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In vitro culture of ovine embryos up to early gastrulating stages
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Pilar Marigorta1, Ramiro Alberio2 and Pablo Bermejo-Álvarez1,*

ABSTRACT

Developmental failures occurring shortly after blastocyst hatching
from the zona pellucida constitute a major cause of pregnancy losses
in both humans and farm ungulates. The developmental events
occurring following hatching in ungulates include the proliferation and
maturation of extra-embryonic membranes – trophoblast and
hypoblast – and the formation of a flat embryonic disc, similar to
that found in humans, which initiates gastrulation prior to implantation.
Unfortunately, our understanding of these key processes for embryo
survival is limited because current culture systems cannot sustain
ungulate embryo development beyond hatching. Here, we report
a culture system that recapitulates most developmental landmarks
of gastrulating ovine embryos: trophoblast maturation, hypoblast
migration, embryonic disc formation, disappearance of the
Rauber’s layer, epiblast polarization and mesoderm differentiation.
Our system represents a highly valuable platform for exploring the
cell differentiation, proliferation and migration processes governing
gastrulation in a flat embryonic disc and for understanding pregnancy
failures during the second week of gestation.

This article has an associated ‘The people behind the papers’
interview.
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INTRODUCTION
Developmental failures during the peri-gastrulation period are amajor
cause of infertility in humans and farm animals, entailing significant
economic and social consequences. Understanding the cellular and
molecular mechanisms that operate during this period is crucial to
overcome pregnancy losses, the majority of which occur during the
first weeks of development (Diskin andMorris, 2008; Macklon et al.,
2002). Ungulate embryos are routinely produced in vitro without the
need of experimental animals, using oocytes recovered from ovaries
of animals destined for human consumption. Unfortunately, current
in vitro systems are unable to support embryo development beyond
blastocyst hatching, hampering the study of peri-gastrulation stages
because of the requirement of experimental animals.

After hatching from the zona pellucida, the mammalian
blastocyst is formed by three different lineages: epiblast, which
will form the foetus, and hypoblast and trophectoderm (TE), which
will develop the foetal part of the placenta (Maddox-Hyttel et al.,
2003). In ungulates, the hypoblast migrates to cover the entire inner
embryo surface and the epiblast forms a flat embryonic disc (ED)
(van Leeuwen et al., 2015), resembling that found in humans and in
striking contrast to the egg cylinder developed in mouse embryos
(Shahbazi and Zernicka-Goetz, 2018). The hypoblast and the TE
undergo extensive growth towards the end of the second week of
development, and the embryo transforms from spherical to ovoid,
tubular and then filamentous shape before implantation (Artus et al.,
2020). Simultaneously, the polar TE covering the epiblast (termed
Rauber’s layer) disappears and the epiblast forms a polarized
epithelium that will initiate gastrulation (van Leeuwen et al., 2020).

Pioneer studies in the 1970s and 1980s reported a certain degree of
post-blastocyst development in vitro in the mouse model (Gonda and
Hsu, 1980; Hsu, 1979; Spindle, 1980;Wiley and Pedersen, 1977), but
a highly replicable system able to develop mouse embryos to peri-
gastrulating stages has not been available until recently (Bedzhov
et al., 2014). The system developed in mouse embryos was later
adapted to achieve the development of human embryos up to peri-
gastrulating stages equivalent to14 days post-fertilization (Deglincerti
et al., 2016; Shahbazi et al., 2016). In humans, this system has been
used to elucidate molecular and morphogenetic events occurring
during this period (Xianget al., 2020;Zhouet al., 2019), knownas ‘the
black box’ of development (Macklon et al., 2002), and to explore the
post-implantation developmental consequences of aneuploidy
(Shahbazi et al., 2020). The development of an analogous system in
ungulates offers a double benefit. First, it would enable the
development of technologies for improving reproductive efficiency
in farm animals, in which developmental arrest during this period
constitutes the major cause for reproductive failures (Diskin and
Morris, 2008). Second, as ungulate gastrulationoccurs in a flat EDand
genome editing is already available for these species (Lamas-Toranzo
et al., 2019), ungulates could emerge as a relevant model to advance
our knowledge of human peri-gastrulation events.

Pioneer in vitro systems developed in ungulates relied on agarose
tunnels and serum- and glucose-enriched medium to achieve
certain proliferation of trophoblast and hypoblast in bovine
embryos, but failed to support epiblast development (Alexopoulos
et al., 2005; Brandão et al., 2004; Vajta et al., 2004). We have
recently established an in vitro system based on N2B27 medium that
supports trophoblast proliferation, hypoblast migration along the
entire inner embryo surface and epiblast development into an
ED-like structure in bovine embryos (Ramos-Ibeas et al., 2020).
However, by day (D) 15 a region of these ED-like structures had lost
the expression of the epiblast marker SOX2, suggesting that
ED requirements to progress in development and start gastrulation
were still not fully fulfilled in vitro. Here, we report a culture system
based on N2B27 medium supplemented with activin A and
Rho-associated protein kinase (ROCK) inhibitor (ROCKi) that
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allows D14 in vitro sheep embryos to recapitulate most
developmental landmarks of in vivo embryos during the second
week of development, including the initiation of gastrulation.

RESULTS
Post-hatching sheep development in different culture media
In contrast to previous observations in bovine blastocysts (Ramos-
Ibeas et al., 2020), sheep blastocysts attach to the culture dish
surface right after hatching from the zona pellucida. To prevent
embryo attachment and subsequent two-dimensional growth,
culture dishes were coated with agarose gel. D6/7 in vitro-
produced blastocysts were randomly allocated to three different
culture media that were replaced every other day: (1) SOF (a
commonly used medium to develop bovine and ovine embryos;
Holm et al., 1999) supplemented with 10% foetal bovine serum
(FBS) (hereafter termed SOF+FBS); (2) an in vitro culture medium
supporting post-implantation development of murine and human
embryos (hIVC) (Bedzhov et al., 2014; Deglincerti et al., 2016;
Shahbazi et al., 2016); and (3) chemically defined N2B27 medium
supporting bovine post-hatching development in vitro (Ramos-
Ibeas et al., 2020). At D14, collected embryos presented a spherical
shape in all conditions, but those cultured in SOF+FBS showed
significantly reduced survival and growth compared with the other
groups (Table 1, Fig. 1A). In ungulates, hypoblast migrates to cover
the inner surface of the trophoblast. Hypoblast (SOX17+) migration
along the inner surface of the trophoblast was complete in most
embryos cultured in hIVC and N2B27, but no epiblast cells
(SOX2+) were detected at D14 in embryos cultured in SOF+FBS or
in hIVC, whereas SOX2+ cells were observed in 39.3% of the
embryos cultured in N2B27 (Table 1, Fig. 1B).
Transcription of trophoblast protein-1 (TP1, also known as

interferon tau), responsible for maternal recognition of pregnancy
in sheep (Godkin et al., 1982), increased at D14 in all culture media,
reflecting trophoblast proliferation and development. Transcriptional
analysis of rate-limiting enzymes involved in anaerobic glycolysis
[lactate dehydrogenase (LDHA) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH); Granchi et al., 2010], Kreb’s cycle [citrate
synthase (CS); Seedorf et al., 1986] and the pentose phosphate
pathway [sirtuin 2 (SIRT2); Wang et al., 2014] revealed a metabolic
switch from oxidative phosphorylation to anaerobic glycolysis
between D7 and D14 of in vitro culture. LDHA and GAPDH were
upregulated and CS was downregulated at D14 after culture in hIVC
and N2B27. Furthermore, fatty acid desaturase 1 (FADS1), which
increases following in vivo elongation (Moraes et al., 2018; Ribeiro
et al., 2016), was significantly upregulated after culture in hIVC and
N2B27, and acetyl CoA transferase (ACAT1) and apolipoprotein A1
(APOA1), involved in lipid storage (Schultz et al., 2019; Tian et al.,
2012), were significantly increased after culture in N2B27 medium
(Fig. 1C).

Epiblast development in vitro is promoted by activin A
and ROCKi
Given that epiblast survival was the most limiting factor for
proper post-hatching development in vitro, we tested whether

ROCK inhibition could promote epiblast survival in hIVC,
as recently reported for human embryos (Xiang et al., 2020).
ROCKi (Y-27632) supplementation to hIVC medium (hIVC+R)
reduced significantly the percentage of apoptotic cells in cultured
embryos (Fig. 2A, Fig. S1A), but there was no positive effect
on embryo survival and size, or on hypoblast migration, and
epiblast cells were still not detected at D14 in hIVC+R (Table S1,
Fig. S1B,C). However, few SOX2+ cells (4.6±1.3/embryo)
were found in D11 embryos cultured in hIVC+R, revealing
that epiblast cells were gradually lost during culture in these
conditions.

Aiming to further promote epiblast development in N2B27,
the only medium able to support epiblast survival up to D14, we
supplemented N2B27 with different molecules: ROCKi (Xiang
et al., 2020) (N2B27+R); basic fibroblast growth factor (bFGF),
which promotes epiblast pluripotency in vitro in bovine embryonic
stem cells (Bogliotti et al., 2018) (N2B27+F); activin A, which
activates the TFGβ pathway and is involved in epiblast development
(Ramos-Ibeas et al., 2019) (N2B27+A); and IGF1, which is
expressed in the epiblast (Ramos-Ibeas et al., 2019) and improves
human embryo and epiblast survival in vitro (Spanos et al., 2000)
(N2B27+I). Activin A and ROCKi supplementation significantly
increased the percentage of embryos with surviving epiblast
(Table 2) and promoted the proliferation of SOX2+ cells
(41.0±8.6 and 52.9±15.4 cells/embryo, respectively, versus
12.3±4.3 in N2B27 alone; mean±s.e.m.; Fig. 2C). bFGF and
IGF1 supplementation did not improve any of the parameters
analysed, and IGF1 caused a significant reduction (6.7 versus 40%)
in the percentage of embryos showing a compact ED composed of
>50 SOX2+ cells (Table 2, Fig. 2C).

Next, we tested a combination of the molecules that yielded
the best results in terms of epiblast development: ROCKi and
activin A (N2B27+A+R). Epiblast survival and SOX2+ cell
number were significantly enhanced in N2B27+A+R compared
with N2B27 alone (73.7±15.9 versus 13.1±4.4 cells/embryo;
mean±s.e.m.). The percentage of embryos showing an ED at D14
was also significantly increased in N2B27+A+R (Table 3, Fig. 2D,
E). Moreover, disintegration of Rauber’s layer (the polar
trophoblast, disappearing in ungulates through apoptosis; van
Leeuwen et al., 2020) was detected in 22 out of 36 (61.1%)
EDs developed in N2B27+A+R (Fig. 2D, Fig. S2), whereas this
layer was present in all EDs developed in N2B27 alone (Fig. 2D,
Fig. S3).

Characterization of in vitro developed embryos
The developmental landmarks achieved by D14 in vitro embryos
cultured in N2B27+A+R were compared with those attained by
in vivo embryos collected at days 11, 12.5 and 14 post-mating
[embryonic day (E) 11, E12.5 and E14]. D14 in vitro embryos
remained spherical, similar to E11 in vivo embryos, with an obvious
ED protruding at the surface of the most advanced embryos.
However, in vitro embryos appeared more translucent and
frequently showed dark areas (Fig. 3A). At E12.5, most in vivo
embryos already showed an ovoid shape (n=8/11; 72.7%) and at

Table 1. Survival, area and development of hypoblast and epiblast lineages of surviving embryos at D14 after culture in SOF+FBS, hIVC or N2B27

Survival (%) Embryo area (µm2) Complete hypoblast migration (%) Epiblast survival (%)

SOF+FBS 21/52 (40.4%)a 303.82±54.44a 8/13 (61.5%)a 0/13 (0%)a

hIVC 31/35 (88.6%)b 791.65±74.11b 23/25 (92%)b 0/25 (0%)a

N2B27 32/38 (84.2%)b 793.21±87.09b 22/26 (84.6%)b 11/28 (39.3%)b

Mean±s.e.m. for embryo area. Values with different superscripts in the same column differ significantly (χ2 test for survival, complete hypoblast migration and
epiblast survival; one-way ANOVA, Dunn′s test for area; P<0.05).
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E14 all recovered embryos were tubular (n=3/3). Embryo length and
ED area of D14 in vitro embryos were significantly smaller than
in vivo embryos at E12.5 and E14 (Fig. 3B,C).
Hypoblast migration along the entire inner trophoblast surface

was completed in 80.8% of D14 in vitro embryos (n=21/26), and in
92.8% of E11 (n=13/14) and 81.8% of E12.5 (n=9/11) in vivo
embryos (Fig. 3E). The number of SOX2+ epiblast cells at D14
in vitro and E11 and 12.5 in vivo was very variable within each
group (Fig. 3D). The high variability in E12.5 in vivo embryos was
associated with certain developmental arrest in 4/11 embryos, which
lacked an ED (Fig. 3F). The Rauber’s layer was absent in 22/36 D14
in vitro embryos containing an ED (61.1%; Fig. 2D, Fig. S2),

whereas in E11 in vivo embryos it was absent in 1/5 (20%),
disappearing in 1/5 (20%) and present in 3/5 (60%) embryos
(Fig. S4A-D). By E12.5 in vivo, Rauber’s layer was absent in all
embryos containing an ED (n=7/7).

The formation of a basement membrane, required for the
polarization of epiblast cells and identifiable by the presence of
laminin in the basal side of epiblast cells (Bedzhov and Zernicka-
Goetz, 2014; Oestrup et al., 2009; Xiang et al., 2020), was detected
from E11 in vivo (n=2/2) and in 77.8% D14 in vitro embryos with
ED (n=7/9) (Fig. 4A, Fig. S5A,B). Accordingly, epiblast cells were
apico-basally polarized in E11 in vivo (n=3/3) and D14 in vitro
embryos with ED (n=4/4), as determined by apical localization of

Fig. 1. Post-hatching development in vitro in
basal media. (A) Representative brightfield images
of D14 embryos cultured in SOF+FBS, hIVC or
N2B27. (B) Complete hypoblast migration is
achieved in most D14 embryos, but epiblast
development is impaired in SOF+FBS and hIVC
media. Staining for SOX2 (epiblast) and SOX17
(hypoblast); inset shows magnification of the
epiblast. Scale bars: 1 mm (A); 100 µm (B).
(C) Relative mRNA abundance in D7 and D14
embryos cultured in SOF+FBS, hIVC or N2B27.
Different letters indicate significant differences
(one-way ANOVA; P<0.05). Bars represent
mean±s.e.m.
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aPKC, the principal kinase of the apical Par polarity complex
(Goldstein and Macara, 2007; Shahbazi et al., 2016) (Fig. 4B,
Fig. S5C,D).

Gastrulation remains poorly defined in ungulates because it can
only be investigated in elongated embryos recovered in vivo, with an
elevated effort and economic cost. The first hallmark of primitive

Fig. 2. Epiblast development is
improved by activin A and ROCKi
supplementation. (A) ROCKi
significantly reduced apoptosis in
embryos cultured in hIVC. hIVC, n=12;
hIVC+R, n=16; N2B27, n=13;
N2B27+R, n=15; Mann–Whitney Rank
Sum test. (B) SOX2+ epiblast cells of
embryos cultured in N2B27 (n=49),
N2B27+R (n=79), N2B27+F (n=51),
N2B27+A (n=46) or N2B27+I (n=46);
one-way ANOVA, Kruskal–Wallis test.
(C) Representative embryos stained
for SOX2 (epiblast) and SOX17
(hypoblast). Insets show magnifications
of the epiblast. (D) Representative EDs
with (N2B27) and without (N2B27+A+R)
Rauber’s layer stained for SOX2
(epiblast) and SOX17 (hypoblast).
Arrowheads indicate trophoblast cells
covering the epiblast in embryos
cultured in N2B27. (E) SOX2+ epiblast
cells of embryos cultured in N2B27
(n=48) or N2B27+A+R (n=88); Mann–
Whitney Rank Sum test. A, 20 ng/ml
activin A; I, 100 ng/ml IGF1; F, 20 ng/ml
bFGF; R, ROCK inhibitor (10 μM Y-
27632). Bars represent mean±s.e.m.
Scale bars: 100 µm (C); 50 µm (D).

Table 2. Embryonic survival, area and development of hypoblast and epiblast lineages of surviving embryos at D14 after culture in N2B27 alone or
supplemented with different molecules

Survival (%) Area (µm2) Complete hypoblast migration (%) Epiblast survival (%) ED formation (%)

N2B27 56/68 (82.4%) 918.89±11.1 20/25 (80%) 15/49 (30.6%) 6/15 (40%)
N2B27+R 80/96 (83.3%) 907.68±81.33 38/58 (65.5%) 48/79 (60.7%)* 24/48 (50%)
N2B27+F 52/63 (82.5%) 1208.78±144.86 35/51 (68.6%) 19/51 (37.3%) 3/19 (15.8%)
N2B27+A 51/59 (86.4%) 926.46±144.64 34/36 (94.4%) 32/46 (69.6%)* 20/32 (62.5%)
N2B27+I 49/57 (86%) 828.95±108.42 19/22 (86.4%) 16/46 (34.8%) 1/16 (6.7%)*

Mean±s.e.m. for area. *P<0.05 compared with the control (N2B27 alone) (χ2 test for epiblast survival and ED). No differences were found between supplemented
media and N2B27 alone for embryonic survival and complete hypoblast migration (χ2 test), or area (Mann–Whitney Rank Sum test). A, 20 ng/ml activin A; I,
100 ng/ml IGF1; F, 20 ng/ml bFGF; R, 10 µM ROCKi (Y-27632).
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streak formation is the expression of T-box transcription factor (T or
brachyury), which can be detected in bovine and ovine embryos in
the posterior part of the ED (Guillomot et al., 2004; van Leeuwen
et al., 2015). T+mesoderm cells were detected in 41.2%D14 in vitro

embryos containing an ED (n=14/34). Most T+ cells had repressed
SOX2 expression and were located at the posterior part of the ED,
denoting the initiation of gastrulation and symmetry breaking.
Moreover, some T+ cells had already started migration to cover the

Table 3. Survival, area and development of hypoblast and epiblast lineages of surviving embryos at D14 after culture in N2B27 alone or
supplemented with activin A and ROCK inhibitor

Survival (%) Area (µm2) Complete hypoblast migration (%) Epiblast survival (%) ED formation (%)

N2B27 51/53 (80.9%) 762.21±87.08 38/48 (79.2%) 15/48 (31.3%) 6/15 (40%)
N2B27+A+R 131/151 (86.7%) 799.5±53.38 21/26 (80.8%) 49/88 (55.7%)* 36/49 (73.5%)*

Mean±s.e.m. for area. No differences were found for survival, complete hypoblast migration (χ2 test), or area (Mann–Whitney Rank Sum test). *P<0.05 for
comparison of media compositions (χ2 test for epiblast survival and ED). A, 20 ng/ml activin A; R, 10 µM ROCKi (Y-27632).

Fig. 3. Comparison between in vitro
and in vivo post-hatching embryos.
(A) Representative in vitro-produced
D14 embryos cultured in N2B27+A+R
and E11, E12.5 and E14 in vivo-
derived embryos. Insets show
magnifications of the ED. Arrows point
to in vitro embryos with several dark
areas. (B) Embryo length (mm) of in
vitro-produced D14 embryos cultured
in N2B27+A+R (n=131) and E11
(n=16), E12.5 (n=11) and E14 (n=3) in
vivo-derived embryos. (C) ED area
(µm2) of in vitro-produced D14
embryos cultured in N2B27+A+R
(n=32) and E11 (n=14), E12.5 (n=7)
and E14 (n=3) in vivo-derived
embryos. (D) SOX2+ epiblast cells in in
vitro-produced D14 embryos cultured
in N2B27+A+R (n=88) and E11
(n=14), E12.5 (n=11) and E14 (n=3) in
vivo-derived embryos. Bars represent
mean±s.e.m.; one-way ANOVA,
Kruskal–Wallis test. (E)
Representative in vitro-produced D14
embryo cultured in N2B27+A+R and
E11 and E12.5 in vivo-derived
embryos. Panels on the right show
magnifications of EDs fromD14 in vitro
and E11, E12.5 and E14 in vivo
embryos. Staining for SOX2 (epiblast)
and SOX17 (hypoblast). (F) E12.5 in
vivo-derived embryos showing
developmental arrest or delay, stained
for SOX2 (epiblast) and SOX17
(hypoblast). Inset shows sparse
epiblast cells. Scale bars: 1 mm (A);
100 µm (insets in A); 200 µm for E (left)
and F; 100 µm for E14 ED in F (right);
50 µm for D14, E11 and E12.5 EDs in
E (right) and for magnification in F.
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inner surface of the ED (Fig. 4C, Fig. S6A), and had initiated
epithelial-mesenchymal transition (EMT), showing N-cadherin
upregulation in 44.4% D14 in vitro embryos containing an
ED (n=4/9) (Fig. 4D, Fig. S7A). No T expression was detected
in E11 in vivo embryos (n=8), but T+ cells were detected in all
E12.5 embryos analysed (n=14), some of which were already
delaminating along the inner surface of the ED (Fig. 4C, Fig. S6B)
and expressing the EMT marker N-cadherin (n=5/5) (Fig. 4D,
Fig. S7B). Another T-box protein playing a major role in primitive
streak formation and mesoderm patterning is eomesodermin

(EOMES), which is expressed together with T in the posterior
part of the ED in the sheep (Guillomot et al., 2004). T+/EOMES+

cells were detected in D14 in vivo (n=3/3) and E12.5 in vivo (n=3/3)
embryos (Fig. 4E).

During embryo elongation in ungulates, some trophoblast
cells differentiate by nuclear division without cytokinesis to form
binucleate cells (BNCs), which will fuse with endometrial epithelial
cells to form trinucleate cells after implantation (Hoffman and
Wooding, 1993; Wimsatt, 1951). In vitro, BNCs were identified at
D14 by nuclear staining with GATA3 (Gerri et al., 2020) and

Fig. 4. Epiblast and mesoderm
development in in vitro and in vivo
post-hatching embryos. (A)
Basement membrane formation under
the epiblast in D14 in vitro and E11
in vivo embryos. Laminin accumulation
can be seen on the basal side of
SOX2+ epiblast cells (arrowheads).
Maximum projections (z-sections 6-8
in Fig. S5A and 7 and 8 in Fig. S5B).
(B) Polarization of SOX2+ epiblast cells
in D14 in vitro and E11 in vivo embryos
revealed by apical localization of aPKC
(arrowheads). Arrow points to
hypoblast cells. Maximum projections
(z-sections 4 and 5 in Fig. S5C and 4
and 5 in Fig. S5D). (C) EDs in a D14 in
vitro and in an E12.5 in vivo embryo
initiating gastrulation and showing
mesoderm cells in the posterior part,
stained for T. Images on the left are
maximum projections (z-sections 1-16
in Fig. S6A and 1-21 in Fig. S6B).
Images on the right show a section of
the intermediate part of the structure.
Double arrow indicates anterior-
posterior (A-P) axis. Arrows point to
migratingmesoderm cells. (D) EDs in a
D14 in vitro and in an E12.5 in vivo
embryo showing mesoderm cells
stained for T and expression of the
EMT marker N-cadherin. Maximum
projections (z-sections 1-11 in
Fig. S7A and 1-8 in Fig. S7B). Arrows
point to migrating mesoderm cells,
arrowheads point to N-cadherin-
positive cells and double arrow
indicates A-P axis. (E) EDs in a D14 in
vitro and in an E12.5 in vivo embryo
showing mesoderm cells stained for T
and EOMES; maximum projections.
Scale bars: 10 µm (A); 50 µm (B-E).
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membrane labelling with F-actin (n=8/15, 53.3%; Fig. 5A), but they
were still not present in D12 embryos (n=23). In vivo, BNCs were
not observed at E11 (n=3), but they were present in E12.5 embryos
(n=3) (Fig. 5B). Trophoblast cells in D14 in vitro embryos were
more scattered and had a larger cytoplasm than in E12.5 in vivo
embryos, which could be a result of a lower proliferation rate and the
failure to switch from spherical to ovoid shape in vitro.
Finally, to further contrast in vitro-developed embryos with

their in vivo counterparts at the two closest developmental stages,
a comparative transcriptomic analysis was performed by RNA
sequencing (RNA-seq) on D14 in vitro, and E11 and E12.5 in vivo
embryos. Analysis of differentially expressed genes (DEGs) (log2
fold change>2, P<0.01) identified 2694 DEGs between D14 in vitro
and E11 in vivo embryos, 5984 DEGs between D14 in vitro and
E12.5 in vivo embryos and 4129 DEGs between E11 and E12.5
in vivo embryos from a total of 14,359 expressed genes (Fig. 6A,
Table S2). The transcriptional differences observed for known
lineage markers suggested that D14 embryos were transcriptionally
closer to E11 in vivo embryos. Hypoblast- and epiblast-specific
genes were upregulated in E11 in vivo and in D14 in vitro compared
with E12.5 in vivo embryos. Similarly, early TE markers
(TEAD4, CDX2, GATA2 and GATA3) were highly expressed in
E11 in vivo and in D14 in vitro embryos, whereas late TE markers
(PAG2, TP1 and TKDP1) were upregulated in E12.5 in vivo
embryos (Fig. 6B).

DISCUSSION
Here, we report a system to extend the current in vitro culture
end-point from hatched sheep blastocysts up to gastrulating
stages. By providing a non-adherent surface and N2B27 medium
supplemented with activin A and ROCKi, embryos can recapitulate
in vitromost developmental processes of in vivo embryos, including

trophoblast proliferation and differentiation, hypoblast migration
along the entire inner embryo surface, ED formation, shedding of
Rauber’s layer, epiblast polarization, and onset of mesoderm
specification and migration. Embryos fully developed in vitro
reached a developmental stage that resembles E11 (spherical shape
and similar transcriptional profile) or E12.5 (epiblast polarization,
onset of mesoderm specification and migration and shedding
of Rauber’s layer) in vivo embryos. These developmental landmarks
were achieved following 14 days of culture, evidencing an
accumulated developmental delay of 1.5-3 days compared with
in vivo development. Although maternal histotroph seems
still necessary to support further development of the embryo, our
system reveals a remarkable self-organizing capacity of sheep
embryos in the absence of maternal influence, resembling early
gastrulating stages.

So far, the absence of a system to support in vitro development
beyond the blastocyst stage has limited our understanding of
embryogenesis after blastocyst hatching and early pregnancy
failure in ungulates. Previous studies have reported post-hatching
survival and growth of bovine embryos in vitro inside agarose
tunnels in conventional pre-hatching embryo culture medium (SOF)
supplemented with glucose and FBS. However, under these
conditions only trophoblast and hypoblast, to a lesser degree,
showed successful proliferation (Brandão et al., 2004; Vajta et al.,
2004). We have previously observed that agarose tunnels do not
provide any developmental advantage to in vitro post-blastocyst
development in bovine embryos and that epiblast survival is not
supported in this medium (Ramos-Ibeas et al., 2020). In agreement
with these reports, post-blastocyst culture in SOF+FBS yielded
limited embryo survival and growth in ovine embryos, with reduced
hypoblast proliferation and no epiblast survival. Successful post-
blastocyst culture and epiblast development has been achieved

Fig. 5. Trophoblast development in in vitro and in vivo post-hatching embryos. (A,B) Binucleate trophoblast cells are indicated by arrows in a D14 in vitro
embryo (A) and an E12.5 in vivo embryo (B). GATA3 (trophoblast) and F-actin (cellular membranes) staining. Scale bars: 20 µm.

Fig. 6. Transcriptional analysis of in vitro and in vivo post-hatching embryos by RNA-seq. (A) Venn diagram for DEGs identified for E11 versus E12.5
in vivo; E11 in vivo versus D14 in vitro; and E12.5 in vivo versus D14 in vitro (shrunken FC>2; Padj<0.01). (B) Heatmap of expression levels of selected
lineage-specific genes (log2-normalized gene counts). EPI, epiblast; HYPO, hypoblast; TE, trophectoderm.
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in mouse and human embryos cultured in IVC medium (Bedzhov
et al., 2014; Deglincerti et al., 2016; Shahbazi et al., 2016),
but sheep embryos failed to maintain their epiblast when cultured in
this medium, even when it was supplemented with ROCKi
(hIVC; Xiang et al., 2020). This difference could be explained by
species-specific differences in the metabolic requirements of the
developing embryo. Lipid compounds present in N2B27 medium
(Ramos-Ibeas et al., 2020) and absent in hIVC may be required for
ungulate embryo development, as uterine fluid lipidome seems to
play a relevant role in elongation (Simintiras et al., 2019), whereas
the presence of serum replacement (KSR) in hIVC may be
detrimental for embryo development. In agreement with this
hypothesis, increased expression of key genes related to lipid
metabolism, previously associated with post-hatching embryo
development (Moraes et al., 2018; Ribeiro et al., 2016), was
mainly observed after culture in N2B27, and embryos cultured in
hIVC showed a darker appearance than those developed in other
culture media, which might be due to the presence of KSR,
previously attributed to detrimental accumulation of lipid droplets in
bovine embryos (Brinkhof et al., 2017). Similarly, a metabolic
switch from oxidative phosphorylation to anaerobic glycolysis is
key to produce crucial metabolites for embryo development after
blastocyst hatching (Krisher and Prather, 2012). Increased
expression of rate-limiting enzymes involved in anaerobic
glycolysis, LDHA and GAPDH, together with reduced expression
of the Kreb’s cycle enzyme CS, suggested that this metabolic switch
takes place also under in vitro conditions, particularly in N2B27
medium (Fig. 1C), as we previously observed in bovine embryos
(Ramos-Ibeas et al., 2020).
Also in agreement with previous observations in the bovinemodel

(Ramos-Ibeas et al., 2020), N2B27 supported complete hypoblast
migration and functional development of the trophoblast, which
expressed the trophoblast marker GATA3 (Negrón-Pérez et al.,
2017; Ramos-Ibeas et al., 2019) and TP1, the major pregnancy
recognition signal in ovine (Godkin et al., 1982). Furthermore,
BNCs were detected in half of the D14 in vitro embryos analysed.
These cells produce proteins that are required for placental
development (Hashizume et al., 2007) and emerge at a very low
proportion in sheep embryos between E12 and E16 (Carnegie et al.,
1985), accounting for 15-20% of the trophoblast cells by the time of
implantation (Wooding, 1982). Accordingly, we did not find BNCs
until E12.5 in in vivo sheep embryos. Nevertheless, trophoblast cells
showed a slower proliferation rate in vitro than in in vivo embryos,
failing to shape the embryo from spherical to ovoid. Notably the
impaired TE development did not interfere with the developmental
progression of the epiblast in in vitro embryos.
Epiblast was found to be the most sensitive lineage following

both in vitro and in vivo development. In vitro, 49/88 (55.7%)
embryos showed surviving epiblast cells after culture in
N2B27+A+R, although with a high variability in SOX2+ cell
number, and only 36 of them (40.9% from the total) had formed an
ED. Similarly, in vivo only 7/11 (63.6%) E12.5 embryos showed an
ED, and a high variability in SOX2+ cell number was already
detected at E11 (ranging from 30 to 261 cells), with 6/14 (42.8%)
embryos showing significantly fewer SOX2+ cells than their
counterparts (<90 cells). These differences were not observed at
E14, presumably because those embryos lacking an ED had already
degenerated. These observations suggest that failures in epiblast
development may underlie the intrinsic high embryo mortality
reported during this period of development in both humans and
ungulates (Diskin and Morris, 2008; Macklon et al., 2002; Perez-
Gomez et al., 2021). N2B27 was the only medium supporting

epiblast survival and ED formation in in vitro-cultured sheep
embryos. This medium has been reported to increase blastocyst cell
number during pig and bovine in vitro pre-hatching embryo culture
(Brinkhof et al., 2017; Rodriguez et al., 2012), and to support the
formation of an ED-like structure in D15 bovine embryos, although
with partial loss of SOX2 expression (Ramos-Ibeas et al., 2020).
N2B27 supplementation with activin A and ROCKi further
increased the percentage of embryos with a surviving epiblast and
high SOX2+ cell number. The activin/TGFβ pathway is essential for
epiblast development in pig and human embryos (Alberio et al.,
2010; Blakeley et al., 2015; Ramos-Ibeas et al., 2019) and ROCKi
has been previously added to IVC medium to increase the
percentage of embryos that progress in development until day 14
in humans, achieving ED formation (Xiang et al., 2020).

Combined supplementation with ROCKi and activin A supported
key developmental processes in the ED. Shedding of the Rauber’s
layer was detected in ∼61% of the D14 embryos with an ED
cultured in N2B27+A+R, in contrast to embryos cultured in N2B27
without supplementation, and mimicking the gradual loss observed
between E11 and E12.5 in vivo, as described for bovine embryos
(van Leeuwen et al., 2015). Epiblast development also involves cell
polarization and formation of a basement membrane, determined by
apical localization of aPKC and laminin accumulation, respectively.
These events, previously reported in mouse and human embryos
cultured in vitro (Bedzhov and Zernicka-Goetz, 2014; Shahbazi
et al., 2016; Xiang et al., 2020) but not in ungulates, were also
observed in most in vitro-cultured D14 embryos, similar to E11 in
vivo embryos. Following cell polarization, gastrulation constitutes
the next major developmental step, as it marks the establishment of
the anterio-posterior axis, breaking embryo symmetry, and the
formation of the three primary germ layers (Solnica-Krezel and
Sepich, 2012). In vitro D14 embryos displayed T/EOMES+

mesoderm cells with downregulation of the epiblast marker
SOX2, and expression of the EMT marker N-cadherin. Some of
these cells were starting to migrate to cover the inner surface of the
ED. Similar developmental events have been reported in D14
in vitro human embryos, which contained T+ cells showing
downregulation of the epiblast marker OCT4 and migrating
toward the endoderm (Xiang et al., 2020). In vivo, T+ cells were
not observed up to E12.5, in agreement with a previous report
detecting T mRNA expression by in situ hybridization in E12-E13
sheep embryos (Guillomot et al., 2004).

Global transcriptional analysis revealed a closer proximity
between D14 in vitro and E11 in vivo embryos, as a higher
number of DEGs was detected between D14 in vitro and E12.5
in vivo than between D14 in vitro and E11 in vivo embryos.
Moreover, E11 in vivo embryos seemed transcriptionally closer to
D14 in vitro than to E12.5 in vivo embryos, according to the number
of DEGs detected. A specific look at known lineage markers found a
higher expression of epiblast, hypoblast and early TE markers on
both E11 and D14 embryos compared with E12.5. Although the
reduced expression of epiblast markers in E12.5 embryos could be
caused by the reduced proportion of epiblast cells (epiblast:total
ratio) in E12.5 embryos compared with E11 or D14, the
upregulation of both hypoblast and early TE markers suggests an
earlier stage of differentiation/maturation of these extra-embryonic
lineages in E11 and D14 embryos compared with E12.5. This
agrees with the higher expression of genes involved in TE
maturation and maternal recognition of pregnancy found in E12.5
versus E11 or D14, and may be responsible for the spherical
morphology observed in E11 and D14 embryos as opposed to the
tubular E12.5 embryos.
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In conclusion, we provide a system that extends the current
window of embryo development in vitro in sheep. Although
additional studies will be necessary to attain later developmental
processes, such as further development of extra-embryonic
membranes or ED development beyond gastrulation, key
developmental processes occurring during the second week of
development in vivo that could not be recapitulated in vitro before in
any ungulate species (ED formation, shedding of Rauber’s layer,
epiblast polarization and initiation of gastrulation) are now available
for developmental studies. This system will facilitate the exploration
of the mechanisms involved in embryo development and pregnancy
failure during the second week of gestation, the most susceptible
period for developmental failure in farm ungulates and humans,
bypassing the need for experimental animals. Moreover, this system
will prolong the developmental window in which the integration of
pluripotent stem cells into an embryo can be analysed in vitro
up to gastrulating stages. Given the similarities between ungulate and
human gastrulation and the ethical limitations for human embryo
culture beyond primitive streak formation, ungulate embryos could
emerge as a relevant model for comparative developmental biology.

MATERIALS AND METHODS
In vitro embryo production and recovery
In vitro embryo production procedures were performed as previously
described (Cocero et al., 2019). In vivo-derived blastocysts were obtained
from superovulated ewes on days 11 and 12.5 after mating. For details, see
supplementary Materials and Methods.

Post-hatching development system
D6/7 blastocysts were transferred to agarose-coated four-well dishes
(Ramos-Ibeas et al., 2020) in the different culture media tested. In a first
experiment, the following media were used: (1) SOF supplemented with
10% (v/v) FBS; (2) an in vitro culture medium supporting post-blastocyst
development in human embryos (hIVC) (Deglincerti et al., 2016); and (3)
N2B27 medium. In subsequent experiments, the following combinations
were used: hIVC alone; hIVC supplemented with 10 μMROCKi (Y-27632,
Stem Cell Technologies); N2B27 alone; or N2B27 supplemented with
10 μM ROCK inhibitor, 20 ng/ml activin A (Stem Cell Technologies),
100 ng/ml insulin growth factor 1 (IGF1, Thermo Fisher Scientific) or
20 ng/ml bFGF (Thermo Fisher Scientific), or a combination of 10 μM
ROCKi and 20 ng/ml activin A. For details, see supplementary Materials
and Methods.

Immunofluorescence
Embryos were fixed in 4% paraformaldehyde for 15 min, washed in PBS
with 1% bovine serum albumin (BSA), permeabilized in 1% Triton X-100
in PBS for 15 min at room temperature (RT) and blocked in 10% donkey
serum and 0.02% Tween 20 in PBS for 1 h at RT. Then, they were incubated
overnight at 4°C with primary antibodies (Table S3). After four washes in
1% BSA in PBS, embryos were incubated in the appropriate secondary
Alexa-conjugated antibodies (Table S3) and counterstained with DAPI for
1 h at RT, followed by four washes in 1% BSA in PBS. Finally, embryos
were mounted and imaged at a Zeiss Axio Observer microscope coupled to
ApoTome.2 or a fluorescence stereomicroscope (Zeiss V20). For details, see
supplementary Materials and Methods.

Apoptotic cell detection
The TdT-mediated dUTP-biotin Nick end-labelling (TUNEL) assay was
employed for apoptotic cell detection using the In Situ Cell Death Detection
Kit, TMR Red (Roche). For details, see supplementary Materials and
Methods.

RNA isolation, cDNA synthesis and qPCR
Poly (A) RNA was extracted from four individual whole D14 embryos of
each group and four pools of ten D7 blastocysts using the Dynabeads

mRNA Purification Kit (Life Technologies) following the manufacturer’s
instructions with minor modifications. mRNA transcripts were quantified
by real-time quantitative PCR (qPCR) following a previously described
protocol. Two replicate PCR experiments were conducted for all genes of
interest. Primer sequences are provided in Table S4 and more details are
provided in supplementary Materials and Methods.

RNA sequencing
Total RNAwas extracted from three D14 in vitro, three E11 and three E12.5
in vivo embryos using the MagMAX™mirVana™ Total RNA Isolation kit.
cDNAwas synthetized with SMART-Seq™ v4 Ultra™ Low Input RNAKit
(Clontech), libraries were prepared using Covaris shearing system and
sequencing on an Illumina system. For details, see supplementary Materials
and Methods.

Data and statistical analysis
Data analysis was manual, blinded and performed by different researchers.
Data were analysed using GraphPad Prism (GraphPad Software) and
SigmaStat (Systat Software) packages. For details, see supplementary
Materials and Methods.
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