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Summary

Dual inhibition (2i) of Ras–MEK–ERK and GSK3β pathways enables the derivation of embryo
stem cells (ESCs) from refractory mouse strains and, for permissive strains, allows ESC
derivation with no external protein factor stimuli involvement. In addition, blocking of ERK
signalling in 8-cell-stage mouse embryos leads to ablation of GATA4/6 expression in
hypoblasts, suggesting fibroblast growth factor (FGF) dependence of hypoblast formation in
the mouse. In human, bovine or porcine embryos, the hypoblast remains unaffected or displays
slight-to-moderate reduction in cell number. In this study, we demonstrated that segregation of
the hypoblast and the epiblast in rabbit embryos is FGF independent and 2i treatment elicits
only a limited reinforcement in favour of OCT4-positive epiblast populations against the
GATA4-/6-positive hypoblast population. It has been previously shown that TGFβ/Activin
A inhibition overcomes the pervasive differentiation and inhomogeneity of rat iPSCs, rat
ESCs and human iPSCs while prompting them to acquire naïve properties. However,
TGFβ/Activin A inhibition, alone or together with Rho-associated, coiled-coil containing
protein kinase (ROCK) inhibition, was not compatible with the viability of rabbit embryos
according to the ultrastructural analysis of preimplantation rabbit embryos by electron micros-
copy. In rabbit models ovulation upon mating allows the precise timing of progression of the
pregnancy. It produces several embryos of the desired stage in one pregnancy and a relatively
short gestation period, making the rabbit embryo a suitable model to discover the cellular
functions and mechanisms of maintenance of pluripotency in embryonic cells and the
embryo-derived stem cells of other mammals.

Introduction

Rabbit (Oryctolagus cuniculus) is potentially a relevant animal model for studying human
diseases (Bosze et al., 2003). Several characteristics of rabbit made it the first and classic model
for the study of lipoproteins and atherosclerosis. Small rodents do not accurately reflect crucial
facets of human cardiovascular physiology, therefore a number of different transgenic rabbit
models of hypertrophic cardiomyopathy were created. The scientific community that uses
rabbits as experimental animals or as a tool to produce biotech products, as well as those
involved in breeding, are invited to focus their efforts on this species (Ivics et al., 2014).

Deriving naïve pluripotent embryonic stem cell lines from rabbit would enable gene targeting
for the purpose of modelling human diseases. To this aim, many efforts have been made (Fang
et al., 2006; Wang et al., 2007; Honda et al., 2008; Osteil et al., 2013), but the morphology of the
colonies and the molecular signature of these cell lines render them more similar to those of
primed EpiSCs rather than naïve ESCs typical for mice. Honda et al. (2009) reported that
bFGF governs the undifferentiated status of rabbit ES cells engaging the Activin/Nodal–
Smad2/3 signalling pathway and that they are insensitive to LIF. Furthermore, rabbit inner
cell mass (ICM) and epiblasts represent differential expression of genes associated with
naïve versus primed pluripotency in mice that proposes differences between mouse and
rabbit (Schmaltz-Panneau et al., 2014; Savatier et al., 2017; Tapponnier et al., 2017).

Segregation of NANOG-positive epiblast and GATA6-/4-positive hypoblasts (primitive
endoderm) is a process that occurs in the blastocyst stage of mouse embryonic development
(Plusa et al., 2008), but regulation of this process appears to be species specific.
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In human embryos, the GATA4- and SOX17-expressing hypo-
blast is segregated from the NANOG-expressing epiblast at day 7.
After inhibition of FGF, the GATA4-positive hypoblast still forms,
indicating FGF-independent formation of the human hypoblast
(Kuijk et al., 2012; Roode et al., 2012).

In porcine embryos, NANOG can be first detected at the late
blastocyst stage (from day 7.5) (du Puy et al., 2011; Harris et al.,
2013). Moreover, the number of ICM cells is not affected, implying
that the reduction in GATA4-positive cell numbers was due to par-
tial interference with hypoblast segregation. MEK and GSK3β
inhibition and LIF supplementation, which has been used in some
studies to impose the naïve state of pluripotency, cannot be used to
capture NANOG-positive ICM cells in porcine embryos. Therefore
additional signals may be needed to prevent hypoblast formation
(Rodriguez et al., 2012).

Transferring the embryonic stem cell derivation technology
from mouse to primates (Thomson et al., 1995) and the human
system (Thomson et al., 1998) does not yield authentic embryonic
stem cell lines. LIF and bone morphogenic protein (BMP4) are
required for mouse ESCs to maintain their pluripotent state
(Shen and Leder, 1992; Qi et al., 2004; Hao et al., 2006).
However, BMP4 induces differentiation of human ESCs (hESCs)
(Xu et al., 2002), while basic fibroblast growth factor (bFGF,
FGF2) and Activin A promote hESC self-renewal (Vallier et al.,
2005; Xu et al., 2005). Mouse ESCs (mESCs) are likely to represent
pluripotent stem cells of preimplantation ICM origin, whereas
hESCs correspond to a later epiblast stage (Rathjen et al., 1999;
Brons et al., 2007; Tesar et al., 2007).

Downstream activation of Ras–ERK signalling by FGFs pro-
vided essential stimuli for proliferation and differentiation inmany
cell types (Thisse and Thisse, 2005). The propagation of ES cells is
also enhanced by inhibition of GSK3 (Sato et al., 2004; Ying et al.,
2008). A potent inhibitor of MEK, PD0325901 (Bain et al., 2007),
can act to achieve suppression of the ERK signalling pathway by
preventing its phosphorylation. In combination with an inhibitor
of GSK3, CHIR99021 (collectively known as ‘2i’), ES cells can be
propagated efficiently and also derived directly from blastocysts
of both permissive 129 mouse strains and refractory CBA (agouti
coat colour) mouse strains (Ying et al., 2008). First germ line-
competent, authentic embryonic stem cell lines from rat blasto-
cysts have also been established using 2i conditioning (Buehr
et al., 2008), A-83-01, an inhibitor of type 1 transforming growth
factor beta (TGFβ) receptor linked to the Activin A/Nodal signal-
ling axis, allowed the cells to grow in relatively homogeneous col-
onies and contributed extensively to chimerism. A Rho-associated
kinase inhibitor, Y-27632, has been found to inhibit apoptosis
and increase proliferation, therefore reinforcing survival of hESCs
following enzymatic dissociation of colonies into single cells
(Watanabe et al., 2007). Based on the above-mentioned findings,
Kawamata and Ochiya (2010) combined Y-27632 with CHIR99021,
PD0325901 and A-83–01 (termed ‘YPAC’) and successfully estab-
lished stable and uniform naïve rat ES cells that efficiently contrib-
uted to germline chimeras. Latterly, another group succeeded in
derivation of a novel germline competent rat ES cell line from
Fischer344 transgenic rat using CHIR99021 and PD0325901
(Liskovykh et al., 2011; Men and Bryda, 2013).

In present study, we aimed to investigate how different inhib-
itors, targeting differentiation pathways including Ras-MEK-ERK,
GSK3β and TGFβ signalling pathways, affected the viability and
the expression of embryonic stem cell-specific genes in rabbit
embryos.

Materials and methods

Embryo collection

The animals used were Hycole rabbits handled in compliance with
the Hungarian Code of Practice for the Care and Use of Animals
for Scientific Purposes. Superovulation and embryo collection were
performed as previously published (Besenfelder et al., 1997).

The animals were primed with an intramuscular injection
of 120 IU pregnant mare’s serum gonadotropin (PMSG) per
animal; 72 h after the PMSG injection, the animals were injected
intravenously with 180 IU of hCG per animal and inseminated
immediately after the injection. Animals were euthanized for
embryo collection, 2-cell-stage embryos were collected after 20 h,
8-cell-stage embryos after 44 h, morula-stage embryos after 68 h,
and 5-day-old embryos at 92 h, and 6-day-old embryos at 116 h after
insemination. The numbers of collected embryos are shown in
Table S1. We collected approximately 40 embryos/female rabbit.

To investigate cell-specific gene expression in trophoblast (TE)
and two cell layers of embryoblast: hypoblast (HY) and epiblast
(EPI), zona pellucida of 6-day-old embryos at stage 2 were
mechanically removed without losing track of the dorsal (epiblast)
and ventral (hypoblast) side of the embryonic disc. The embryonic
discs (composed of embryoblast cells) were microdissected from
the trophoblast under a stereomicroscope, then the embryonic
discs were oriented and tungsten needles were used to remove
the hypoblasts from the epiblast (Puschel et al., 2010). Isolated
hypoblasts, epiblasts and trophoblasts of blastocysts were stored
separately at −80 °C until further analysis.

Embryo culture

The RDH medium was composed of 1:1:1 of RPMI 1640, DMEM
and Ham’s F10 medium (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 5 mM taurine and
0.3% BSA (both Sigma-Aldrich, St Louis, MO, USA). RDH
medium was used to prepare 2i, 3i and 4i supplemented medium.
The inhibitors were first reconstituted as 1 mM stock solutions,
prepared in dimethyl sulfoxide. Stock solutions were stored at
−20 °C until use.

The final concentrations of inhibitors in RDH medium were as
follows: 2i: 1 μM of PD0325901, 3 μM of CHIR99021 (04-0004,
StemGent, Cambridge, MA, USA); 3i: 1 μM of PD0325901, 3 μM
of CHIR99021, 10 μM of Y-27632 (04-0012, StemGent); 4i: 1 μM
of PD0325901, 3 μM of CHIR99021, 10 μM of Y-27632, 0.5 μM of
A-83–01 (0-0014, StemGent).

All rabbit embryos were cultured in RDH, 2i, 3i or 4i medium
covered by embryo-tested light paraffin oil (Sigma-Aldrich) at
38.5°C under 5% CO2 in humidified air (Jin et al., 2000).

Immunohistochemistry

Immunostaining of embryos was performed using primary anti-
bodies against OCT4 (ab27985, 1:100; Abcam, Cambridge, UK),
CDX2 (ab15258, 1:100; Abcam), GATA6 (AF1700, 1:10; R&D
Systems Europe, UK). Secondary fluorochrome-conjugated anti-
bodies (Jackson ImmunoResearch Laboratories, West Grove,
PA, USA) were diluted 1:400 in blocking buffer. Nuclear staining
was performed by embedding the samples into DAPI containing
Vectashield mounting medium (H-1200; VectorLaboratories,
Burlingame, CA, USA). Embryos and embryo outgrowths were
fixed in 4% paraformaldehyde, for 10 min at room temperature.
The cells were permeabilized and blocked in one step using PBS
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with 0.5% Triton X-100 and 3% BSA. Cells were incubated with
primary antibodies overnight at 4 °C, thoroughly washed and then
incubated with the secondary antibodies at 37 °C for 1 h prior to
final washing and mounting in Vectashield mounting medium
(H-1200, Vector Laboratories) with DAPI onto microslides.
Samples were visualized using a Carl Zeiss Axio Imager 2 fluores-
cence microscope and a Carl Zeiss LSM 700 confocal microscope
(Carl Zeiss AG, Oberkochen, Germany).

Transmission electron microscopy

Rabbit embryos were fixed in the aldehyde mixture (2.5% glutaral-
dehyde and 2% paraformaldehyde in 0.15 M cacodylate buffer, pH
7.1–7.3) for 1 h at 4 °C, and washed twice in a cacodylate buffer,
5 min each. The individual embryos were embedded into 4% agar
and post-fixed in 1% osmic acid in cacodylate for 1 h. Samples were
dehydrated in a series of progressively concentrated ethanol solu-
tions and mounted into Durcupan ACM (Fluka, Sigma-Aldrich).
Semithin sections (1–2 μm) were stained with methylene blue.
Ultrathin sections (75–90 nm) were placed on copper or nickel
meshes and were contrasted with lead uranyl acetate and lead cit-
rate. Electron micrographs for morphometric measurements were
acquired using a transmission electron microscope JEM 100 CX II
(JEOL, Tokio, Japan) at an acceleration voltage of 80 kV. Finally, 10
or 11 electron micrographs were made out of each embryo and
analyzed at ×7200 magnification.

Relative volume (%) of cell organelles was determined using a
method published earlier (Bolender and Weibel, 1973). Line seg-
ments with 150 test points were placed on each micrograph.
The number of test points, within the area of the analyzed organ-
elle, was divided by the total number of points in the line segments,
and the resulting value was expressed in per cent. The volume of
the individual organelles per sample was calculated based on the
sum of all values measured from the individual micrographs.
The organelles analyzed in this way included: mitochondria
(M), endoplasmic reticulum (ER), Golgi complex (GC), vacuoles
(V), residual bodies (RB) and apoptotic bodies (AB).

Statistical significance of the difference in volume was deter-
mined using the chi-squared (χ2) test. The difference was consid-
ered to be significant at a P-value= 0.05. Statistical analyses of the
individual organelle volumes were carried out using Student’s
t-test.

Real-time quantitative polymerase chain reaction (PCR)

Total RNA was extracted from rabbit embryos using TRIzol
reagent (Invitrogen, Thermo Fisher Scientific) according to the
manufacturer’s instructions. RNA was then reverse transcribed
into single-stranded cDNA, using a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystem, Foster City, CA,
USA). Synthesized cDNA templates were subjected to quantitative
real-time PCR analysis using the SYBR® Green PCR Master Mix,
with rabbit-specific primer sets to OCT4, GATA6 and CDX2 genes
(Maraghechi et al., 2013). All reactions were performed in an
Eppendorf Mastercycler RealPlex4. Relative mRNA levels were cal-
culated using the comparative CT method (ΔΔCT method) and
normalized to GAPDH. For each sample, the signal was averaged
over replicates. Each biological replicates of embryos consisted of a
pool of staged embryos and isolated hypoblasts, epiblasts and
trophoblasts.

Statistical analysis

All datawere analyzed usingGenEx (version 6.0), and aP-value< 0.05
was considered to be significant (*P < 0.05, **P < 0.01,
***P < 0.001).

Statistical differences were assessed using one-way analysis of
variance (ANOVA) and GenEx 6.0 software. Comparisons
between the mean values of the control group and those of each
experimental group were performed using Tukey’s post hoc test
for multiple comparisons.

Results

Pluripotency and early differentiation marker expression
in 4-day-, 5-day- and 6-day-old embryos

To investigate the baseline expression of different embryonic
stem cell-specific markers, 4-, 5- and 6-day-old rabbit embryos,
recovered from the uterus, were immunostained with antibodies
specific for the pluripotent stem cell marker OCT4 and an early
differentiation/hypoblast marker GATA6. In 4-day-old embryos,
we detected OCT4 expression only in a few nuclei. In 5-day-old
embryos, OCT4 expression started to localize in most of the nuclei
of embryoblast (EB). On day 6, OCT4 expression became exclusive
to the cells of the embryoblast (Fig. 1A). GATA6 expression in
4-day-old embryos was limited to the trophoblast (TE) with vary-
ing intensities among the individual cells. The same expression
pattern for GATA6 was observed in 5-day-old embryos. In
6-day-old embryos, GATA6 was expressed in the embryoblast
as well as in trophoblast with varying intensities. However,
based on GATA6 expression in 6-day-old embryos, epiblast
and hypoblast and boundaries between the ICM and trophoblast
were indistinguishable from each other upon analyzing the
confocal images (Fig. 1B).

We further analyzed GATA6 and CDX2 co-expression in
6-day-old embryos (Fig. 1C1, C2). In the trophoblast layer, most
of the cells were CDX2 positive (green circle), but we also detected
CDX2 and GATA6 double-positive (yellow circles) and double-
negative (blue circles) cells. In the embryoblast we found both
GATA6-positive (red circles) and GATA6-negative cells.

To delineate the transcription levels of OCT4, GATA6 and
CDX2, we performed quantitative real-time PCR analysis on
day 4 (Fig. 1D) and day 6 (Fig. 1E) in vivo developed rabbit
embryos. We detected high expression levels of OCT4, GATA6
and CDX2 transcripts on day 4. To get a more comprehensive
profile of cell-specific gene expression we further analyzed the
expression of OCT4, GATA6 and CDX2 in trophoblast (TE) and
two cell layers of the embryoblast: the hypoblast (HY) and epiblast
(EPI) of day 6 embryos using real-time quantitative PCR. We
detected significantly high expression levels ofOCT4 in the epiblast
compared with the hypoblast and trophoblast (Fig 1E). GATA6
expression was higher both in the hypoblast and trophoblast
(Fig. 1E). CDX2 expression was restricted to the trophoblast both
at the transcriptional (Fig. 1E) and protein level detected by
confocal microscopy (Fig. 1C1, C2).

Effect of 2i, 3i and 4i conditions on in vitro development of
rabbit embryos

Next, we studied the effect of inhibitors on different pathways in
rabbit embryo development and how they preserve their viability
over the culture period. The inhibitors used were as follows:
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Figure 1. Expression of pluripotency and early differentiation markers in rabbit blastocysts. (A) Baseline expression of OCT4 in rabbit embryos after their recovery from oviducts
on days 4 and 5, and from the uterus 6 days after insemination. OCT4 expression was fully developed on day 6. (B) Baseline expression of GATA6 in embryos after their recovery on
days 4, 5 and 6 after insemination. GATA6 expression was limited to non-ICM cells in 4-day- and 5-day-old embryos. In 6-day-old embryos, GATA6 expression was observed in both
ICM and non-ICM cells at varying intensities. Scale bars: 200 μm, 100 μm. (C) GATA6 and CDX2 co-expression in 6-day-old embryos showed that most of the trophoblast cells (top
row) were CDX2-positive (green dotted circle), CDX2/GATA6 double-positive cells (yellow dotted circles) and CDX2/GATA6 double-negative cells (blue dotted circles) were also
detected; the embryoblast (bottom row) was comprised GATA6-positive cells (red dotted circles) and GATA6-negative cells (blue dotted circles). Scale bars: 100 μm. (C2) Confocal
3D reconstructions of (C1) images showing the interface of trophoblast (TE) and embryoblast (EB). (D, E) Quantitative expression of OCT4, GATA6 and CDX2 mRNAs in 4-day-old
(D) and 6-day-old (E) rabbit embryos. High levels of expression of OCT4, GATA6 and CDX2 transcripts were detected by day 4 of embryonic development. Epiblast of day-6 embryos
expressed OCT4 in significantly high levels compared with the hypoblast and trophoblast. GATA6 was expressed at almost equal level in trophoblasts and in hypoblasts and
downregulated in epiblasts, while CDX2 expression was limited to trophoblasts. Expression levels were calculated relative to the 7-day mRNA level and normalized to the
GAPDH transcript level. Error bars indicate ± standard deviation (SD) (***P ≤ 0.001), n= number of investigated embryos.
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PD0325901 for MEK/ERK, CHIR99021 for GSK3β, A-83-01 for
TGFβ receptor and Y27632 for ROCK. The following treatment
groups based on the combinations of these inhibitors were:
PD0325901 and CHIR99021 (2i); PD0325901 plus CHIR99021
and Y27632 (3i); and PD0325901 plus CHIR99021 plus A8301
and Y27632 (4i).

We started by observing how the inhibition of the respective
pathways affected viability of the embryos. The percentage of in
vitro cultured embryos (devoid of zona pellucida) from the 8-cell
stage that successfully develop to the early blastocyst stage, 4 days
after insemination did not differ across the treatment groups of
2i (82.2%), 3i (82.5%) and 4i (81.4%) compared with the control
RDH-cultured (87.5%) embryos (Fig. 2A). Continued culture of
the same embryos up to day 6 post coitum expanded blastocyst
revealed tolerance of the embryos to 2i (47.5%) conditions; the per-
centage of embryos that successfully developed to the expanded
blastocyst was comparable with the percentage observed in the
control RDH-cultured embryos (42.5%). Under 3i conditions we
noticed 10% of expanded blastocysts, but for 4i (0%) treatments
no expanded blastocysts were observed (Fig. 2A).

Moreover, we performed real-time quantitative PCR analysis
to investigate the effect of inhibitors on the expression of
pluripotency-associated marker OCT4, and an early differentiation

marker GATA6 in 6-day-old rabbit embryos cultured from the
8-cell stage in inhibitor-supplemented medium (Fig. 2B), com-
pared with the control embryos cultured in RDH medium with
no inhibitors. The best performing condition appeared to be 2i,
as the transcription levels of pluripotent marker, OCT4, were
2.4-fold higher compared with the control embryos cultured in
RDH with no inhibitors (Fig. 2B). In contrast, transcription of
GATA6 in embryos treated with 2i did not display substantial
increase compared with the control embryos in RDH (Fig. 2B).

To find a reason for embryo development arrest, the integrity of
the cells and their organelles in rabbit embryos cultured under
individual inhibition culture conditions was analyzed using trans-
mission electron microscopy (Fig. 2C, D). We measured the relative
volume (%) of the cell organelles in the ICMof the 6-day-old embryos
cultured under 2i, 3i and 4i conditions (Table 1). It was found that the
mitochondria (M; 7.5%), the endoplasmic reticulum (ER; 9.7%) and
the Golgi complex (GC; 3.4%) were significantly larger in the control
group (Table 1 and Fig. 2C) compared with 3i conditions (M, 5.2%,
ER, 4.7%, and GC, 2.8%; Table 1 and Fig. 2D) and 4i condition
(M, 1.9%, ER, 4.5%, and GC, 1.7%; Table 1). The difference in relative
volume of these organelles between the control and 2i was not signifi-
cant, indicating that the 2i conditions were safe for organelle integrity
(Table 1). In vitro culture of embryos in medium supplemented with

Figure 2. In vitro development of rabbit embryos under 2i, 3i or 4i conditions. (A) Percentage of in vitro cultured embryos (devoid of zona pellucida) from the 8-cell stage that
successfully developed to the compact morula stage on day 4 after insemination (dark grey lines) compared with the control RDH-cultured embryos. Percentage of the same
embryos after continued culture that successfully developed to the expanded blastocyst stage on the day 6 after insemination (light grey lines). 3i and 4i treatments resulted in the
death of the embryos. Error bars indicate ± SD (*P≤ 0.05). (B) Quantitative real-time PCR analysis showing the expression of OCT4 and GATA6 in 6-day-old embryos cultured from
the 8-cell stage in 2i or the control RDHmedium. The highest expression of OCT4 transcript was detected under 2i conditions. (C, D) Transmission electron micrographs of the ICM
of the 6-day-old embryos cultured under control RDH or 3i conditions. The figures depict healthy organelles (RDH) and damage arising from the culture conditions that does not
support viability of the embryos (3i). The electronmicrograph shows three cells of the ICM from the control group of embryos in RDH. One of these was localized to the centre of the
image with the oval nucleus (N) and nucleoli localized in the centre of the cytoplasm. Intercellular spaces are partially extended (*). The electronmicrograph of two cells of the ICM
of rabbit embryos treated with 3i shows numerous large oval vacuoles (V), residual bodies (RB) and apoptotic bodies (AB) located in the vicinity of an elongated nucleus (N) of the
heterochromatic type. The presence of mitochondria (M) and granular ER is very rare. Individual structures: mitochondria (M) (dark and oval); granular ER; small residual bodies
(→); and small vacuoles (▸) around the ESC. Magnification: ×7200. Scale bars: 5 μm; n= number of investigated embryos.
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4i resulted in a significant increase in the size of the vacuoles (7.2%
versus 4.9% in the control; Table 1). The relative volume of the
RBs in embryo cells was significantly higher in all of the inhibitor-
supplemented medium: 9.7% in 2i, 14.1% in 3i, 16.7% in 4i versus
5.1% in the control medium (Table 1). The relative volume of ABs
in 3i-supplemented medium was significantly higher (2.2%) com-
pared with control medium (0.4%), while in 4i-supplemented
medium there was no significant difference compared with the
control (Table 1).

In accordancewith the results obtained from confocalmicroscopy,
quantitative real-time PCR analysis and electron microscopy
morphometry, we proposed that addition of 2i gave the best
conditions in which to keep the undifferentiated state of the
pluripotent cells in the rabbit embryo.

Rabbit early embryonic development in RDH and 2i
conditions followed by time-lapse microscopy

Subsequently, we tracked embryonic development in control cul-
ture condition (RDH) against 2i-supplemented culture medium
using time-lapse video technology to measure the time between
the different embryonic developmental stages, from the 2-cell stage
up to the early blastocyst stage (75 h). For the embryonic develop-
mental rate in 2i-supplemented medium and in the control RDH
medium we could not detect significant differences (Fig. 3A).
Similar effects were observed in another time-lapse video experiment
comparing the development of the embryo in control contrasted with
the 2i culture conditions from the morula up to the blastocyst stage
over the span of 48 h. The difference in size of the embryos cultured
in control and 2i conditions was not significant (Fig. 3B).
According to these findings we can conclude that 2i treatment
did not significantly affect the development of the rabbit embryos
from the 2-cell stage up to the early blastocyst stage (Movie S1).

Discussion

ESCs are sustained by a flexible signalling and transcription factor
network that appears to be closely related to the network existing in
the embryo. The notion of naïve pluripotency implies that early
epiblast cells and their counterpart ESC derivatives have equal
unrestricted access to all somatic lineages and the germ line
(Nichols and Smith, 2011).

To examine the expression of transcription factors in rabbit
embryos, epiblasts, hypoblasts and trophoblasts, we first analyzed
the transcription patterns of OCT4, GATA6 and CDX2 genes in
rabbit embryos recovered at consecutive developmental stages.
Real-time quantitative PCR results clearly showed the difference

in the expression patterns ofOCT4, GATA6 and CDX2 transcripts.
In epiblast cells OCT4 transcripts were expressed at significantly
high levels, and underlines the pluripotent status of these cells.
CDX2 expression was significantly higher in trophoblast cells than
in other layers; this was consistent with trophoblast specificity of
CDX2. GATA6 was expressed in almost equal levels in trophoblast
and in hypoblast cells and downregulated in epiblast cells.

We investigated howOCT4 andGATA6 are normally expressed
in in vivo developed embryos recovered from uteri at 4, 5 and
6 days after insemination. Expression of the pluripotency marker
OCT4 was first detected exclusively in the nuclei of cells of the
embryoblast in 6-day-old embryos. GATA6 expression in 4- and
5-day-old embryos was limited to non-ICM cells, but in 6-day-
old embryos its expression was observed in all cells of the embryo.
The embryoblast was comprised of GATA6-positive and GATA6-
negative cells, while some cells of the trophoblast exhibited GATA6
signal. However, the majority of the trophoblast cells were only
CDX2-positive. In rabbit embryos, downregulation of GATA6
in a subset of ICM cells appeared to occur independently of
NANOG. NANOG is present in the nuclei of both GATA6-
negative and GATA6-positive cells at the early blastocysts stage,
as was published by Piliszek et al. (2017).

In our following experiments, we tested how different combi-
nations of inhibitors of early differentiation pathways affect the
development, transcription and expression of OCT4 and GATA6.
The effect of the Ras-MEK-ERK1/2 blockade on development of
preimplantation embryos has been investigated in different spe-
cies. PD0325901 is a very selective inhibitor of theMEK/ERK path-
way (Lorusso et al., 2005; Haura et al., 2010; Sheth et al., 2011).
CHIR99021 is an inhibitor of the GSK3 pathway. These two inhib-
itors are collectively named ‘2i’ (Ying et al., 2008). According to our
time-lapse video analysis, the embryos in 2i-supplemented culture
condition developed normally. Similarly, quantitative real-time
PCR analysis of rabbit embryos revealed that under 2i conditions
transcription of GATA6 and OCT4 is present. Similar to our
findings, Piliszek et al. (2017) did not observe any increase in
the number of SOX2-positive EPI cells in rabbit embryos treated
with 2i inhibitor in comparison with control embryos. This result
suggested that blocking FGF signalling was not sufficient alone,
and that an additional signal was required in rabbit (Piliszek
et al., 2017). In mouse 8-cell-stage embryos, the blockade of
ERK signalling completely abolished the development of hypoblast
cells (Nichols et al., 2009). In species other than mice or rat, MEK
inhibition does not result in ablation of hypoblast cells in the ICM
of the blastocysts, and GATA6 expression does not disappear
(Kuijk et al., 2012).

To investigate whether inhibition of ROCK could help to bal-
ance the potential negative effects of PD0325901, we included the
combination of three inhibitors, ‘3i’ (PD0325901 + CHIR99021 +
Y27632) targeting MEK/ERK, GSK3β and ROCK signalling path-
ways. Y27632 has also been used to culture hESC and hiPSC in sus-
pension (Zweigerdt et al., 2011). Another inhibitor, A83–01, is an
inhibitor of the TGFβ receptor upstream of Activin A/Nodal.
TGFβ receptor activity is needed to maintain primed EpiSC. All
four inhibitors are collectively termed YPAC when used together.
In our experiments, we termed this combination ‘4i’. To recognize
the integrity of the cells and their organelles in the embryo disc of
6-day-old rabbit embryos cultured under 2i, 3i and 4i conditions,
we performed transmission electron microscopy analysis.
Investigating the effect of the inhibitors on the cellular ultrastruc-
ture of the embryo revealed afflicted mitochondria, ER and GC,
while the volume of vacuoles as well as residual and ABs increased

Table 1. Relative volume (%) of organelles in the ICM cells of 6-day-old rabbit
embryos cultured in inhibitor-supplemented medium

RDH
(n= 10)

2i
(n= 10)

3i
(n= 11)

4i
(n= 10)

Mitochondria (M) 7.50a 6.67 5.15b 1.93b

Endoplasmic reticulum (ER) 9.67a 6.87 4.73b 4.53b

Golgi complex (GC) 3.40a 2.87 2.78 1.73b

Vacuoles (V) 4.87a 6.2 6.18 7.20b

Residual bodies (RB) 5.13a 9.73b 14.12c 16.73c

Apoptotic bodies (AB) 0.40a 0.4 2.20b 0.6

avs.b significant difference at P< 0.05;
avs.c P< 0.01; n = number of investigated embryos.
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in 4i- and 3i-treated embryos. Despite ROCK inhibition by means
of Y27632 in 4i formulation, the relative volume of ABs was not
reduced. Treatment with 2i did not result in significant disturbance
of the organelles. Treatment with 2i maintained the integrity of
mitochondria, ER and GC in ICM cells of rabbit embryos while
maintaining the volumes of the structures, indicating minimum
damage.

In conclusion, regarding inhibition, the factors involved in
Ras–MEK–ERK, GSK3β and TGFβ signalling pathways have been
implicated to alter the ratio of OCT4-positive epiblasts and GATA6-
positive hypoblasts. As a result of MEK inhibition, the number of
hypoblast cells reduced in mouse and rat embryos, but in human,
porcine and bovine embryos the numbers of hypoblast cells were
only moderately reduce, suggesting that hypoblast formation is
FGF independent. Our results demonstrated that rabbit embryos
respond in a similar way to non-rodent embryos, because the
hypoblast still forms even under combined MEK and GSK3β
inhibition.
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