubation of
the embryos with the primary antibody for H4K5ac (mono-
clone, 1:250, ab51997; Abcam, Cambridge Science Park,
Cambridge, UK) at room temperature for 1.5 h. Incubation
with the secondary antibody (Alexa Fluor 594 donkey
anti-rabbit IgG, 1:500, A21207; Invitrogen) was performed
for 1 h at 37 �C. Double staining of Oct-4/H4K5ac or
Cdx-2/H4K5ac was performed by first processing the stain-
ing of Oct-4 or Cdx-2, followed by processing the staining
of H4K5ac on the same embryos. Finally, the embryos were
washed and stained for DNA with 100 ng/ml 40,6-diamidi-
no-2-phenylindole) (DAPI; D9564) for 10 min and mounted
on slides with 50% glycerol in DPBS.
Image processing and quantitation

Image sections of individual embryos stained with DAPI,
Oct-4, Cdx-2 or H4K5ac were observed and captured by
laser scanning confocal microscopy (Olympus IX71 with
UltraVIEW confocal software; PerkinElmer, Covina, Califor-
nia, USA). Volocity version 5.3.1 (Improvision) and ImageJ
version 1.45b (National Institutes of Health) were applied
for intensity analysis of these images.

The immunofluorescent intensity of individual embryos
was measured as described previously (Chen et al., 2012).
For comparison of Oct-4 intensity between different regions
in the different stages of embryos (i.e. inside cells versus
outside cells at compact morula stage or ICM/epiblast ver-
sus TE at blastocyst stages), a representative single plane
across both the ICM and the TE region of each embryo was
selected. Images were first converted to 8-bit grey scale
and the background value was eliminated by the background
subtract function. The test areas (i.e. the ICM/epiblast and
the TE regions) were visually identified and tested using the
measure function of ImageJ. The same measurement
procedures were applied for Cdx-2 and H4K5ac intensity
analysis.
Statistical analysis

Statistical analyses were performed with PRISM version 5.0C
(GraphPad Software, La Jolla, CA, USA). Differences of
embryo size among different stages were subjected to
one-way ANOVA. Paired t-test was used to compare the
intensity difference of Oct-4 or H4K5ac between the ICM
and the TE regions in the embryos as described previously
(Chen et al., 2012). A P-value <0.05 was considered statis-
tically significant.
Results

The morphology of rabbit embryos derived in vivo

The embryos at 3 dpi (68–72 h), 4 dpi (92–96 h), 5 dpi
(116–120 h), 6 dpi (140–144 h) and 7 dpi (164–168 h) were
collected in the present study (Figure 1A–F). Embryos col-
lected at 3 dpi (n = 11) showed the typical morphology of
compact morulae and were surrounded with thick mucin
coats (Figure 1A). The diameter (mean ± SEM) of day-3
embryos was 135 ± 8 lm, ranging from 77 to 156 lm
(Figure 1G).

There were two distinct categories of blastocysts for
embryos collected at 4 dpi. The first group of embryos
showed the typical morphology of early blastocysts, with
small blastocoeles (Figure 1B). The other group of embryos
already had enlarged blastocoeles and showed typical mor-
phology of expanded blastocysts (Figure 1C). The mean
diameter of day-4 early blastocysts (n = 11) was 165 ± 5 lm
(140–191 lm) and of day-4 expanded blastocysts (n = 18)
was 240 ± 6 lm (194–296 lm; Figure 1G).

This study observed fast embryo growth as indicated by
the embryo size after 4 dpi. Embryos collected at 5 dpi
(n = 17) became fully expanded (Figure 1D). The mean
diameter of these embryos was 529 ± 10 lm (458–589 lm;
Figure 1G). Embryos collected at 6 dpi (n = 11) had mean
diameter of 1058 ± 84 lm (603–1551 lm; Figure 1E and
G). Embryos collected at 7 dpi (n = 16) had a mean
diameter of 1910 ± 290 lm (511–3725 lm; Figure 1F and
G). Embryonic discs were observed in day-7 blasto-
cysts (Figure 1F). The average size of the embryos on
and beyond day 4 (i.e. day-4 expanded blastocysts and
day-5, day-6 and day-7 blastocysts) showed linear correla-
tion with the embryo age (i.e. dpi) (R2 = 0.95). Interest-
ingly, the SEM of the embryo size of these stages also
showed a linear relationship with the embryo age
(R2 = 0.80).

Based on these morphology observations, the embryos
were categorized into six groups for the immunostaining
experiments: day-3 compact morulae, day-4 early blasto-
cysts, day-4 expanded blastocysts, day-5 blastocysts, day-6
blastocysts and day-7 blastocysts.
Oct-4 expression patterns

After collection, embryos were directly subjected to immu-
nocytochemistry without any in-vitro culture. Strong
nuclear Oct-4 staining was detected in day-3 compact mor-
ulae with an intensive signal in both the inside cells and the
outside cells (Figure 2A2 and G).

A unique transition point was observed in blastocysts col-
lected at 4 dpi. In day-4 early blastocysts, both ICM and TE
cell nuclei expressed Oct-4 (Figure 2B2), while the signal in
the ICM was significantly stronger than that in the TE (Fig-
ure 2G; P < 0.05). In day-4 expanded blastocysts, the Oct-4
signal in the ICM cells diminished to a strength indistinguish-
able from that of the TE cells (Figure 2C2 and G). The Oct-4
signal in the ICM cells was soon significantly elevated, as
shown in day-5 blastocysts (P < 0.05). In contrast, Oct-4 sig-
nal remained weak in the TE cells (Figure 2D2 and G) at this
stage.
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Figure 1 The morphology of rabbit embryos derived in vivo. Rabbit embryos were flushed at 3–7 days post insemination (dpi). (A)
Compact morulae were coated with a thick mucin layer at 3 dpi. (B) A typical early blastocyst with clear inner cell mass (ICM)
structure (arrow) shown at 4 dpi. (C) Some of the blastocysts at 4 dpi had reached expanded blastocyst stage and a flattened ICM
structure was seen (arrow). (D, E) Fully expanded blastocysts were observed at 5 dpi (D) and 6 dpi (E). (F) Embryonic disc
(arrowhead) was seen in the blastocyst at 7 dpi. (G) Embryo diameter at each stage, measured and analysed by ImageJ and PRISM.
Results marked with different letters are significantly different (P < 0.05). D3CM = day-3 compact morulae; D4EBL = day-4 early
blastocysts; D4EXPBL = day-4 expanded blastocysts; D5BL = day-5 blastocysts; D6BL = day-6 blastocysts; D7BL = day-7 blastocysts.
Bars = 200 lm.
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Notably, the cells located in the centre of the ICM region
of day-5 blastocysts displayed higher Oct-4 signal intensity
than the surrounding cells (Figure 2H), although they were
both located within the ICM boundary defined by the obser-
vations of bright field and DAPI staining. In the following
embryonic stages, the study did not observe two such dis-
tinct groups of cells inside the embryos.

In day-6 and day-7 blastocysts, most cells in the embry-
onic disc showed a strong Oct-4 signal in the nuclei (Fig-
ure 2E2 and F2). Cytoplasmic, but not nuclear, weak
Oct-4 staining was observed in the TE cells in day-6 blasto-
cysts and soon disappeared in the TE cells in day-7 blasto-
cysts (Figure 2E4 and F4). In fact, the average signal
intensity in the TE cells continuously decreased after the
day-4 early blastocyst stage and was lowest at the day-7
blastocyst stage (R2 = 0.96).

Cdx-2 expression patterns

In order to delineate TE lineage formation during rabbit
blastulation, the present study examined the spatial and
temporal profiles of Cdx-2 protein of in-vivo-derived blasto-
cysts by immunocytochemistry. No Cdx-2 staining was
detected in any of the day-3 compact morulae examined
in this study (Figure 3A2). In all embryos, the Cdx-2 signal
was restricted to the nuclei of TE cells and absent in the
ICM cells (Figure 3C2–F2 and C4–F4). Notably, the Cdx-2
was only detectable in the TE cells in three out of 12 (25%)
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Figure 2 Oct-4 protein expression in in-vivo-derived rabbit embryos. Embryos were fixed for double staining of DNA with DAPI
(blue) and Oct-4 with antibody (green) and the intensity of Oct-4 signals were quantitated. (A–A4) Day-3 compact morulae had an
intense Oct-4 signal in inside cells in contrast to the mild intensity in outside cells (n = 11). (B–B4) Strong Oct-4 fluorescence was
still present in the ICM of day-4 early blastocysts (n = 17). (C–C4) In day-4 expanded blastocysts, obvious Oct-4 diminishment was
observed in the ICM cells rather than in the TE cells (n = 17). (D–D4) In day-5 blastocysts (n = 13), a wave of Oct-4 elevation was
observed manifestly in some specified cells of ICM region, while weak Oct-4 expression was still detectable in TE. (E–F4) Clear Oct-4
expression was observed in the epiblast of day-6 blastocysts (E–E4, n = 11) and day-7 blastocysts (F–F4, n = 16). (G) Comparison of
the Oct-4 signal intensity of different regions in embryos collected at different stages. The Oct-4 images of in-vivo-derived embryos
were used for intensity analysis and different regions of embryo were manually selected for comparison: in merged figures (A3–F3),
the TE regions in rectangles were magnified and the arrows (A4–F4) indicate the representative TE cells with Oct-4 signals. Embryos
at all stages examined, with the exception of day-3 compact morulae and day-4 expanded blastocysts, revealed a significant
difference in Oct-4 intensity, showing stronger Oct-4 intensity in ICM and epiblast regions rather than in TE. (H) Two groups of cells
(central and surrounding cells) in the ICM area of day-5 blastocysts showed different Oct-4 intensity (P < 0.05). D3CM = day-3
compact morulae; D4EBL = day-4 early blastocysts; D4EXPBL = day-4 expanded blastocysts; D5BL = day-5 blastocysts; D6BL = day-6
blastocysts; D7BL = day-7 blastocysts; Epi = epiblast; ICM = inner cell mass; TE = trophectoderm. Asterisks indicate statistically
significant differences (P < 0.05). Bars = 200 lm (A3–F3) and 50 lm (A4–F4). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Figure 3 Cdx-2 protein expression in in-vivo-derived rabbit embryos. Embryos were used for double labelling of DNA with DAPI
(blue) and Cdx-2 with antibody (yellow, pseudocolour assigned by Volocity). A representative single section of individual embryo
across the major ICM and TE areas was selected for analysis and the intensity of Cdx-2 signals were quantitated. (A–A4) Cdx-2 was
undetectable in day-3 compact morulae (n = 12). (B–B4) In some of day-4 early blastocysts (3/12), Cdx-2 signals were shown in few
TE cells (arrows). (C–C4) The Cdx-2 signal became evident in day-4 expanded blastocysts (n = 13), co-localized with the TE cells, but
not with the ICM cells. (D–F4) Thereafter, Cdx-2 was expressed only in TE lineage of in day-5 blastocysts (D–D4, n = 11), day-6
blastocysts (E–E4, n = 11) and day-7 blastocysts (F–F4, n = 12). (G) Comparison of the Cdx-2 signal intensity of different regions in
embryos collected at different stages. Significantly different Cdx-2 intensity was found at the day-4 expanded blastocyst stage
(P < 0.05), showing stronger Cdx-2 intensity in the TE regions compared with the ICM. Because the Cdx-2 signals were not visually
observed in both ICM and TE regions of day-3 compact morulae and the ICM/epiblast regions of day-4–7 blastocysts, the measured
Cdx-2 intensity can be considered as a background value. In merged figures (A3–F3), the ICM regions in rectangles were magnified
and Cdx-2 signals were not detected by the current method (A4–F4). D3CM = day-3 compact morulae; D4EBL = day-4 early
blastocysts; D4EXPBL = day-4 expanded blastocysts; D5BL = day-5 blastocysts; D6BL = day-6 blastocysts; D7BL = day-7 blastocysts;
Epi = epiblast; ICM = inner cell mass; TE = trophectoderm. Asterisks indicate statistically significant differences (P < 0.05).
Bars = 200 lm (A3–F3) and 50 lm (A4–F4). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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day-4 early blastocysts examined. Furthermore, only a few
TE cells displayed positive Cdx-2 signal in these three day-4
early blastocysts (Figure 3B2). Cdx-2 signal became evident
in most TE cells in day-4 expanded blastocysts and contin-
ued so in the day 5, day-6 and day-7 blastocysts examined
(Figure 3C2–F2 and G).

H4K5ac patterns

A consistently strong H4K5ac signal was observed in the TE
cells of embryos at different stages, from day-3 compact
morulae to day-7 blastocysts (Figure 4G). The H4K5ac signal
in the ICM cells, however, was weaker in day-4 early blasto-
cysts, day-4 expanded blastocysts and day-5 blasto-
cyst-stage embryos (Figure 4B2–D2), compared with
embryos at earlier stages (i.e. day-3 compact morulae, Fig-
ure 4A2) or later (i.e. day-6 or day-7 blastocysts, Figure 4E2
and F2). Consequently, the H4K5ac signal was similar
between the ICM and the TE cells in all stages examined,
except the day-4 early blastocysts, day-4 expanded blasto-
cysts and day-5 blastocyst stages, where the H4K5ac signal
in the TE cells was significantly stronger than that in the
ICM cells (Figure 4G; P < 0.05).

Relationship of H4K5ac with Oct-4 at days 3–5 dpi

This study performed double staining with H4K5ac and Oct-4
on rabbit embryos on day-3 compact morulae, day-4 early
blastocysts, day-4 expanded blastocysts and day-5 blasto-
cyst stages (Figure 5). In the ICM cells, the H4K5ac signal
was consistently weak, while the Oct-4 signal was intensive
except at the day-4 expanded blastocyst stage. Conse-
quently, the H4K5ac signal appeared to be inversely related
with the Oct-4 signal except at the day-4 expanded blasto-
cyst stage in the ICM cells. In the TE cells, the H4K5ac signal
was intensive but the Oct-4 signal was weak throughout all
blastocyst stages examined. As a result, the H4K5ac signal
appeared to be inversely related with the Oct-4 signal in
the TE cells.

Relationship of H4K5ac with Cdx-2 at days 3–5

This study performed double staining with H4K5ac and Cdx-2
on rabbit embryos at day-3 compact morulae, day-4 early
blastocysts, day-4 expanded blastocysts and day-5 blasto-
cyst stages (Figure 6). In the ICM cells, the Cdx-2 and
H4K5ac signals were both weak throughout the blastocysts
examined (i.e. day-4 early blastocysts, day-4 expanded
blastocysts and day-5 blastocysts). Consequently, the Cdx-2
signal and H4K5ac signal were concordant with each other in
the ICM cells in the stages examined. In the TE cells, the
H4K5ac signal was concordant with the DAPI signal. The
Cdx-2 signal became evident from day-4 expanded blasto-
cyst stage and the signal strength was concordant with the
DAPI signal. As a result, the Cdx-2 signal and H4K5ac signal
were concordant with each other in day-4 expanded blasto-
cysts and day-5 blastocysts.

Discussion

This study, as far as is known for the first time, reports the
protein expression patterns of Cdx-2 in rabbit morulae and
blastocysts. Cdx-2 is specifically expressed in the TE cells
in mouse embryos (Nishioka et al., 2009; Yagi et al., 2007).
It plays a vital role in TE development and commitment and
is often used as a biomarker to identify TE lineage cells
(Beck et al., 1995; Ralston and Rossant, 2008; Sritanau-
domchai et al., 2009; Strumpf et al., 2005). The present
results revealed that the Cdx-2 protein was also exclusively
expressed in the TE cells but not in the ICM cells in rabbit
blastocysts. However such distinction was very weak at
the day-4 early blastocyst stage, where only very few TE
cells showed Cdx-2 signals. Such signal became strongly
detectable in most TE cells at the day-4 expanded blasto-
cyst stage. Consequently, this study does not recommend
the use of Cdx-2 to identify TE cells in early blastocysts.
Rather, it should only be used to mark TE cells at or beyond
the day-4 expanded blastocyst stage in rabbits.

This work reveals a different temporal expression
pattern of Cdx-2 protein in the rabbit embryos from that
in the mouse embryos. In mouse embryos, the onset of
embryonic Cdx-2 gene expression was found as early as
the 8-cell stage (Dietrich and Hiiragi, 2007; Sritanaudomchai
et al., 2009; Strumpf et al., 2005; Wu et al., 2010). In rab-
bits, the protein signal of Cdx-2 was first detected in day-4
early blastocysts. Because the heterogeneous expression of
Cdx-2 in blastomeres takes place prior to compaction, it has
been postulated as one factor contributing to cell lineage
determination in mouse embryos (Jedrusik et al., 2008). In
the present work, although the initial onset of Cdx-2 expres-
sion in rabbit embryos was also heterogeneous, it did not
happen until after embryo compaction, making it an
unlikely causal factor for cell lineage formation in this spe-
cies. In primate embryos (Sritanaudomchai et al., 2009),
interestingly, the onset of Cdx-2 expression was also after
compaction (at morula stage), but such expression is homo-
geneous in all embryonic cells, contrasting what this study
observed in rabbit embryos, and previously reported in
mouse embryos (Dietrich and Hiiragi, 2007; Strumpf et al.,
2005). These results suggest that Cdx-2 expression patterns
are species specific. Future work is needed to examine
Cdx-2 expression patterns among different species.

The previous study using in-vitro-cultured rabbit embryos
suggested that day 4 might be the critical time point for
lineage formation in rabbit embryos (Chen et al., 2012).
The findings in the present work further strengthen this
speculation. First, the Cdx-2 signal started to emerge in
very few TE cells of the day-4 early blastocysts and became
strongly detectable exclusively in TE cells in the day-4
expanded blastocysts and beyond. Second, there is a unique
wave of Oct-4 signal change in the ICM cells, which bot-
tomed at the day-4 expanded blastocyst stage in both
in-vitro-cultured and in-vivo-derived embryos. Thirdly, the
present study observed a wave of hypo-acetylation of H4K5
in the ICM cells, which started at the day-4 early blastocyst
stage and ended at the day-5 blastocyst stage.

The Oct-4 signal change in the ICM cells on day 4 may be
associated with the switch of the distal enhancer (DE) of
Oct-4 to the proximal enhancer. The distal enhancer is
responsible for driving Oct-4 expression in the ICM and pri-
mordial germ cells as well as the in-vitro derivatives (e.g.
embryonic stem cells and embryonic germ cells). By con-
trast, the proximal enhancer is active and directs Oct-4
expression in the epiblast and their in-vitro counterpart,
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Figure 4 Acetylation pattern of H4K5 in in-vivo-derived rabbit embryos. Embryos were fixed for double staining of DNA with DAPI
(blue) and acetylated H4K5 with antibody (red) and the intensity of H4K5ac signals were quantitated. (A–D3) A stronger H4K5ac
signal was shown in the outside area of day-3 compact morulae (A–A3, n = 11), in the TE cells of day-4 early blastocysts (B–B3,
n = 18), day-4 expanded blastocysts (C–C3, n = 15) and day-5 blastocysts (D–D3, n = 17), compared with the inside area of day-3
compact morulae and ICM of day-4 early blastocysts, day-4 expanded blastocysts and day-5 blastocysts, respectively. (E–F3) A
reverse of this trend was observed starting in day-6 blastocysts. The H4K5ac intensity in the epiblast appeared higher than that in
the TE cells of day-6 (E–E3, n = 15) and day-7 blastocysts (F–F3, n = 11). (G) Analysis of H4K5ac revealed that its signal was
significantly weaker in the ICM than in the TE cells in day-4 early blastocysts, day-4 expanded blastocysts and day-5 blastocysts
(P < 0.05). On the contrary, H4K5ac intensity was similar between the ICM and TE cells in day-6 and day-7 blastocysts, as well as
between the outside and inside regions of day-3 compact morulae. D3CM = day-3 compact morulae; D4EBL = day-4 early blastocysts;
D4EXPBL = day-4 expanded blastocysts; D5BL = day-5 blastocysts; D6BL = day-6 blastocysts; D7BL = day-7 blastocysts; Epi = epiblast;
ICM = inner cell mass; TE = trophectoderm. Asterisks indicate statistically significant differences (P < 0.05). Bars = 200 lm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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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). Based
on the observation that the Oct-4 bottomed at the
expanded blastocyst stage in both in-vitro-cultured and
in-vivo-derived embryos, it is postulated that such
down-regulation is caused by the enhancer switching from
the distal enhancer to the proximal enhancer, which takes
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Figure 5 Double staining of Oct-4 and H4K5ac in in-vivo-derived rabbit embryos. A representative section across most of the area
of ICM and TE was chosen for evaluation. Images of DNA (blue), H4K5ac (red) and Oct-4 (green) at different stages are shown.
(A–A4) In day-3 compact morulae, Oct-4 signal was shown in both the outside and inside cells and a more intense H4K5ac signal was
located outside of the embryos. (B–B4) In day-4 early blastocysts, intensive Oct-4 staining and hypo-acetylated H4K5 was observed
in the ICM region and a mild Oct-4 signal with hyperacetylated H4K5 in the TE region, revealing the inverse relationship between
Oct-4 and H4K5ac expression. (C–C4) In day-4 expanded blastocysts, diminished Oct-4 signal and the continued hypo-acetylation of
H4K5 was observed in the ICM. (D–D4) In day-5 blastocysts, the hypo-acetylated H4K5 pattern was kept in ICM region, while a small
group of ICM cells regained a highly intensive Oct-4 signal. D3CM = day-3 compact morulae; D4EBL = day-4 early blastocysts;
D4EXPBL = day-4 expanded blastocysts; D5BL = day-5 blastocysts; D6BL = day-6 blastocysts; D7BL = day-7 blastocysts; ICM = inner
cell mass; TE = trophectoderm. Bars = 200 lm. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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place at the expanded blastocyst stage, and that day-4 early
blastocyst-stage embryos may serve better for authentic
embryonic stem cell derivation in rabbits, as the distal
enhancer driving Oct-4 expression is associated with ICM
and embryonic stem cells (Bao et al., 2009).

The two different groups of cells (i.e. the cells in the
centre with stronger Oct-4 signal, and the surrounding cells
with relatively weaker Oct-4 signal) in the ICM of the day-5
blastocysts might signal the emergence of the epiblast and
hypoblast cells in ICM derivatives. In mouse, the separation
of the epiblast and the hypoblast takes place in peri-implan-
tation stage (embryonic day 4.5), driven by a series of pro-
cesses, such as asymmetric division during compaction,
expression of lineage-specific transcription factors, cell
position, cell sorting and apoptosis (Chazaud et al., 2006;
Morris et al., 2010; Plusa et al., 2008; Rossant et al., 2003).
Very recently, using immunostaining markers for epiblast
(NANOG) and hypoblast (GATA-6), it is shown that the segre-
gation of these two lineages in primate ICM may take place
before implantation (Tachibana et al., 2012). Although the
underlying mechanism for epiblast and hypoblast commit-
ments in rabbits is undetermined, this present work may
have found the starting point of such separation (i.e. day
5, before implantation). It is speculated that the centre
cells with very bright Oct-4 signals are the emerging epiblast
cells, and the surrounding cells with relatively weaker Oct-4
signals are the hypoblast cells. Further work is needed to
characterize these two groups of cells to determine
whether they are truly epiblast and hypoblast cells. The
present work was not able to do so because of the lack of
a suitable antibody for rabbit hypoblast cells.

Different from mouse but similar to the human, the TE
cells of rabbit blastocysts expressed both Oct-4 and Cdx-2
(Berg et al., 2011; Hansis et al., 2000; Kirchhof et al., 2000).
In mouse embryos (Dietrich and Hiiragi, 2007; Ovitt and
Scholer, 1998; Palmieri et al., 1994; Pesce et al., 1998;
Yeom et al., 1996), Oct-4 and Cdx-2 displayed a reciprocal
expression pattern with Cdx-2 localized exclusively in the
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Figure 6 Double staining of Cdx-2 and H4K5ac in in-vivo-derived rabbit embryos. A representative section across most of the area
of ICM and TE was chosen for evaluation. The images of DNA (blue), H4K5ac (red) and Oct-4 (green) at different stages are shown.
(A–A4) Cdx-2 signal was not detected in day-3 compact morulae, but hyperacetylated H4K5 was shown in the outside cells. (B–B4)
Few Cdx-2 positive TE cells were initially found in day-4 early blastocysts (B3, arrowhead). Hyperacetylation of H4K5ac was
continually shown in the TE lineage in contrast to hypo-acetylation in the ICM lineage. (C–C4) Cdx-2 signal exclusively appeared in
the TE cells of day-4 expanded blastocysts accompanied with hyperacetylated H4K5 signal. (D–D4) A similar relationship between
Cdx-2 and H4K5ac was found day-5 blastocysts. The expression patterns of Cdx-2 and H4K5ac across the TE and ICM regions were
similar and overlapped in day-4 expanded blastocysts and day-5 blastocysts. D3CM = day-3 compact morulae; D4EBL = day-4 early
blastocysts; D4EXPBL = day-4 expanded blastocysts; D5BL = day-5 blastocysts; D6BL = day-6 blastocysts; D7BL = day-7 blastocysts;
ICM = inner cell mass; TE = trophectoderm. Bars = 200 lm. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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TE, and Oct-4 in the ICM. When Cdx-2 was mutated, the
Oct-4 expression was found high in the TE cells of mouse
embryos (Strumpf et al., 2005). Overexpression of Cdx-2
in mouse embryonic stem cells, on the other hand, leads
to the down-regulation of Oct-4 and, ultimately, the differ-
entiation of these cells towards TE-like cells (Niwa and
Miyazaki, 2000; Niwa et al., 2005). At the molecular level,
the Cdx-2 protein was in fact co-operating with transcrip-
tion factor Tcfap2 to bind the Oct-4 distal autoregulatory
enhancer CR4 to achieve Oct-4 repression in mice (Berg
et al., 2011; Kuckenberg et al., 2010; Niwa et al., 2005).
Interestingly, the Tcfap2 binding sites in the Oct-4 promoter
sequence is absent in human, cattle and rabbits (Berg et al.,
2011). This is likely the reason why Cdx-2-mediated Oct-4
down-regulation does not take place in rabbit TE cells, as
observed in the present study.

It has been suggested that epigenetic factors may be
involved in mammalian embryo development to stabilize
gene expression and regulate cell lineage formation (Corry
et al., 2009). The present study observed a maintained
hyperacetylation status of H4K5 in the TE cells from day-4
early blastocysts to day-7 blastocysts. The H4K5 in the ICM
cells, on the other hand, showed a wave of hypo-acetylation
from day-4 early blastocysts to day-5 blastocysts. During the
initiation of blastocyst formation (day-4 early blastocysts to
day-5 blastocysts), the H4K5ac signal was significantly stron-
ger in the TE than in the ICM cells, implying that a wave of
genes, likely those associated with blastocyst formation and
lineage segregation, are more active in TE cells during this
time window. Moreover, the present study suggests that
H4K5ac might be involved in the regulation of the Cdx-2
expression in the TE cells and the Oct-4 expression in the
ICM cells. First, the TE lineage was associated with hyper-
acetylation of H4K5 immediately after compaction (day-4
early blastocysts), a time point when only very few cells
in the TE displayed a detectable Cdx-2 signal. In other
words, the hyperacetylation of H4K5 in the TE cells was a
preceding event of the TE-specific Cdx-2 expression. It is
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not until day-4 expanded blastocyst stage that the majority
of TE cells strongly expressed Cdx-2. On the other hand,
when looking at the relationship between H4K5ac and Oct-4
in the ICM cells, the hypo-acetylation of H4K5 in the ICM
cells started earlier (day-4 early blastocysts) and ended
later (day-5 blastocysts) than the Oct-4 down-regulation
event (day-4 expanded blastocysts).

It is noted that different lineage cells displayed different
signature profiles of Oct-4, Cdx-2 and H4K5ac in
in-vivo-derived rabbit embryos, and one single biomarker
is not sufficient to mark the cell lineage (i.e. ICM or TE) in
rabbit blastocysts. While Cdx-2 signal was only detected in
the TE cells, it did not become robust until day-4 expanded
blastocyst stage. So it cannot be reliably used for lineage
identification on early blastocysts. Oct-4 signal, on the
other hand, was present in both ICM and TE cells, and the
signal strength was similar between the ICM and TE cells
at the day-4 expanded blastocyst stage. Therefore, it can-
not be used to identify cell lineage in all stages of rabbit
embryos either. The unique H4K5ac patterns in different
blastocyst stages complemented the information provided
by Cdx-2 and Oct-4. The H4K5 showed differential acetyla-
tion patterns between the ICM and TE cells as early as the
early blastocyst stage. H4K5ac signal was stronger in the
TE cells than in the ICM cells in day-4 early blastocysts,
day-4 expanded blastocysts and day-5 blastocysts. Taking
these together, the present results demonstrate that a
combination of Oct-4, Cdx-2 and H4K5ac can be used to
accurately identify different lineages of cells in blasto-
cyst-stage rabbit embryos (Table 1). Briefly, day-4 early
blastocysts are characterized with high Oct-4 in the ICM
and high H4K5ac in the TE. Day-4 expanded blastocysts
are characterized with high Cdx-2 and H4K5ac in the
TE, and low Oct-4 in the ICM. Day-5 blastocysts are
characterized with high Cdx-2 in the TE and low H4K5ac in
the ICM. For embryos at or beyond day 5, they are charac-
terized with high Oct-4 in the epiblast and high Cdx-2 in
the TE cells.

The present study used in-vivo-derived embryos derived
from superovulated rabbits. It is noted that the in-vivo
endocrine environment may be altered by superovulation
treatment and influence the lineage formation in
Table 1 Oct-4, Cdx-2 and H4K5ac pro
vivo-derived rabbit embryos.

Cell lineage Marker Stage of de

D3CM D4E

Inside/ICM/Epi Oct-4 +++ +++
Cdx-2 � �
H4K5ac ++++ ++

Outside/TE Oct-4 +++ ++
Cdx-2 � +/�
H4K5ac ++++ +++

++++ = very high; +++ = high; ++ = mediu
detectable.
D3CM = day-3 compact morulae; D4EBL = da
expanded blastocysts; D5BL = day-5 bl
D7BL = day-7 blastocysts; Epi = epiblast; ICM
subsequent embryo development. In the mouse study,
superovulation appears to affect cell allocation to the
embryonic or abembryonic pole in blastocysts compared
with that in unstimulated animals (Katayama and Roberts,
2010). Thus, the effects of FSH stimulation given to the rab-
bits on the embryo development and lineage formation need
to be determined in future studies.

In-vitro-cultured embryos may differ from in-vivo-derived
embryos in several ways, such as gene expression 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). This
present work confirms that there is some difference between
in-vitro-cultured and in-vivo-derived rabbit embryos.
Comparing to the in-vitro counterparts, in-vivo-derived
rabbit embryos were insulated by a unique coating of mucin
layer on zona pellucida; they developed more rapidly (as
indicated by the average size of a given stage), displayed
well-structured morphology and did not show hatching in
all stages examined (versus hatching as early as day 5 in
in-vitro-cultured embryos). They also differed in the pattern
of H4K5ac at day 5. The H4K5ac signal in the TE cells was
stronger than that in the ICM cells in day-5 in-vivo-derived
embryos; it was the opposite in day-5 in-vitro-cultured
embryos. Interestingly, at the same stage (day-5 blasto-
cysts), the present study observed two distinct groups of
cells in the ICM cells characterized by the location and differ-
ential strengths of the Oct-4 signal using in-vivo-derived
embryos. This phenomenon was not revealed in the previous
report using in-vitro-cultured embryos (Chen et al., 2012).
Nevertheless, despite some difference observed, most
findings, such as the unique Oct-4 pattern in the ICM cells
and the hyperacetylation status of H4K5 in the TE cells, were
consistent between in-vitro-cultured and in-vivo-derived
embryos.

In summary, this study documents the spatial and tempo-
ral distribution of Oct-4, Cdx-2 and H4K5ac using
in-vivo-derived rabbit blastocysts. The data pinpoint day 4
as the critical timing for lineage formation in rabbit
embryos and demonstrates that a combination of Oct-4,
Cdx-2 and H4K5ac could be used as biomarkers to identify
different lineage cells in rabbit blastocysts. The present
files in different cell lineages of in-

velopment

BL D4EXPBL D5BL D6BL D7BL

+ ++ +++ +++ ++
� � � �
++ ++ ++++ ++++

++ + +/� +/�
+++ ++++ +++++ +++++

+ ++++ ++++ ++++ ++++

m; + = low; +/� = very low; � = no

y-4 early blastocysts; D4EXPBL = day-4
astocysts; D6BL = day-6 blastocysts;
= inner cell mass; TE = trophectoderm.
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work provides novel information on key transcription factors
and epigenetic events during rabbit embryo development.
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