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1. Introduction

Human prenatal development is devided arbitrarily into two periods. During the
embryonic period, which lasts from fertilisation until the end of the 8th week of
development, the conceptus develops through specific stages such as blastocyst
formation, gastrulation, neurulation and organogenesis. During the fetal period, which
lasts from the end of 8th week of development until the birth, the organs that appeared
in the preceding embryonic period develop further, structurally and functionally,
following markedly different time schedules. Both the embryonic and fetal periods of
development are accomplished by basic developmental processes such as cell
proliferation, cell differentiation, coordinated (morphogenetic) cell movement, as well
as programmed cell death (apoptosis). During the cell differentiation process the cell's
size, shape, biochemistry and, subsequently, the cell function change largely due to a
highly-controlled gene regulatory network. Thus, each specialised cell type expresses a
subset of the genes that constitute the genome of that species i.e., each cell type is
defined by its particular pattern of regulated genes. The morphological differentiation
of cells during early embryonic development is the subject of many publications (in
mouse; Tam et al. 1993; Downs and Davies 1993, in rabbit; Viebahn 1999 and in pig
Barends et al. 1989). On the other hand, defining the signaling pathways involved in
regulating cell differentiation (s. Ang and Constam 2004; Tam et al. 2006 for reviews)
is important for understanding the mechanisms that lead to the findings observed in the

morphological studies.

A common characteristic in early development of many animal species is the
generation of germ layers, a typical example of forming early embryonic
compartments, during the gastrulation phase. In principle, the gastrulation process
follows three major aims: (1) establishing of the internal milieu of the early vertebrate
embryo by formation of three germ layers (ectoderm, mesoderm and endoderm); (2)
definition of the main body axes, namely the anterior-posterior (head-tail) and,
consequently, the left-right axes; and (3) laying down the arrangement of the organ
anlagen and thus the construction of the principal body plan. In amniotes the origin of
the germ layers goes back to the epiblast, which is itself one of the two cell layers (the



epiblast and the hypoblast) originating from the so called inner cell mass (Gardner and
Rossant 1979). The epiblast is, thus, the sole source of the germ layers (and hence of
all fetal tissues both somatic and germline) and, also, forms the amnion epithelium and
most of the extraembryonic mesoderm (Rossant et al. 1978; Gardner 1985; Beddington
RS et al. 1989; Lawson and Pedersen 1992). Experiments in which murine epiblasts
were transferred to ectopic sites demonstrated the potency of the epiblast to form
derivatives of all three germ layers around which the body plan is constructed
(Beddington RS 1985; Svajger et al. 1986), this capacity being present in gastrulating
(Levak- Svajger and Svajger 1974; Beddington SP 1981) as well as pre-primitive
streak stage embryos (Diwan and Stevens 1976; Levak-Svajger and Svajger 1971).

In the mammalian embryo, too, germ layers and their precursors are useful for sorting
the multitude of cells of the early embryo into well defined compartments and for
tracing cell and tissue fates destined for specific organs or tissue compartments.
However, many gaps in the picture of morphological and molecular germ layer
differentiation still exist and require to be studied in order to understand the
mechanisms involved in early development of mammalian embryo which, in turn, may
form the basis for new medical treatment in reproduction and pathology. Initial and
further germ layer differentiation, therefore, forms the main focal points of the two
publications as well as the submitted manuscript which are assembled in this doctoral

thesis.

In the paper entitled ‘axial differentiation and early gastrulation stages of the pig
embryo’ morphological and molecular characteristics of the hypoblast, the early
ventral layer of the embryo, are used to answer the question as to whether the
mammalian anterior pregastrulation differentiation (APD) i.e., anterior visceral
endoderm (AVE) of the mouse (Rosenquist and Martin 1995) or the anterior marginal
crescent (AMC), which is hithero fully described in the rabbit embryonic disc only
(Viebahn et al. 1995), exists also in the early gastrulating pig embryo. Because the
mouse egg-cylinder and the rabbit flat embryonic disc have distinct structural
differences in the APD and in the molecular blueprint of the body plan prior to

gastrulation, the pig with its mammotypical flat embryonic disc and its late



implantation schedule (Heuser and Streeter 1929; Patten 1948; Perry and Rowlands
1962) was chosen as a new model organism for laying down general rules in
mammalian gastrulation development. Indeed, an anterior axial structure was
characterised for the early gastrulating pig embryo, similar to the AMC in the rabbit,
and called in this publication the anterior hypoblast (AHB). Sox17, an early axis
differentiation gene in the mouse, was found to be expressed strongly in the AHB of
early pig embryo, too. These results support the data obtained in chick, mouse and in
the disc-shaped rabbit embryo that the anterior hypoblast has a central role in

development of the anterior structures of the embryo.

Apart from being an anterior marker sox17 is well known as an important molecule in
the signaling pathway involved in regulating endoderm formation, the endoderm being
the precursor of the primitive gut tube, which, during organogenesis, gives rise to the
epithelia of the gastrointestinal tract, the respiratory tract and associated organs. The
role of sox17 in endoderm differentiation was determined in Xenopus (Hudson et al.
1997), zebrafish (Alexander and Stainier 1999) and the mouse (Kinder et al. 2001;
Kanai-Azuma et al. 2002). The recent surge in stem cells concepts revived interest in
the findings obtained by Gardner and co-workers (Gardner and Rossant 1979; Gardner
1985) that the endoderm itself originates entirely from the epiblast, which since
Pander’s time (1817) had been held to be the forerunner of the ectoderm and
mesoderm layers only. However, the question as to which parts of the mammalian
gastrulation-stage embryonic disc generate endoderm cells is still unresolved. The
paper entitled ‘sox17 expression patterns during gastrulation and early neurulation in
the rabbit suggest two sources of endoderm formation’, therefore, analyses the
question where there are molecular signs of endoderm differentiation along the
anterior-posterior axis and uses whole-mount in situ hybridisation and high-resolution
histological analysis of the topographic distribution of sox17 in the rabbit at around
gastrulation stages. Whereas sox17 mRNA was expressed in the one region already
known for endoderm formation i.e., in the anterior extremitiy of the primitive streak, it
was, also, found in the posterior extremity of the primitive streak. This suggests a
second source, which is described here for the first time, of endoderm formation.



Furthermore and in support of our data obtained in the pig and the data obtained in the

mouse, sox17 was also found in the anterior margin of early rabbit embryonic disc.

The fact that sox17 is expressed in the posterior end of the primitive streak has drawn
attention to the differentiation of the germ layers at the posterior pole of the embryo. The
manuscript to be submitted in an international scientific journal entitled ‘Germ layer
differentiation during early hindgut formation in the rabbit and pig embryo’, therefore,
describes cellular and subcellular characteristics of the germ layers at the posterior pole of
mammalian embryos at the light and electron microscopical levels. Such description could
help to find out which parts of the endoderm could be populated by the putative posterior
source of the endoderm. On the other hand, our description of the topographic
rearrangement of the germ layers at the posterior pole of the embryo could be important
for the analysis of the intercellular interactions and, thus, the signaling cascades which are
responsible to induce the principal differentiation steps in this part of embryo, including
cloacal membrane formation. Moreover, explaining the pathogenesis of congenital
malformations in the caudal part of the embryo such as anal atresia and cloacal exstrophy
that have been studied in mouse (Kluth et al. 1995), chick (Maenner and Kluth 2005) and
human (Nievelstein et al. 1998) embryos still requires precise definition of the posterior
endoderm differentiation, including the cloacal membrane, which antedates the formation
of the external cloaca at early stages of development. This study, therefore, draws up the
schedule for cloacal membrane formation in pig and rabbit as mammotypical organisms.
Our analysis shows that cloacal membrane formation seems to be similar in morphology

but widely divergent with regard to the time of its initiation amongst mammals.



2. Summarised representation of the material and methods

2.1 Animal tissues

Gastrulation and neurulation stages of pig and rabbit embryos were used in this doctoral
thesis for a morphological and molecular analysis of germ layer differentiation in
mammotypical flat embryonic discs. Late pre-pubertal gilts (German Landrace x Large
White) were stimulated using pregnant mare serum gonadotropin, superovulated using
human chorionic gonadotropin (hCG) and mated twice with Piétrain boars at the Institute
of Animal Science and Behaviour, Mariensee, Germany. The time of the first mating was
taken to be the coital time from which embryonic age was calculated. Uteri were removed
after slaughter. For obtaining rabbit embryos, uteri of New Zealand White rabbits
(Lammers, Euskirchen, Germany) stimulated and naturally mated at the Zentrale
Tierexperimentelle Einrichtung der Universitatsmedizin Gottingen were removed through
cesarean section after injecting an overdose of a barbiturat anaesthetic agent
intravenously. All blastocysts of the pig (between 8.0 and 13.0 days post coitum, d.p.c.)
and the young blastocysts of the rabbit (between 6.25 and 6.75 d. p. c.) were flushed from
the uterine horns using warm and sterile phosphate buffered saline (PBS). The older
embryos of the rabbit, i.e. embryos between 7.0 and 9.5 d.p.c. were dissected from their
endometrial attachment in sterile PBS using iridectomy scissors and tungsten needles after

opening the uterine wall antimesometrially.

2.2 Fixation for morphological and molecular analysis

For light and transmission electron-microscopical analysis, blastocysts of pig and rabbit
were prefixed in a mixture of paraformaldehyde (PFA) and glutaraldehyde (GA) in
phosphate buffer followed by postfixation in osmium tetroxide (OsO4) in phosphate buffer
and embedding in Araldite® (Schwartz et al. 1984). For in situ hybridisation analysis, the
blastocysts were fixed at room temperature in (PFA) in phosphate buffer and
microdissected as necessary to eliminate most of extraembryonic tissue. The specimens
were dehydrated in a graded series of ethanol, frozen in ethanol and stored at -20° C for up

to one year or used for in situ hybridisation immediately.



2.3 Morphological analysis

OsOs-fixed pig and rabbit embryos were photographed as whole-mounts prior to
embedding in Araldite® for exact correlation of sections and gross morphology. Complete
series of semithin (1 pm) sections were cut using a diamond knife either in the transverse
or sagittal plane and stained with methylene blue (Schwartz et al. 1984). At suitable
intervals 70 nm sections were cut for transmission-electron-microscopical analysis of
regions defined in semithin sections and dorsal views of whole blastocysts taken prior to
sectioning. If necessary, selected semithin sections were re-embedded (Viebahn et al.
1995) and sectioned at 70 nm.

2.4 Molecular analysis

A digoxigenin-labelled sox17 mRNA probe used in the two papers was generated from a
mouse sox17 cDNA (GenBank Accession number NM_011441). The digoxigenin-
labelled brachyury mRNA probe used to mark the mesoderm formation at the posterior
pole of the early pig embryo was generated from a mouse brachyury cDNA (GenBank
Accession no NM 009309. The nodal mMRNA probe used to define anterior-posterior axial
differentiation in the early pig embryo was generated from pig genomic DNA. In situ
hybridisation was carried out for all three genes at 70°C using standard protocols adapted
for early rabbit embryonic discs (Weisheit et al. 2002). Hybridised RNA was visualised
using anti-digoxigenin antibody coupled to alkaline phosphatase and BM-purple substrate.
After staining in BM-purple embryos were photographed and then embedded in Technovit
8100®. The embedded embryos were serially sectioned using glass knives at 5um in the
sagittal or the transverse plane. The reaction product of the in situ hybridisation procedure
was analysed using differential interference contrast or, if necessary, with the help of
neighbouring methylene blue stained Technovit® sections. Sense cRNA probe were
generated as negative controls and used under the same conditions as the antisense probes

described above in at least one specimen for every stage and gene examined



3. Summarised representation of the results

The first publication entitled *axial differentiation and early gastrulation stages of the pig
embryo’ used high-resolution light microscopy and transmission electron microscopy as
well as in situ hybridisation for analysing the expression patterns of three key genes
involved in the early development; sox17 (Kanai-Azuma et al. 2002; Pfister et al. 2007),
nodal (Lu and Robertson 2004; Mesnard et al. 2006; Liguori et al. 2008) and the key
mesoderm marker brachyury (Herrmann 1991, Arnold and Robertson 2009). In this way,
two new axial features were identified in the early pig embryo: (1) the anterior hypoblast
(AHB) characterised by increased cellular height and density and by sox17 expression,
and (2) mesoderm precursors existed in the epiblast prior to primitive streak formation.
The primitive streak itself was found to be characterised by a high pseudostratified
epithelium in the posterior epiblast with an unusually thick basement membrane, by
localised epithelial-mesenchymal transition, and molecularly by brachyury expression.
The stepwise appearance of the AHB and the primitive streak and their molecular features
was used to define three stages at the start of gastrulation, which may be applicable to
mammals in general. The discussion of this paper covers as a main aspect that the anterior
pre-gastrulation differentiation (APD) presently known in the mammalian embryo draws
its significance from the fact that the transient structures (AVE in the mouse, AMC in the
rabbit and AHB in the pig) fix principal body axes by establishing structural cell shape
changes at the anterior border of a seemingly symmetrical round embryonic disc early in
development. However, the round shape and gradual posterior displacement of the AHB
in the pig is different from APD in mouse and rabbit and appears to be species-specific.
Moreover, correlation of AHB shape with distribution of early mesoderm in the pig
suggests that the APD may be functionally involved in shaping extraembryonic tissues
and, possibly, the specific adult body form. Indeed, the signals residing in the APD may
inhibit dissolution of the basement membrane required for epithelial-mesenchymal
transition and, subsequently, mesoderm and endoderm formation in the anterior part of the
embryo (Rowe and Weiss 2008; Nakaya et al. 2008). Sox17 mRNA appearing in the AHB
serves as an additional marker involved in anterior-posterior axis differentiation (cf. the

co-localisation with several other anteriorizing genes such as DKK1 and Cerl, ldkowiak



et al. 2004). The functional activity of these molecules at early stages of development may
to set up germ layer differentiation by, for example, suppressing mesoderm formation (see
above) and inducing neuroectoderm identity in the anterior epiblast (Knoetgen et al. 1999;
Kimura C et al. 2000; Idkowiak et al. 2004; Perea-Gomez et al. 2007; Egea et al. 2008).
Thus, the anterior pole of the early mammalian embryo has a developmental importance
similar to the well-described primitive streak. With these results the study established the
basis for using the pig as a further mammalian species in experimental gastrulation

analysis.

The second publication entitled ‘sox17 expression patterns during gastrulation and early
neurulation in the rabbit suggest two sources of endoderm formation” used whole-mount
in situ hybridisation and high-resolution histological analysis to define the topographic
distribution of sox17 within the tissue compartments of the rabbit embryo throughout
gastrulation and early neurulation stages. The rabbit provides the tissue resolution
necessary for analysis the complex topography of gene expression and, thus, the principles
of analysis endoderm differentiation in mammals. This gene expression study showed that
sox17 displays several distinct expression patterns in different regions throughout the
early phases of laying down the body plan. Sox17 was found: (1) in prospective endoderm
cells of the central epiblast at the early streak stage, (2) adjacent to the anterior segment of
the stage 3 and 4 primitive streak in mesoderm cells and in prospective endoderm cells
inserted into the ventral layer, (3) bilateral to the notochordal process during early
neurulation stages, again in both mesoderm and ventral layer. These expression patterns
confirmed the validity of this approach, as these anterior regions had previously been
shown to generate endoderm in mouse (Kinder et al. 2001; Kanai-Azuma et al. 2002;
Chapman et al. 2007; Pfister et al. 2007; Tam et al. 2007) and chick (Kimura W et al.
2007). In addition, and described for the first time in a mammalian embryo, sox17 mRNA
was also found in a mosaic-like distribution in the epiblast at the posterior pole of the
embryonic disc immediately prior to the appearance of mesoderm cells in the primitive
streak. This Sox17 expression in the posterior epiblast together with its transient
expression at the posterior extremity of the primitive streak suggested that the endoderm
(possibly hindgut) may be formed close to the emerging cloacal membrane. The main



topics of discussion in this paper are whether the identity of different parts of gut
endoderm is defined by the two expression domains in the pre-gastrulation epiblast. As a
first step towards revealing the answer to this question, fate map studies could be designed
to compare directly the tissue potency in the anterior and posterior extremities of the
primitive streak. With regard to endoderm formation and, possibly, endoderm
differentiation towards specific organs such as pancreas (anterior) or colon (posterior) fate
map as well as the molecular studies could help to explain the background of many

disorders such as familial adenomatous polyposis (FAP).

The manuscript to be submitted in an international scientific journal entitled ‘Germ layer
differentiation during early hindgut formation in the rabbit and pig embryo’ attempts to
draw up the schedule for formal endoderm differentiation at the posterior pole of pig and
rabbit embryos. The presence of mesoderm cells in the posterior pole of the embryonic
disc up to the stage preceding cloacal membrane formation emphasizes the fact that the
cloacal membrane, in contrast to many textbook descriptions, does not form as early as
primitive streak formation. Therefore, the analysis of mesoderm elimination as an initial
step for cloacal membrane formation is now open for further analysis. Also in contrast to
common text books descriptions, the cloacal membrane position was not found at the
posterior border of the embryo but rather further anteriorly between the posterior end of
the primitive streak and the surface destined to form the infraumbilical abdominal wall
ectoderm. Electron microscopical analysis of the cloacal membrane area shows both
patches electron-dense extracellular material and discontinuous basement membrane
between the ectoderm and the endoderm. However, germ layer rearrangement (and, thus,
cloacal membrane formation) at the posterior pole of the embryo seems to be similar in
morphology but differs markedly with regard of its timing amongst the two species
examined. While the mesoderm cells between ectoderm and endoderm at the future
cloacal membrane area beginn to disappear at early neurulation stages of pig (between
stages 4 and 5), this was found much later in the rabbit (stage 8 to a stage with about 13
pairs of somites). The morphological similarity of pig and rabbit with most other

mammalian groups during axial differentiation including endoderm and cloacal membrane



formation makes the integration of the results into the concepts of early human

development and the frequent anorectal malformations an intriguing proposition.
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Differentiation of the principal body axes in the early vertebrate embryo is based on a specific blueprint
of gene expression and a series of transient axial structures such as Hensen’s node and the notochord of
the late gastrulation phase. Prior to gastrulation, the anterior visceral endoderm (AVE) of the mouse
egg-cylinder or the anterior marginal crescent (AMC) of the rabbit embryonic disc marks the anterior
pole of the embryo. For phylogenetic and functional reasons both these entities are addressed here as
the mammalian anterior pregastrulation differentiation (APD). However, mouse and rabbit show
distinct structural differences in APD and the molecular blueprint, making the search of general rules for
axial differentiation in mammals difficult. Therefore, the pig was analysed here as a further species with
a mammotypical flat embryonic disc. Using light and electron microscopy and in situ hybridisation for
three key genes involved in early development (sox17, nodal and brachyury), two axial structures of early
gastrulation in the pig were identified: (1) the anterior hypoblast (AHB) characterised by increased
cellular height and density and by sox17 expression, and (2) the early primitive streak characterised by a
high pseudostratified epithelium with an almost continuous but unusually thick basement membrane,
by localised epithelial-mesenchymal transition, and by brachyury expression in the epiblast. The
stepwise appearance of these two axial structures was used to define three stages typical for mammals
at the start of gastrulation. Intriguingly, the round shape and gradual posterior displacement of the APD
in the pig appear to be species-specific (differing from all other mammals studied in detail to date) but
correlate with ensuing specific primitive streak and extraembryonic mesoderm development. APD and,
hence, the earliest axial structure presently known in the mammalian embryo may thus be functionally
involved in shaping extraembryonic membranes and, possibly, the specific adult body form.

© 2009 International Society of Differentiation. Published by Elsevier Ltd. All rights reserved.

1. Introduction

in the AVE/AMC seems to be responsible for suppressing
mesoderm formation and for inducing neuroectoderm or head

One of the earliest axial structures in the mammalian embryo
is an inconspicuous cellular differentiation at the anterior pole of
the embryonic disc during the start of the gastrulation phase.
Known as the anterior visceral endoderm (AVE) in the mouse
(Rosenquist and Martin, 1995; Thomas and Beddington, 1996) or
the anterior marginal crescent (AMC) in the rabbit (Viebahn et al.,
1995a; cf. Kolliker, 1879), it is only transiently present (similar to
other axial structures of gastrulation such as Hensen’s node or the
notochord) but draws its significance for development at least
from the following three features: (1) AVE or AMC fixes two
principal body axes (longitudinal and transversal) simultaneously
by establishing structural cell shape changes at the (anterior)
border of an embryonic disc, which is polarised along its
dorsal-ventral (sagittal) axis only; (2) signaling potency residing
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identity in the epiblast (Knoetgen et al., 1999; Kimura et al., 2000;
Idkowiak et al., 2004; Perea-Gomez et al., 2007; Egea et al., 2008),
the latter function being suggestive of a Spemann type organiser
(Beddington and Robertson, 1998; Hallonet et al., 2002; del Barco
Barrantes et al., 2003, but s.a. Albazerchi and Stern, 2007); and (3)
AVE/AMC cells appear to belong to the extraembryonic tissues
that are shed after birth but, during early development, set up the
basic body plan and the germ line using a complex expression
pattern (“blue print”) of signaling molecules (cf. Ang and
Constam, 2004; Georgiades and Rossant, 2006; Chuva de Sousa
Lopes et al., 2007). As these features touch several essential
processes of gastrulation and embryonic development as a whole,
the anterior pole of the early mammalian embryo may have a
developmental significance similar to the well-described primi-
tive streak, with its morphogenetic potential and capacity to form
mesoderm by epithelial-mesenchymal transition (EMT, cf. Voicu-
lescu et al., 2007; Yang and Weinberg, 2008). Therefore and for the
purpose of the present report, we subsume the different
designations for the early anterior lower layer differentiation in
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the mammalian embryo (see also Viebahn, 1999) under the
heading of anterior pregastrulation differentiation (APD).

Mammalian species show surprising differences with respect
to the topographical arrangement of the (relatively few) tissues
involved in the start of gastrulation (see Behringer et al., 2006;
Selwood and Johnson, 2006; Blomberg et al., 2008). As a
consequence, size and mutual contact areas of (polar or mural)
trophoblast, epiblast and hypoblast, for example, vary consider-
ably; however, these characteristics correlate to some extent with
the extraembryonic differentiation and the implantation schedule,
which may start well ahead of gastrulation (mouse, higher
primates and man) or may be delayed until the late gastrulation
phase (rabbit) or advanced neurulation stages (ruminants,
ungulates). Even within one of these groups the relative size of
tissues may vary, too, the epiblast being rather large and “forced”
into a cylinder shape (the “egg-cylinder”) in the mouse (Tam and
Gad, 2004), or being small and representing a flat disc as in higher
primates including man. Mouse and rabbit are two popular
laboratory species recently used for analysis of mammalian
gastrulation as they represent opposite ends of this topography
spectrum between egg-cylinder (mouse) and the mammotypical
flat disc (rabbit). Importantly, both these species are amenable to
experimentation (cf. Rossant and Tam, 2009; Reupke et al., 2009)
during this phase of development, which, in mammals, has so far
been impossible to observe directly in the secluded environment
of the uterus. By comparison of results obtained in these two
species, it can be assumed that general rules for the mechanisms
running mammalian gastrulation may be derived. However, even
if careful approximations are taken into account to project the
complex topography and expression patterns of the rodent egg-
cylinder onto the mammotypical embryonic disc (cf. Behringer et
al., 2000), topographical and molecular results can be matched
only partially between these two species (cf. Blomberg et al.,
2008), making it impossible to decide which results may be
generally applicable to mammals and which may be species-
specific.

In search of general rules for axial differentiation at the start of
mammalian gastrulation, the present study intends to establish
the basis for using the pig as a third mammalian species
in experimental gastrulation analysis. The pig has the mammo-
typical flat disc (Fléchon, 1978; Barends et al., 1989; Vejlsted et al.,
2006) but a (late) implantation schedule (Heuser and Streeter,
1929; Patten, 1948; Perry and Rowlands, 1962) differing distinctly
from that of the rabbit; the pig may therefore have to
accommodate extraembryonic signaling for setting up the body
plan in a yet again different topographical arrangement. Not least
because of its late implantation, the pig seems also well suited for
experimental analysis of this phase of development (Papaioannou
and Ebert, 1988; Fléchon et al., 1995; Wianny et al., 1997).
However, it is presently not clear how initial axial differentiation
or early and pregastrulation stages can be defined in the pig,
because a systematic comparison of standard dorsal (orthogonal)
views of the embryonic disc is lacking at these early stages. Also,
EMT which is the hallmark of mesoderm formation, has not been
defined or correlated with the gross morphology of primitive
streak formation (Fléchon et al., 2004). Therefore, high-resolution
morphological analysis as well as in situ hybridisation for the
expression of the axial differentiation and patterning genes sox17
(cf. Pfister et al., 2007; Hassoun et al., 2009), nodal (cf. Lu and
Robertson, 2004; Mesnard et al., 2006; Liguori et al., 2008) and
the key mesoderm marker gene brachyury (Herrmann, 1991, cf.
Arnold and Robertson, 2009) are applied here to closely spaced
pre- and early gastrulation stages of the pig (between 8 and 10
days post conception, d.p.c.). In this way we find typical signs of
APD in the hypoblast, mesoderm precursors in the epiblast and
the EMT as the hallmark of initiating overt primitive streak

formation. On the basis of these structural and molecular features
three stages can be defined at the start of gastrulation, which may
well be applicable to mammals in general and helps to clarify
differences and similarities between mammals during this crucial
period of development.

2. Methods
2.1. Animal tissues

Late pre pubertal gilts (Landrace x Large White, Institute of
Animal Science and Behaviour, 31535 Mariensee, Germany) were
stimulated using 5ml equine Regumate®™ (2.2 mg/ml, Intervet,
UnterschleiBheim, Germany) per os once daily for 10-18 days and
using 15001U pregnant mare serum gonadotropin (Integonan®,
Intervet) i.m. 72 h prior to mating with Piétrain boars; on the day
before starting the mating schedule, gilts were superovulated
using 5001U chorionic gonadotropin (Ovogest®, Intervet) i.v. Each
gilt was mated (or artificially inseminated) twice, the first time
24 h after hCG treatment and a second time 36 or 48 h after hCG
treatment. The time of the first mating or insemination was taken
to be the time of conception from which embryonic age was
calculated, i.e. embryos designated to be recovered at 8.0 days
post conception (d.p.c.) had an embryonic age of minimally 7.0
and maximally 8.0 days. Uteri were removed after slaughter
between 8.0 and 10.0d.p.c. (2 litters with a total of 32 embryos at
8d.p.c., 3 litters with a total of 70 embryos at 9d.p.c., and 2 litters
with a total of 61 embryos at 10d.p.c.).

Uterine horns were flushed twice with 20ml warm (37 °C)
phosphate-buffered saline (PBS) containing 2% polyvinyl alcohol
(PVA). For in situ hybridisation blastocysts were fixed in 4%
paraformaldehyde (PFA) in phosphate buffer for 2-3 h at room
temperature; after microdissection using iridectomy scissors and
tungsten needles, specimens were dehydrated in a graded series
of ethanol and frozen in 100% ethanol at —20 °C until used for in
situ hybridisation. For high-resolution light and transmission
electron-microscopical analysis, blastocysts were prefixed for
2-3h in 1.5% PFA and 1.5% glutaraldehyde (GA) in phosphate
buffer followed by microdissection as above, postfixation in 1%
0s0,4 in phosphate buffer and embedding in Araldite®™ (Schwartz
et al., 1984).

2.2. Morphological analysis

0s04-fixed embryos were photographed as whole -mounts
from their ventral and dorsal sides prior to embedding in
Araldite®™ (Plano, Wetzlar, Germany), i.e. while suspended in
phosphate buffer, and again after embedding, for faithful
topographical correlation of structures observed in the serial
sections obtained in the following step. Complete series of
semithin (1 pum) sections were cut from a total of 11 Araldite®-
embedded embryos either in the transverse or in the sagittal
plane (determined with the help of the whole-mount photo-
graphs) and stained with methylene blue (Schwartz et al., 1984).
Peripheral tissue borders created in the blastocyst wall by
microdissection were traced back to the edges of the stained
semithin sections and used to define the angle and position of
individual serial sections within the whole-mount photographs
taken prior to and after embedding. At suitable intervals 70 nm
sections were cut for transmission electron-microscopical analysis
of regions defined to be of interest in semithin sections and dorsal
views of whole blastocysts. If necessary, selected semithin
sections were re-embedded in Araldite® (Viebahn et al., 1995b)
and sectioned at 70 nm.
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2.3. Molecular analysis

A digoxigenin-labelled sox17 mRNA probe was generated from
a mouse sox17 cDNA (kind gift of Dr. H. Lickert), which spans
707bp of the coding region from nucleotides no. 1102 through to
1808 of the mouse sox17 gene (GenBank NM_011441). Similarly, a
digoxigenin-labelled brachyury mRNA probe was generated from a
mouse brachyury ¢DNA (1760bp, GenBank NMO009309), which
spans the open reading frame and 5 and 3’ UTR sequences of
mouse brachyury (Herrmann et al., 1990, kind gift of Dr. Bernhard
Herrmann, Berlin). The nodal mRNA probe, however, was
generated from pig genomic DNA (primers 5 CAG AAC TGG ACI
TTC ACI TTT GAC TT 3’ and 5’ TAI GCA TTG TAC TGC TTI GGG TA 3’
resulting in a 611bp fragment corresponding to nucleotides
214-842 of the mouse ¢cDNA and spanning most of mouse exon
2). In situ hybridisation was carried out at 70 °C using standard
protocols adapted for early rabbit embryonic discs (Weisheit et al.,
2002). After staining in BM-purple (Roche, Mannheim, Germany)
embryos were photographed in Mowiol4-88 (Hoechst, Frankfurt,
Germany) and prior to embedding in Technovit 8100® (Heraeus-
Kulzer, Werheim, Germany) as described (Idkowiak et al., 2004).
Embryos were serially sectioned at 5pum in sagittal or transverse
planes. Gene expression was analysed using differential inter-
ference contrast (DIC, Axioskop, Zeiss, Gottingen, Germany) or, if
necessary, with the help of neighbouring methylene blue stained

Technovit® sections. Sense cRNA probes were generated as
negative controls and used under the same conditions as the
antisense probes described above in at least one specimen for
every stage and gene examined.

3. Results

All blastocysts investigated in the present study had hatched
from their zona pellucida and neozona - the remnants of which
were still found in the flushing fluid at the earliest day of
development investigated (8.0 d.p.c.) — and blastocysts had not yet
started the marked elongation phase typical for the pig embryo
(cf. Geisert et al., 1982), i.e. overall blastocyst shape varied
between round or slightly oblong (Fig. 1A). In contrast and as
could be expected from the double mating schedule applied, the
morphology of the embryo proper (which in pig as in ruminants
and lower primates is disc-shaped and integrated into the
blastocyst wall, Fig. 1A-D) varied markedly amongst embryos
from the same litter. The primitive streak or Hensen’s node of
early gastrulation stages could be clearly distinguished under the
stereomicroscope but, importantly, two separate stages prior to
the primitive streak stage could be identified as well: (1) an early
pregastrulation stage in which the embryonic disc was small and
round, but in most cases completely covered by polar trophoblast

Fig. 1. Pig embryos at the start of gastrulation. Dorsal views (A-E) and semithin histological sections (F-L) of paraformaldehyde-fixed embryos (shown in Fig. 4) prior to in
situ hybridisation (A-D) or of an OsO4-fixed embryo (E) using brightfield (A, E) or darkfield (B-D) illumination. (A, B) blastocyst (A) and embryonic disc area (B, position
marked in A) of the 8 d.p.c. embryo shown after gene expression analysis in Fig. 4A; asterisks are placed just peripheral to the embryonic disc border. (C) Embryonic disc
area of the stage 2 (9d.p.c.) embryo shown after gene expression analysis in Fig. 4N; arrow points to some of the remnants of polar trophoblast (Rauber’s cells); a, anterior
pole of embryonic disc. (D) Embryonic disc area of the stage 3 (10d.p.c.) embryo shown after gene expression analysis in Fig. 41; bracket delineates length of primitive
streak; ahb, region of increased density in anterior hypoblast. (E-L) Stage 1 embryo obtained at 9.0d.p.c. with axial differentiation marked in the overview (E) and
transverse 1 pm sections (F-L) as follows: Asterisks mark embryonic/extraembryonic borders determined in the epiblast/trophoblast layer. Dots delineate the area of the
anterior pregastrulation differentiation (APD) as determined by the high-columnar and dense region of hypoblast epithelium. Arrowheads mark yolk sac precursor cells
which are higher and more numerous close to the embryonic disc than in the rest of the blastocyst. Arrows point to position of continuous basement membrane on the
ventral surface of organelle-free basal cytoplasmic regions of the epiblast cells facing the hypoblast. Crosses indicate widened extracellular spaces between ventral epiblast
cells. ysp, yolk sac precursors; mtb, mural trophoblast; ptb, polar trophoblast; eb, epiblast; ahb, anterior hypoblast; phb, posterior hypoblast Scale bar: (A) 160 pm, (B-E)
100 pm, (F-L) 40 pm, (insert in I) 18 pm.
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(Rauber’s layer) and therefore difficult to identify in the living or
paraformaldehyde-fixed whole-mount embryo (cf. Fig. 1A and B),
and (2) a late pregastrulation stage in which the polar trophoblast
was either partially or completely lost and the embryonic disc
showed an oval outline (Fig. 1C) but, in contrast to gastrulation
stages (cf. Fig. 1D), a primitive streak was not yet visible. Embryos
with only few remnants of polar trophoblast revealed, however, a
localised patch of increased tissue density (Fig. 1C); in histological
sections, this was shown to be caused by morphological
differentiation of the hypoblast near one pole of the embryonic
disc (see below) and could be found similarly at early primitive
streak stages (Fig. 1D). Molecular markers indeed provided
evidence for the anterior identity of this pole (cf. sox17
expression in Fig. 4B with dorsal view in Fig. 1C, see also
brachyury expression in Fig. 4N showing the same embryo as in
Fig. 1C), and this anterior identity was subsequently also found in
embryos prior to the loss of polar trophoblast (see below). To
arrive at definitions for pre- and early gastrulation stages of the
pig, which could be easily compared in the staging system of other
mammals (Theiler, 1989; Kaufman, 1992; Viebahn, 2004) and
birds (Hamburger and Hamilton, 1992), and to obtain reliable
information on the shape and the molecular constitution of APD
in the pig, 30 pre- and early gastrulation embryos (of the total of
163 embryos generated) were analysed by high-resolution light
microscopy and in situ hybridisation in this study. The specimens
were grouped into three stages according to the morphology and
molecular constitution they had in common, rather than
according to their calculated range of embryonic age, number of
embryos per stage or method of analysis.

3.1. Anterior differentiation in the hypoblast (stage 1)

Blastocysts at stage 1 are in most of the 8 serially sectioned
specimens included in this stage still spherical and measure about
800 um in the longest diameter (Fig. 1A). The embryonic disc is a
small, roughly circular area of high cellular density in the wall of
the blastocyst and measures 130-140pum in diameter; it is
surrounded by less dense extraembryonic tissue and also covered
completely by the polar trophoblast (Rauber’s layer, see below)
and is, therefore, easily detected only after fixation with 0sO4 (cf.
Fig. 1B and E). When the polar trophoblast begins to recede,
brightfield illumination helps to reveal the embryonic disc
(Fig. 1A); however, the exact position of the border between
embryo (epiblast) and surrounding extraembryonic tissues (e.g.
trophoblast) can be distinguished in histological sections only (see
below).

Histological sections also reveal axial differentiation at the
earliest stages investigated here, when the orientation of the
embryonic disc is still difficult to ascertain in dorsal views even
after OsQ4 fixation (Fig. 1E), and concerns the hypoblast rather
than the epiblast. The latter lies between the polar trophoblast
(dorsal) and the hypoblast (ventral), forms a more or less dense
globe, which bulges into the blastocyst cavity (Fig. 1TH-K), and its
cells show different constitutions depending on their position
within the globe: epiblast cells close to the hypoblast layer have
nuclei positioned towards the dorsal part of the cells leaving the
parts of the cytoplasm facing the continuous basement membrane
(see arrows in Fig. 1I; electron microscopic data not shown, cf.
Fig. 3M and N) largely free of organelles (Fig. 11 and ]); also, rather
large extracellular spaces are dispersed mainly between ventral
epiblast cells (Fig. 11-K). Towards the overlying polar trophoblast
and in the centre of the epiblast layer fewer nuclei are found
(Fig. 1]), producing a radial arrangement of epiblast cells in the
dorsal part of the globe-like cellular arrangement. At this stage,
trophoblast cells are easily distinguished from all other cell types

by their high content of intracytoplasmic coarse granules; the
polar part of the trophoblast covers the epiblast completely but is
thinner than the adjacent mural trophoblast (Fig. 1F-L).

In contrast to the epiblast there is a clear axial differentiation
in the continuous layer of hypoblast cells underlying the epiblast
at this stage: On one side of the embryo there is a stretch of near-
cuboidal hypoblast epithelium with numerous cells that lie close
together, have round nuclei and extend many thin finger- or sheet-
like cellular processes towards the epiblast (Fig. 1H and I); on the
opposite side of the embryo hypoblast cells are fewer, have flat
nuclei and are connected to each other with thin sheet-like
cytoplasmic processes but extend only few or no cellular
processes towards the epiblast (Fig. 1] and K). These variations
between different parts of the hypoblast fit the description of
anterior-posterior differentiation in the lower layer of other
mammals (e.g. rabbit, mouse) at pregastrulation stages, and
similar histological characteristics in the hypoblast are, indeed,
also found in older pig embryos, which have a primitive streak at
the posterior pole (cf. Fig. 3). Together with the molecular
analyses (see below and Fig. 4) these characteristics are
considered to represent a sign of early APD in the pig, as in other
mammals. The near-cuboidal stretch of hypoblast epithelium will,
therefore, be called “anterior hypoblast” (AHB) and used as an
anterior landmark in the following two stages, also.

The histological properties of the AHB at stage 1 cover more
than the anterior half of the embryo (see Fig. 1E) and, in addition,
reach beyond the anterior border of the embryonic disc (cf. Fig.
1G); here, AHB touches a region of flat (extraembryonic) yolk sac
precursor cells that underlie the mural trophoblast (cf. Fig. 1F and
G) and which are higher and more numerous close to the
embryonic disc than in the rest of the blastocyst (arrowheads in
Fig. 1G-L). Taken together, the extra- and intraembryonic regions
of the AHB produce an overall disc-like shape whose centre is
markedly offset towards the anterior pole when compared with
the embryonic disc borders represented by the outlines of the
epiblast (cf. asterisks marking embryonic disc borders and dots
marking the outlines of the dense hypoblast differentiation in
Fig. 1E).

Sox17 is already differentially expressed in the embryonic disc
at stage 1 (n =3 embryos), in that its expression is stronger
towards the anterior half than in the posterior half (Fig. 4A).
Sections show stronger expression in the AHB than in the
posterior hypoblast and similarly strong expression also in
the small region of the AHB, just outside the anterior border of
the embryo (Fig. 4D and E). In addition, weak sox17 expression is
also found in a few posterior epiblast cells and in small granules of
the mural trophoblast (Fig. 4D and E); the latter intracellular
distribution is similarly found at older stages (Fig. 4F) and with
nodal expression (see below, Fig. 4]). Nodal is evenly expressed
throughout the embryonic disc (in epiblast and hypoblast) and, in
some (late) stage 1 embryos, also in coarse granules in the basal
compartments of a few trophoblast cells next to the embryonic
disc (Fig. 4], n = 3 embryos). No expression of brachyury can be
found at this stage (Fig. 4M, n = 2 embryos).

3.2. Mesoderm precursors in the posterior epiblast (stage 2)

The blastocyst as a whole still has a spherical or oblong shape
in the 17 serially sectioned embryos included in stage 2 while the
embryonic disc, now oval and with its longer diameter lying
parallel to the anterior-posterior axis, has increased in size and
measures between 200 and 250 pum. The border of the embryonic
disc is clearly delineated in dorsal or ventral views as the polar
trophoblast, previously covering the embryonic disc, is either
partially (Fig. 2A) or completely (Fig. 2B) lost (cf. Barends et al.,
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1989; Prelle et al. 2001, Fig. 5; Fléchon et al., 2004, Fig. 6b;
Vejlsted et al., 2006, Fig. 1b). The epiblast has changed from a
globe-like into a disc-like shape, a configuration that is apparently
more difficult to preserve using glutaraldehyde fixation
(necessary for high-resolution light and electron microscopy, cf.
Fig. 2C) than with paraformaldehyde (used for whole-mount gene
expression analysis, cf. Fig. 4F and K). Without the support of an

overlying polar trophoblast the single high-columnar epithelial
layer of the epiblast regularly buckles dorsally into a dome-like
shape while the flat epithelium of the underlying hypoblast
shrinks in a planar fashion, with the effect that both layers are
widely separated (Fig. 2C-G). As a result of epiblast (and in some
cases also hypoblast) folding, dense areas appear in overviews,
which represent tangential views of tissue folds (cf. arrows in

Fig. 2. Morphology of stage 2 in the pig embryo. (A, B) Dorsal views of a 9.0 and a 10.0d.p.c. embryo, respectively. (C-I) Transverse (C-F) and sagittal (G-I) 1 pm sections
from the embryos shown in A and B, respectively. Position and the orientation of the sections are indicated with bars in A and B. Labeling by asterisks, dots and arrowheads
is as in Fig. 1. Arrows refer to dense areas in the overview (B) caused by artifactual folds (seen in G) which lie tangentially in the light path. X labels the peripheral border of
the area containing higher and more densely populated yolk sac precursor cells (ysp) than the rest of the blastocyst. Boxes in G mark higher power views of posterior
epiblast and central hypoblast shown in H and I, respectively. mtb, mural trophoblast; ptb, polar trophoblast; eb, epiblast; ahb, anterior hypoblast; phb, posterior hypoblast;
peb, posterior epiblast. Scale bar: (A-B) 100 pm, (G) 130 pm, (C-F) 30 pm, (H-I) 10 pm.
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Fig. 2B and G). Nevertheless, sections confirm the absence or the
remnants of polar trophoblast and, interestingly, show increased
thickness of the epiblast in the centre at early stage 2 (Fig. 2E) and
at the posterior pole at late stage 2 (Fig. 2H) as compared with the
anterior pole (Fig. 2D, cf. Fig. 2G); in this area of the higher
epiblast epithelium cell nuclei lie more frequently in the basal
compartments. A thick basement membrane covering the basal
epiblast surface is visible in the light microscope (arrows in
Fig. 2H) and is continuous throughout between dorsal and ventral
cell layers, i.e. it separates epiblast and hypoblast, and mural
trophoblast and yolk sac precursors, respectively (cf. Fig. 3M
and N).

Sections also show that the AHB has concentrically enlarged at
stage 2. Below the anterior and central epiblast hypoblast cells
have increased in height, forming a high-columnar epithelium
(Fig. 2D, E; I to the left). This central AHB area is surrounded by a
ring-like domain of cuboidal hypoblast cells (e.g. Fig. 2I to the

right) that occupy an almost round but larger part of the hypoblast
than at stage 1. As a result, the AHB reaches both well beyond the
anterior border of the embryonic disc as is the case at stage 1
(Fig. 2C) and beyond the centre of the disc posteriorly (see Fig.
2G). AHB cells still extend many thin cytoplasmic processes
towards the basal surface of the epiblast.

Sox17 expression is found in the whole region of the
concentrically enlarged AHB and is strongest in the high-
columnar, central part of it (Fig. 4B and F); its expression
decreases towards the posterior hypoblast but, interestingly, in
the (extraembryonic) mural trophoblast the sox17 expression
domain has markedly increased in size as compared to stage 1 and
shows a differential distribution: Sox17 mRNA is found in fine
granules apically and in broader patches basally, whereby the
basal patch-like distribution is found mainly in trophoblast cells
close to the anterior circumference of the embryonic disc (Fig. 2F,
n =7 embryos). This extraembryonic expression pattern applies

Fig. 3. Morphology of stage 3 in the pig embryo. (A, B) Dorsal views of two 10.0 d.p.c. embryos. (C-0) Sagittal light-microscopical 1 pm (C-L) and neighbouring electron-
microscopical 70 nm (M-0) sections from the embryos shown in A and B, respectively. Position and the orientation of the sections are indicated with bars in A and B and
with boxes in C-F, H and N. Labeling by asterisks and dots is as in Fig. 1. The first mesoderm cell ingressing from the primitive streak (ps) at stage 3— is marked m in (G).
Arrows point to basement membrane underlying the epiblast and trophoblast seen at the light-microscopical (G-J) and electron-microscopical (M-0) level. Arrowheads in
M-O0 point to electron-dense extracellular matrix material on the hypoblast surface of the basement membrane (M, N) and on the free surface of ingressing mesoderm cells
(0). mtb, mural trophoblast; ahb, anterior hypoblast; phb, posterior hypoblast; m, mesoderm; exm, extraembryonic mesoderm. Scale bar: (A-F) 200 pm, (G-L) 30 pm, (M,N)

4pm, (O) 1pm.
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Fig. 4. Axial differentiation of sox17 (A-F'), nodal (G-L), and brachyury (M-P’) expression at stage 1 (A, D, E, G, ], M), stage 2 (B, F, F, H, K, N, P, P’) and stage 3 (C, I, L, O) pig
embryos as seen in overviews (A-C, G-I, M-0) and sagittal sections (D-F/, J-L, P, P’) of the same specimens, respectively. Embryos shown in A (stage 1), I (stage 3-) and N
(stage 2) are also presented in Fig. 1A and B (stage 1), C (stage 2) and D (stage 3-), respectively, prior to in situ hybridisation. The position and orientation of the sections are
indicated by bars (in A, B, G-I and N) and boxes in D. F' and P’ show methylene blue stained sections to visualise the morphological characteristics of the unstained areas in
the neighbouring sections (F and P, respectively). Labeling by asterisks and dots is as in Fig. 1. Brackets mark length of the primitive streak in C (stage 3+), I (stage 3—) and O
(stage 3); # marks artifactual fold in C; arrowheads in E mark sox17 expression in epiblast cells at stage 1; arrow in N marks weakly stained remnants of polar trophoblast
also seen in Fig. 1C; mtb, mural trophoblast; ptb, polar trophoblast; eb, epiblast; ahb, anterior hypoblast; phb, posterior hypoblast; ysp yolk sac precursors; m mesoderm; ps
primitive streak. Scale bar: (A-C), (G-I), (M-0) 100 um; (D, E) 10 um; (F, F'), (P, P’) 25; (J-L) 15 um.

particularly to early stage 2 embryos, which still have a few
remnants of polar trophoblast (now also containing granules of
sox17 mRNA, cf. Figs. 2F and 4F). Nodal expression is still strong
(Fig. 4H) but shows a differential distribution in almost all layers:
In the hypoblast its expression coincides with the sox17 domain in

the AHB and is at its strongest in the posterior two-thirds of the
AHB; in the epiblast a small anterior domain has reduced nodal
expression, and the trophoblast anterior to the anterior margin of
the embryonic disc shows patches of nodal mRNA confined to its
basal compartments (Fig. 4K, n = 4 embryos).
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Expression of the mesoderm marker gene brachyury is found in
a crescent-like area of the embryonic disc at the pole opposite the
AHB (Fig. 4N, P and P, n =5 embryos) and apparently prior to
formation of the primitive streak and ingression of mesoderm
cells, which occur in this area at stage 3 (cf. Fig. 3). Brachyury
expression thus marks mesoderm precursors in the epiblast and
highlights the embryonic disc change from the circular shape of
stage 1 to the oval shape typical for stage 2 in a manner similar to
the formation of the posterior gastrula extension (PGE) in the
rabbit (Viebahn et al., 2002).

3.3. Definitive mesoderm in the primitive streak (stage 3)

The blastocyst at stage 3 (n = 7 serially sectioned embryos) is
about twice as long as it is wide in most cases, while the
embryonic disc, surrounded by a dense patch of extraembryonic
tissue and slightly raised above the blastocyst surface, has
elongated to measure between 500 and 700pum along its
anterior-posterior axis (which frequently lies at a right angle to
the longest of the blastocyst’s three major diameters; Fig. 3A and
B). The posterior pole now accommodates the density of the
primitive streak, a small round patch within the confines of the
posterior border at early stage 3 (Fig. 3A) and a larger oval area
spreading anteriorly towards the centre of the embryonic disc, as
well as beyond the embryonic disc borders posterolaterally at the
late stage 3 (Fig. 3B). The density of the primitive streak is caused
by a marked increase in the epiblast’s thickness. The latter is
covered ventrally by a thick basement membrane seen clearly in
the light microscope (cf. arrows in Fig. 3G-]) because additional
electron-dense extracellular matrix material has appeared on its
hypoblast side (cf. Fig. 3H and M). In isolated patches at the
posterior extremity of the primitive streak, the very first definitive
mesoderm cells (cf. Fig. 3G) are devoid of basement membrane
material and exhibit the typical appearance of a cell “breaking”
through the basement membrane in the process of EMT and
mesoderm ingression (Fig. 3H, N and O). These “holes” in the
basement membrane appear first in the median plane and at late
stage 3 also further laterally, but still close to the midline (Fig. 3E
and I). No signs of basement membrane discontinuity, EMT or
mesoderm ingression are seen further anteriorly or posteriorly at
this stage, while free mesoderm cells are, indeed, found to have
spread laterally within the confines of the embryonic disc to form
intraembryonic mesoderm (Fig. 3F and ]), as well as poster-
olaterally beyond the embryonic disc border to form extraem-
bryonic mesoderm (e.g. cells marked “exm” in Fig. 3F, H-]).

Hypoblast differentiation is principally the same as at stage 2
(Fig. 3K and L), with the exception that all hypoblast regions now
contain more cells than at the previous stage; as a result, the high-
columnar stretch of the AHB has increased in size, as has the ring
of low-columnar hypoblast surrounding the central AHB. At late
stage 3, characterised by an enlargement of the primitive streak
area (see above), the centre of the AHB lies further posterior to the
anterior embryonic disc than at the early streak stage (Fig. 3D). In
the periphery just outside of the embryonic disc, yolk sac
precursor cells near the embryonic disc have also increased in
number (Fig. 3C-F).

Expression patterns of sox17, nodal and brachyury at stage 3
(n=3/2/2 embryos for sox17, nodal and brachyury, respectively)
remain principally unchanged as compared to stage 2, the
exception being that sox17 starts to be expressed in a transverse
band of endoderm precursors at the level of the primitive streak’s
anterior half (Fig. 4C) and that extraembryonic expression of
sox17 and nodal is reduced and lost, respectively, both in the
trophoblast and in the underlying yolk sac precursors (cf. Fig. 4L).
Otherwise, expression patterns mainly follow the morphological

changes observed in the tissue compartments expressing these
genes at stage 2: Sox17 continues to be expressed in the central,
high-columnar area of the AHB (Fig. 4C); the anterior epiblast
domain lacking nodal expression expands in proportion with
the overall anterior-posterior elongation of the embryonic disc
(Fig. 41 and L); nodal expression is reduced bilaterally in two
peripheral longitudinally oriented stretches within the embryonic
disc borders at early stage 3 (Fig. 4I) and, at late stage 3, it is
confined to the anterior two-thirds of the primitive streak (not
shown); brachyury expression, finally, is transformed from the
transverse domain in the PGE-like region at the posterior pole of
stage 2 to a longitudinally oriented median domain that covers
the primitive streak as it emerges and lengthens anteriorly during
stage 3 (Fig. 40).

4. Discussion

4.1. Anterior vs. posterior differentiation and the three stages at the
start of mammalian gastrulation

The combination of microscopical analysis of dorsal views and
serial sections of the same embryo, either after the relatively
“strong” glutaraldehyde and OsO, fixation for tissue density and
ultrastructural analysis or after the relatively “weak” paraformal-
dehyde fixation and in situ hybridisation for gene expression
analysis, demonstrated how the same tissue (e.g. the hypoblast
and its contact area with the epiblast) changed differently
according to fixation: Paraformaldehyde apparently led to an
instant but mild shrinkage of both layers (Fig. 4F) while
glutaraldehyde (with its two aldehyde moieties per molecule)
led to a strong shrinkage of the hypoblast (probably due to cross-
linking the hypoblast’s high content of the cytoskeletal protein
cytokeratin, cf. Viebahn et al., 1992), which then forced the
epiblast into a dome-shape widely separated from the hypoblast
(cf. Fig. 2G, a situation previously described also by Vejlsted et al.,
2006, their Fig. 1c). Importantly, the same principal structural
characteristics (e.g. overall embryo shape or cellular height and
density) could be identified reliably under both fixation condi-
tions (cf. Figs. 2G and 4F): paraformaldehyde led to only small
cellular shrinkage artefacts and provided well-preserved tissue
(cell layer) integrity whereas glutaraldehyde and OsO4 provided
excellent fine structural detail (and marked cellular shrinkage),
which could then be allocated to the appropriate cell type by
comparison with the well-preserved tissue integrity of the
paraformaldehyde-fixed specimens of the same stage. Both
methods, combined with the gene expression analysis, helped to
define three morphogenetic steps at the beginning of mammalian
gastrulation, and comparison with the other commonly available
mammalian laboratory species, i.e. mouse and rabbit, suggests
that these steps apply to mammals in general (see below).

Gastrulation proper starts when the first mesoderm cells break
through the basement membrane of the epiblast at the posterior
extremity of the emerging primitive streak (see Fig. 3H). The start
of gastrulation is preceded (1) by a morphogenetic step in which
anterior-posterior axial differentiation is achieved through the
appearance of APD (AVE in the mouse, AMC in the rabbit, AHB in
the pig) expressing sox17 (mouse: Pfister et al.,, 2007; rabbit:
Hassoun et al., 2009; pig: this study), and (2) by a more
functionally defined step in which epiblast cells start expressing
the mesoderm marker gene brachyury and accumulate as
mesoderm precursors near the posterior pole similar to the
situation in the pregastrulation embryo of mouse (Perea-Gomez
et al., 2004; Rivera-Perez and Magnuson, 2005) and rabbit
(Viebahn et al, 2002). As in the rabbit, this early brachyury
domain in the pig has a crescent-like shape and turns the
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previously spherical embryonic disc into an oval by extending the
embryonic disc towards the posterior pole; in the rabbit this
crescent-shaped area was indeed shown to be formed as the result
of posterior movement of epiblast cells towards the posterior
midline and was, therefore, named PGE (for posterior gastrula
extension, Viebahn et al., 2002).

In accordance with the staging system for the beginning of
gastrulation in chick (Hamburger and Hamilton, 1992) and rabbit
(Viebahn, 2004), we would like to designate the three steps
mentioned above to define stages 1, 2 and 3 in the pig.
Numerically, these three steps coincide with the 3 steps defined
by Vejlsted et al. (2006) recently for the early gastrulation of the
pig; however, comparison of their specimens with our correlative
histological and axial gene expression analysis suggests that
their “pre-streak stage 2” (their Fig. 1c) shows, indeed, the
pseudostratification of the epiblast typical for the late pre-streak
stage defined in the present report (cf. Figs. 1H and 2C and G).
Moreover, Vejlstead et al. (2006) described a “pre-streak stage 1"
to have an epiblast “fully exposed” (i.e. lacking Rauber’s layer) but
to show no signs of polarity, whereas all embryos that lack
Rauber’s layer in the present study show clear signs of anterior
differentiation (i.e. AHB) in the histological sections. We therefore
suggest that the two pre-streak stages of Vejlsted may be useful to
subdivide our stage 2 into an early (Rauber’s layer removed) and
late (pseudostratified posterior epiblast) stage 2, but that the
appearance of the AHB may define stage 1 to stress the role of the
hypoblast in defining the anterior-posterior axis prior to primitive
streak formation. As a minor point for characterising stage 3, we
do not find (R.H. unpublished) that a node forms “during initial
development of the primitive streak” (Vejlsted
et al., 2006).

Remarkably, these early steps of axial differentiation can be
considered to be independent of other morphological specificities,
i.e. globe-like (pig) vs. disc-like (rabbit) shape of epiblast at stage
1, or gradual (rabbit) vs. rapid loss (pig) of Rauber’s layer at stage
2; the steps can also be correlated with stages in the mouse
(Theiler, 1989; Kaufman, 1992; Downs and Davies, 1993; Tam and
Gad, 2004), which presents, again, a different topographical
situation (e.g., egg-cylinder shape, polar trophoblast preserved
to form the placenta). As it is technically quite challenging to
visualise the characteristics of pregastrulation stages in living
embryos of pig (Meijer et al., 2000; Fléchon et al., 2004; Vejlsted
et al,, 2006) and mouse (Downs and Davies, 1993), we suggest that
a uniform staging system for early mammalian development
should, at the present time, be built on morphogenetic steps
whose structural results (e.g. APD, primitive streak, EMT, Hensen’s
node, notochordal process) can be defined using histological
methods.

In the case of initial mesoderm formation, which is the
histologically defined result of primitive streak formation, the
pig shows an unusually thick and enduring basement membrane
in the vicinity of the primitive streak. Unlike basement mem-
branes of most epithelia it is clearly visible in the light microscope
(Fig. 3; cf. Vejlsted et al., 2006, their Fig. 1c). In addition, this thick
basement membrane is supported by an as yet undefined dense
extracellular matrix on its abepithelial side. As this “reinforced”
basement membrane stays intact underlying the primitive streak
for a long period of development, the primitive streak of the pig
obtains its initial density through pseudostratification of the
epiblast (Fig. 3H, previously also described by Vejlsted et al.,
2006) rather than through ingression and accumulation of
mesoderm cells ventral to the primitive streak as in other
mammals (Poelmann, 1981; Viebahn et al., 1995b; for possible
functional implications see below). How the apparently “pre-
mature” expression of the mesoderm marker vimentin within the
whole pre-streak embryonic disc (Prelle et al. 2001) or the

polarised expression of the organizer gene goosecoid (Meijer et al.,
2000) fits the sequence of axial differentiation described here
remains to be clarified in future studies.

4.2. Significance of specific anterior pregastrulation differentiation

The most pronounced species specificity revealed in this study
applies to the morphologically and molecularly defined shape of
the APD in the pig: it has a disc-like configuration and straddles
the anterior embryonic disc border, whereas in mouse and rabbit
the APD has a crescent-like configuration and is confined to the
embryonic disc (the border of the embryonic disc being defined by
the epiblast; Viebahn et al., 1995a). This difference is particularly
remarkable because both rabbit and pig go through gastrulation
as flat discs, which are integrated into the surface of an expanding
blastocyst (see Streeter (1927) and Rabl (1915) for description of
complete gastrulation stages in pig and rabbit, respectively); pig
and rabbit can, therefore, be expected to have quite similar
requirements for the control of the gastrulation process. However,
a plausible explanation for the different APD shapes may lie in the
different modes of extraembryonic mesoderm formation, which,
in turn, reflect specific requirements for nutrition of the embryo
and enclosure by a complete amnion. Both these characteristics
vary markedly amongst mammals and, not least, between pig and
rabbit. Equipped with the vast surface area of a filamentous,
unusually long blastocyst (measuring up to 100 centimeters: see
Perry et al, 1976), the pig embryo can “afford” to delay
attachment and placenta formation to late somite stages; in this
situation the blastocyst remains “free-floating” within the uterus
for a comparatively long time and this situation requires
protection of the developing embryo proper through the forma-
tion of the amnion at a much earlier stage than the rabbit embryo,
for example. The latter attaches firmly to the endometrium during
gastrulation soon after hatching from the zona pellucida and can
therefore “afford” to delay amnion formation to the stages
following neurulation (Rabl, 1915).

B rabbit

stage 2

stage 3

(M AHB 1 AMC primitive streak mesoderm

Fig. 5. Schematic correlation of shape and presumed inhibitory influence (inverted
T-shapes) of APD at stage 2 (A, B) with area covered by mesoderm at stage 3 (C, D)
in pig (A, C) and rabbit (B, D) embryos.
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The different schedule of amnion formation is presaged at
stage 3 by differential growth and spread of extraembryonic
mesoderm (Fig. 5C and D), which is needed to support the delicate
amnion epithelium on its chorionic side. By extending across the
emerging anterior half of the primitive streak, from which most
intraembryonic mesoderm derives, and through the signaling
molecules typically expressed in the APD (cf. Idkowiak et al.,
2004), the large circular AHB of the pig may delay intraembryonic
mesoderm formation for a longer period than in species with
smaller APD. The signals of the AHB may also inhibit dissolution of
the basement membrane required for EMT in this area (Rowe and
Weiss, 2008; Nakaya et al., 2008, see also Egea et al., 2008 and
Yang and Weinberg, 2008) and may, indeed, be responsible for the
deposition of the additional extracellular matrix material on the
hypoblast side of the epiblast basement membrane (Fig. 3M-N).
Together these activities of the AHB would provide the posterior
half of the primitive streak, which is under different molecular
control from the anterior half (cf. Martin and Kimelman, 2008)
and produces mainly extraembryonic mesoderm, with a distinct
growth advantage. The inhibiting, possibly negative, chemotactic
influence of the disc-shaped AHB (Fig. 5A) may also force
extraembryonic mesoderm to spread anteriorly along the
embryonic disc borders only (Fig. 5C). In the rabbit, in contrast,
the inhibiting influence of the hypoblast in the (crescent-shaped)
AMC (Fig. 5B) may be more limited (e.g. limited to the anterior
circumference of the embryonic disc), allowing ingression (and
anterolateral migration) of mesoderm cells almost simultaneously
along the whole of the primitive streak; consequently, intra- and
extraembryonic mesoderm emerge from the primitive streak as a
common circular mesodermal plate at stage 3 (Fig. 5D) and
migrate “in register” with each other towards the anterior border
of the embryonic disc at later stages (cf. Viebahn et al., 1992).

During the developmental period described here, AHB in the
pig appears to have moved posteriorly (cf. Fig. 1G for stage 1,
Fig. 2G for stage 2 and Fig. 3D for stage 3). This is in contrast to the
situation in the mouse where the AVE cells were shown to migrate
anteriorly (Thomas and Beddington, 1996) but it correlates, again,
with the different structural requirements in these two species.
The egg-cylinder shape of the mouse forces the posterior end of
the streak to lie unusually close, indeed, to the anterior pole. In
this situation, posterior movement of AVE in the mouse would
possibly lead to overgrowth of extraembryonic mesoderm ante-
riorly, which may then interfere with ongoing head induction.
Anterior movement of the AVE may, instead, prevent this
unwanted influence by acting as a broad median barrier for
extraembryonic mesoderm and by channelling thus the extra-
embryonic mesoderm towards rodent-specific allantoic bud
formation (cf. Downs et al., 2009).

Although direct molecular evidence for these functional roles
of the AHB is still lacking, the strong nodal expression in the
hypoblast at the centre of the embryonic disc at stage 2 suggests a
critical function of nodal signaling (and activities of its con-
vertases, cf. Ben-Haim et al., 2006) in the differential development
of the prospective anterior and posterior halves of the primitive
streak.

Taken as a whole, our analysis unravels similarities and
discrepancies with regard to axial differentiation between
seemingly close relatives of the mammalian phylogenetic tree.
This underlines similarities with models of molecular axial
differentiation in other vertebrates (Yu et al.,, 2007) and, at the
same time, offers explanations for interspecific variabilities, at
least in extraembryonic tissues, possibly due to variations in
shape of seemingly simple transient axial organs. These variations
may be caused by small variations in proliferative activity and
may, in turn, influence subsequent stages, resulting in major
changes to the adult body plan. Apart from the necessity to

provide functional proof for a role of APD (and sox17 expression)
in axial and extraembryonic tissue differentiation, questions arise
as to how Rauber’s layer can be removed so rapidly in the pig, how
the anterior pregastrulation differentiation is established at the
anterior pole in its specific shape, and what may be the
biochemical composition of the thick basement membrane and
its extracellular matrix material in the area of the primitive streak.
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Abstract

Most gastrointestinal tract and associated gland epithelia
originate from the endoderm germ layer discovered by Pan-
der in 1817. The recent surge in stem cell concepts revived
interest in the findings of 30 years ago that the endoderm
layer itself originates from the epiblast (which since Pander’s
time had been held to be the forerunner of the ectoderm
and mesoderm germ layers only). However, the question as
to which parts of the mammalian gastrulation-stage embry-
onic disc generate endoderm cells is still unresolved. There-
fore, the expression of the gene coding for the transcription
factor Sox17, a key transcription factor involved in endoderm
formation in mouse, chick, frog, and zebrafish, was analyzed
in the rabbit, a model organism for mammalian gastrulation
morphology, using whole-mount in situ hybridization and
high-resolution histological analysis of embryos at gastrula-
tion and early neurulation stages. Sox77 mRNA in the meso-
derm and lower layer (hypoblast) compartments within and
adjacent to Hensen’s node and the anterior segment of the
primitive streak confirmed the validity of this approach, as
this region had previously been shown to form endoderm in
mouse and chick. However, Sox17 expression in central and
posterior epiblast at pregastrulation stages together with a

transient expression at the posterior extremity of the primi-
tive streak suggest that endoderm (possibly hindgut) may
be formed close to the emerging cloacal membrane, as

well. Copyright © 2009 S. Karger AG, Basel

Introduction

In the early vertebrate embryo, the endoderm is clas-
sically defined as the ventral germ layer which is the pre-
cursor of the epithelial lining of the primitive gut tube
and which, during organogenesis, regionalizes along its
anterior-posterior and dorsal-ventral axes to give rise to
the epithelia of the gastrointestinal tract, the respiratory
tract and associated organs such as liver and pancreas as
well as thyroid gland and thymus. In amniotes, the evi-

Abbreviations used in this paper

AMC anterior marginal crescent
AVE anterior visceral endoderm
d.p.c. days post coitum

HMG high mobility group

ISHS in situ hybridisation signal
PGE posterior gastrula extension
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dence that the endoderm (also called ‘definitive endo-
derm’) itself is derived from the epiblast and not from the
pre-existing primitive endoderm (or hypoblast) of the
early embryonic disc is comparatively new (when consid-
ering the time that has elapsed since the first description
of the endoderm as the ‘Schleimschicht’ in the chick by
[Pander, 1817]). This evidence stems from experiments
using mouse blastocyst injection chimeras [Gardner and
Rossant, 1979], from tissue potency analysis of the epi-
blast at the primitive streak stage in rat embryos [Levak-
Svajger and Svajger, 1974] as well as from the microsurgi-
cal grafts of both distal and anterior regions of the mouse
embryonic epiblast to ectopic sites at the primitive streak
stages [reviewed by Beddington, 1983; Skreb et al., 1976].
Endoderm fate maps were constructed accordingly for
mouse [Lawson et al., 1986, 1987, 1991; Tam et al., 2007]
and chick [Kimura et al., 2006; Kirby et al., 2003; Lawson
and Schoenwolf, 2003] and suggest that extensive cellular
movements (similar to those observed in lower verte-
brates [frog: Keller, 1975, 1976; Chalmers and Slack, 2000;
zebrafish: Warga and Niisslein-Volhard, 1999] occur in
the primitive streak area of the gastrulating embryo and
eventually contribute to formation of the endoderm
[Lawson and Pedersen, 1992; Parameswaran and Tam,
1995; Quinlan et al., 1995; Lawson, 1999]. These migrat-
ing epiblast cells also form the other principal germ layers
(ectoderm and mesoderm) and thus establish the whole
body plan, which makes for even more complex morpho-
genetic movements at the cellular level. For example, the
progenitors of the gut endoderm are initially localized in
the distal regions of the mouse egg cylinder together with
mesoderm-forming cells and are, therefore, also called
mesendoderm [Beddington, 1981; Tam and Beddington,
1987; Tam, 1989]; these cells are thought to ingress
through the anterior segment of the primitive streak 8-
10 h after the onset of gastrulation, i.e. at mid-streak
stage, and undergo epithelial-mesenchymal transition.
Subsequently, some of these cells relocate to the ventral-
most layer of the embryo and form an epithelium again
while others retain a mesenchymal character and stay in
the mesoderm compartment [Kadokawa et al., 1987; Law-
son et al., 1987; Tam and Beddington, 1992]. The newly
recruited endoderm cells rapidly expand anteriorly and
laterally to displace progressively the pre-existing primi-
tive (or visceral) endoderm to extraembryonic sites [Law-
son et al., 1986, 1987; Tam et al., 1993; Lin et al., 1994].
Most recently, however, live imaging experiments carried
out in the mouse suggest an even more complex but only
partial integration of epiblast-derived cells into visceral
endoderm, which is then followed by recruitment of vis-
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ceral endoderm cells to form endoderm-derived tissues
[Kwon et al., 2008].

Basic molecular mechanisms involved in endoderm
specification have been elucidated in several vertebrate
model animals such as frog (Xenopus), zebrafish, chick
and mouse. The key zygotic factors in the signaling path-
way, which are conserved within these species, are the
Nodal-related TGE signaling ligands, the Mix-like fam-
ily of homeodomain transcription factors, the Gata4/5/6
zinc-finger transcription factors and, finally, the high
mobility group (HMG) DNA-binding protein Sox17
[Woodland and Zorn, 2008]. Related to the ‘sex-deter-
mining gene on the Y chromosome (sry)’ sox17 belongs to
the Sox subgroup F [Lefebvre et al., 2007] and was origi-
nally identified as a stage-specific transcriptional regula-
tor during mouse spermatogenesis [Kanai et al., 1996].
Sox17 was then implicated in endoderm formation when
its orthologs Xsox17a (and XsoxI17B) and Zsox17 were
found to be expressed specifically in the endoderm of
Xenopus [Hudson et al., 1997] and zebrafish [Alexander
and Stainier, 1999], respectively, and when sox17 was in-
deed found in the endoderm in a highly dynamic pattern
in the mouse [Kinder et al., 2001; Kanai-Azuma et al.,
2002]. Interestingly, murine soxI7-null cells are able to
contribute to the early endoderm along the whole in-
testinal tube; however, from 8.0 days post coitum (d.p.c.)
onwards, increased apoptosis in the foregut and failure of
mutant cells to differentiate and proliferate in the poste-
rior gut lead to a depletion of endoderm; furthermore,
sox17-null ES cells are unable to compete with the wild-
type cells in colonizing the gut endoderm in the chimeras
[Kanai-Azuma et al., 2002]. These functional studies thus
made sox17 known as a key downstream regulatory com-
ponent of the signaling pathway which is involved in en-
doderm induction and endoderm differentiation.

Whereas a wealth of information on the cellular fate
and on signalling pathways regulating endoderm differ-
entiation is thus available, the topographic distribution of
endoderm differentiation signals within the tissue com-
partments of the early embryo is still little studied, al-
though such knowledge may reveal important clues as to
the principles of endoderm formation. To find a location
for initial endoderm formation and to differentiate be-
tween characteristics of primitive and definitive endo-
derm, we report here on the tissue distribution of sox17
in the rabbit embryo throughout gastrulation, i.e. from
pre-streak to early somite stages. This may lead to a pro-
spective sequential map for the time and the exact place
of origin of the endoderm in mammals. As the endoderm
is a central structure around which the body plan is con-
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structed, a morphogenetic map for the specification of
the mammalian germ layers in general may emerge as
well.

Materials and Methods

Animal Tissues

Uteri of naturally mated New Zealand White rabbits (Lam-
mers, Euskirchen, Germany) were removed through cesarean
section after injecting an overdose (320 mg) of Narcoren® (Me-
rial, Halbergmoos, Germany) intravenously. Blastocysts at 6.25-
6.75 d.p.c. were flushed using warm sterile phosphate-buffered
saline (PBS) and then washed in warm PBS twice to remove blood
and cellular residue. Older embryos (7.0-8.0 d.p.c.) were dissected
from uteri suspended in sterile PBS using iridectomy scissors af-
ter opening the uterine wall antimesometrially. After flushing or
primary dissection embryos were fixed in 4% paraformaldehyde
(PFA) in phosphate buffer for 1 h at room temperature and dis-
sected using iridectomy scissors or flame-polished tungsten nee-
dles to eliminate the coats (zona pellucida equivalents or ‘neozo-
na’ [Denker, 2000]) and most of the extraembryonic tissue. Em-
bryos were staged using dark-field optics according to the
developmental stages 1 to stage 7 as defined in [Viebahn, 2004]
and [Blum et al., 2007]. Stages and embryonic age corresponded
roughly as follows: 6.25 to 6.75 d.p.c.: stages 1 to 4; 7.0 to 7.6 d.p.c.:
stages 5 and 6; 8.0 d.p.c.: stage 7. The dissected embryonic discs
were dehydrated and stored in 100% ethanol at -20°C until used
for in situ hybridization.

In situ Hybridization

Digoxigenin-labeled mRNA probes were generated using a
707-bp mouse SoxI17 cDNA (kind gift of Dr. H. Lickert, Miinchen,
Germany), which spans the coding region from nucleotides No.
1102 through to 1808 of the mouse sox17 cDNA (GenBank acces-
sion No. NM_011441), and chemocompetent cells (DH5alpha
Escherichia coli cells, Invitrogen, Karlsruhe, Germany) and chem-
icals (Roche, Mannheim, Germany or Merck, Darmstadt, Ger-
many) as described [Weisheit et al., 2002]. In situ hybridization
procedure was carried out using a standard protocol [Lowe et al.,
1996; Belo et al., 1997], which had been adapted for the require-
ments of early rabbit embryonic discs [Weisheit et al., 2002]. As a
first step the stored embryonic discs were transferred to nylon
baskets under strictly sterile conditions, rehydrated and treated
with proteinase K [10 pwg/ml proteinase K in PBT (PBS containing
0.1% Tween 20; Sigma, Miinchen, Germany)] at room tempera-
ture for different periods of time according to their stage of devel-
opment as follows: 1 min for stage 0; 2 min for stages 1 and 2;
3 min for stage 3; 5 min for stage 4 embryos [Idkowiak et al.,
2004]; 10 min for stage 5; 15 min for stage 6 and 20 min for stage
7 embryos; next, all embryos were fixed for 20 min in 0.2% glu-
taraldehyde/PBT. Hybridization buffer consisted of 50% form-
amide, 1.4 X SSC (pH 4.5), 0.5 mM EDTA, 50 pg/ml t-RNA, 0.2%
Tween 20, 0.5% CHAPS and 50 pwg/ml heparin (Sigma). During
the pre-hybridization (70°C for 1 h in the hybridization buffer)
and hybridization processes (70°C overnight in the hybridization
buffer with 1 ul cRNA previously denatured at 95°C for 5 min)
the baskets containing the embryonic discs were transferred to
sterile screw-top PVC tubes (Bibby-Sterilin, Staffordshire, UK).

Sox17 Expression Patterns and Endoderm
Formation in the Rabbit

To remove the unbound cRNA, the embryos were washed in hy-
bridization buffer and MABT (100 mM maleic acid, 150 mM NaCl,
0.1% Tween 20, pH 7.5). To block nonspecific antibody-binding
sites, the embryos were incubated in MABT with 2% Roche block-
ing reagent and 20% heat-inactivated goat serum; hybridized
RNA was visualized using anti-digoxigenin antibody coupled to
alkaline phosphatase and BM-purple substrate (both Roche,
Mannheim, Germany). Finally, embryos were removed from the
nylon baskets and transferred to Petri dishes filled with the sub-
strate to initiate the color reaction, which was then allowed to
proceed at room temperature in the dark to exhaustion of the al-
kaline phosphatase enzyme, i.e. until no further accumulation of
the bluish BM-purple reaction product (which started to appear
on the second day of BM-purple incubation) was observed in the
stereo microscope at high magnification (usually within 4-9
days).

Microscopy

To record the gross morphological distribution of the reac-
tion, the stained embryos were mounted in Mowiol4-88
(Hoechst, Frankfurt, Germany) under a cover glass and photo-
graphed prior to dehydrating in ethanol and embedding in
Technovit 8100® (Heraeus-Kulzer, Werheim, Germany) at 4°C
in tablet moulds as described [Idkowiak et al., 2004]. Polymer-
ized blocks were trimmed and serially sectioned using glass
knives at 5 pm thickness in the sagittal or transverse plane. Af-
ter the position of a given serial section had been verified in the
photographs of the gross morphological overview at low magni-
fication, the allocation of sox17-expressing cells to the topogra-
phy of the embryo and, within that location, to tissue layers was
determined at high magnification. In most cases, i.e. for sections
with tissues which contained strong in situ hybridization reac-
tions, photographs were taken using the differential interference
contrast (DIC) setting of the microscope (Axioskop, Zeiss, Got-
tingen, Germany) to visualize the morphology of the parts of the
section where no in situ hybridization reaction had occurred.
For tissues with exclusively very weak reactions, DIC was not
used; this ensured that the intensity of the reaction was not ob-
scured by the contrast enhancement in the surrounding non-
stained cells (fig. 2N, N').

Results

All in situ hybridization experiments carried out as
described above typically produce well-defined BM pur-
ple staining reactions in a variety of cell and tissue types
at every stage analyzed in this study: In most cases, these
in situ hybridization signals (ISHSs) start to occur within
1 day after the beginning of the final step of the in situ
hybridization procedure and they have a high signal-to-
noise ratio, i.e. staining is confined to the cytoplasmic
domain of a given cell and strongly stained cells frequent-
ly lie next to unstained cells or cell groups. ISHSs with a
reaction intensity between these extremes also occur fre-
quently and are referred to as weak ISHSs in the following
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Fig. 1. SoxI7 expression patterns in rabbit
embryo at stages 1 and 2 (6.25 d.p.c.) as de-
termined by in situ hybridization analyses
in en face views (A, B) and 5-um sagittal
sections at low (C, D) and high magnifica-
tion (E-H). The anterior border of the em-
bryonic disc is marked by asterisks in A.
Insets in A and B highlight the morpho-
logical characteristics of stages 1 and 2, re-
spectively. All sections are orientated with
the anterior end to the left and the epiblast
to the top. The borders of the embryonic
discs in the sections are defined by aster-
isks. Bars and letters refer to the positions
of the sections; boxes in € and D indicate
to the positions of the high magnification
details shown in E-H. amc = Anterior mar-
ginal crescent, ep = epiblast, h = hypoblast,
pge = posterior gastrula extension, trb =
trophoblast, yse = yolk sac epithelium; ar-
rowhead in F points to a labeled hypoblast
cell. Scale bar: A, B 80 pm; C, D 50 pm;
E-H 13 um.

description. As reactions occur in a variety of different
cells, tissues and organ anlagen, results are presented
here stage by stage rather than by following up the devel-
opment of a particular organ anlage, for example.

Pre-Streak Stages (Stages 1 and 2)

At stage 1, the embryonic disc can be recognized - if
viewed en face under dark-field illumination - on the
surface of the blastocyst as an area of high cellular den-
sity. One side of the embryonic disc features a stretch with
a relatively sharp contour, while the opposite side of the
disc displays an irregular, ragged, and therefore indis-
tinct contour; the distinct contour marks the anterior
marginal crescent (AMC) as the earliest axial structure at
the anterior pole of the mammalian embryonic disc
(fig. 1A, inset). Histologically, the AMC is characterized
by increased cellular density and cellular height in both
the epiblast and the hypoblast - the two cell layers present
in the embryonic disc at this stage — if compared with the
posterior margin of the disc (fig. 1E, F).

In dorsal views of stage 1, a punctate, salt-and-pepper
distribution of strong ISHSs with no apparent asymme-
try is found in all extraembryonic areas in the vicinity of,
and further away from, the embryonic disc (fig. 1A). The
disc itself can be recognized as an area with fewer ISHSs
in one halfand more numerous ISHSs in the other half of
the disc. Denser packing of ISHSs is seen in the area co-
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inciding with the AMC (histologically confirmed, see be-
low), while many small patches with weak or no ISHSs
appear in that part of the embryonic disc which can be
confirmed histologically to be the posterior half.

In sagittal sections many of the single strongly stained
cells are seen to belong to the hypoblast layer in the ante-
rior half of the embryonic disc (fig. 1C, E); within the hy-
poblast cells ISHSs are mainly found to lie close to the
nucleus. A few strongly stained hypoblast cells are also
found in the posterior half of the embryonic disc (arrow-
head in fig. 1F), and these cells are intermingled with
weakly or unstained ones. Some cells in the epiblast layer
of the AMC are weakly stained, while others are not
stained (fig. 1E); in the posterior half of the embryonic
disc the epiblast layer is weakly stained near the posterior
border (fig. 1F) but it is unstained further anteriorly, i.e.
within the central zone of the embryonic disc (fig. 1C).
The punctate pattern in the extraembryonic tissue is
found to be generated by cells in the lower layer, i.e. by
the yolk sac epithelium cells (fig. 1C, F), whereas weak
ISHSs are found in both the intervening yolk sac epithe-
lium cells and in the upper layer, i.e. trophoblast cells
(fig. 1C).

At stage 2, a few hours prior to overt primitive streak
formation, the anterior contour of the oval-shaped em-
bryonic disc is, in dark-field views, still distinct as before
but a sickle-shaped area of low cellular density — called
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Fig. 2. Distribution of soxI7 ISHSs during early gastrula-
tion stages (stages 3-4 at 6.5 — 6.75 d.p.c.) as seen in en
face views (A-C) and 5-m sagittal sections at low (D-H)
and high magnification (1-P). All sections are orientated
with the anterior end to the left and the epiblast to the
top. The borders of the embryonic discs in the sections
are defined by asterisks. Bars and letters refer to the po-
sitions of the sections; boxes in D-H indicate to the po-
sitions of the high magnification details shown in I-P.
In N’ differential interference contrast (DIC) setting of
the magnified details seen in N. D, I, O and P are also
with DIC setting. ep = Epiblast, ep” = unstained epiblast,
m = mesoderm, n = Hensen’s node, p = posterior extrem-
ity of the primitive streak, ps = primitive streak, pm =
prechordal mesoderm, vl = ventral layer; + = mesoder-
mal compartment, arrowheads in D (see also inset in D)
and G point to labelled cells in the ventral layer, # refers
to tissue processing artefact. Scale bar: C, E, F 108 m; A,
B 80 wm; D, G, H 50 pm; I-P 13 pm.
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the posterior gastrula extension (PGE) - appears within
the posterior half of the embryonic disc and next to the
indistinct posterior contour of the embryonicdisc (fig. 1B,
inset). Sox17 ISHSs of stage 2 embryos are still strong but
produce less of a salt-and-pepper appearance and are
confined to the periphery of both the AMC and the PGE
(fig. 1B); only close to the posterior pole of the embry-
onic disc, i.e. in the central segment of the posterior con-
tour, some single strong ISHSs arise. The other parts of
the embryonic disc show weak reactions and are devoid
of the dispersed strong ISHSs seen at stage 1. In extraem-
bryonic areas sox17 ISHSs are for the most part evenly
distributed at this stage.

In sagittal sections of this stage, strong ISHSs are
found in hypoblast cells of the AMC domain, and these
cells, which lie now close to each other and are up to twice
as high when compared with those at the opposite side
(tig. 1G, H), are located posterior and adjacent to 1-3
rows of hypoblast cells with only weak or no reaction
within the anterior border of the embryonic disc (fig. 1G).
However, the reactions in epiblast cells of this region are
similar to those at the previous stage (fig. 1E). The cells
with strong reaction seen in en face views in the central
segment of the peripheral PGE portion belong to the epi-
blast layer, which can be distinguished by their cuboidal
shape from adjacent (extraembryonic) squamous tropho-
blast cells (fig. 1F, H); these epiblast cells, in which strong
ISHS:s fill most of the cytoplasmic rim around the nucle-
us, lie mainly isolated or in small groups amongst several
neighbouring epiblast cells showing no or only weak
ISHSs; this produces the mosaic-like staining pattern in
the epiblast seen at the posterior pole of the embryonic
disc in dorsal views (fig. 1B); hypoblast cells in this area,
on the other hand, are only weakly stained (fig. 1H). Oth-
er peripheral segments of the PGE show weak ISHSs in
both epiblast and hypoblast layers (not shown). The cen-
tral area of the embryonic disc shows weak ISHSs in the
hypoblast layer (fig. 1D); extraembryonic tissues exhibit
weak reactions in both the yolk sac epithelium and in the
trophoblast layer (fig. 1D, left).

Gastrulation Stages (Stages 3 and 4)

The gastrulation process becomes apparent at stage 3,
when the primitive streak can be seen as a localized cel-
lular density stretching along the posterior half of the
midline in en face views under dark-field illumination.
Thus, the embryonic disc has elongated towards the pos-
terior pole and its previous oval shape is now transformed
into a pear-like shape. The density of the streak is caused
by cellular accumulation, following extensive cellular
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movements within the epiblast directed towards the pos-
terior midline, and provides the basis for the ingression
of epiblast cells through a narrow discontinuity in the
basement membrane stretching along the primitive
streak. Functional studies in mouse and chick (see ‘Intro-
duction’) suggest that endoderm cells are inserted into
the ventral layer of the embryonic disc, which prior to
this stage consists of hypoblast cells only. Therefore, from
the start of gastrulation onwards, there are likely to be
two cell populations in the ventral layer of the embry-
onic disc. As no reliable markers exist to date to distin-
guish endoderm from hypoblast, the following descrip-
tion of the cell layers uses ‘ventral layer’ instead of ‘hypo-
blast’ for most areas of the embryonic disc from stage 3
onwards; only for the AMC, where endoderm is inserted
at later stages, is the ventral layer still addressed as hypo-
blast until stage 4.

In dorsal views of stage 3 embryos, strong sox17
ISHSs in the AMC and in the posterior parts of PGE lie
close to the border of the embryonic disc, similar to those
at stage 2 (fig. 2A); however, due to the elongation of the
disc these anterior and posterior domains are now more
clearly separated by a peripheral band of weakly labeled
cells on both sides of the embryonic disc. In addition,
single strong ISHSs appear as isolated spots near the an-
terior midline of the posterior half of the embryonic disc;
these spots lie just anterior to the PGE and coincide
roughly with the anterior extremity of the emerging
primitive streak. Apart from these strongly stained parts
of the embryonic disc the remainder of the embryonic
disc shows weak reactions only. The extraembryonic tis-
sues exhibit staining patterns similar to those seen at the
previous stage.

Sagittal sections of this stage show principally the
same staining patterns in the hypoblast found at stage 2
anteriorly and posteriorly (fig. 1G, H, fig. 2D, ], respec-
tively); in addition, single stained cells lie amongst un-
stained ones in the ventral layer of the anterior half of the
embryonic disc (arrowheads in fig. 2D and inset). In the
epiblast of the posterior part of PGE, i.e. close to the pos-
terior disc border, the mosaic pattern can be seen similar
to that at stage 2, but now ISHSs lie either in the epiblast
or in the mesoderm compartments (fig. 2J). The single
strongly stained cells seen near the anterior midline of
the posterior half of the embryonic disc are also found to
lie in the mesoderm compartment, i.e. in the rostral part
of the primitive streak (fig. 2I). Generally, there are now
weak reactions in the basal parts of the epiblast layer
throughout the whole embryonic disc (fig. 21, J). The
ISHSs in the extraembryonic tissues are weak in the tro-
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phoblast cells and in the yolk sac epithelium cells
(tig. 2D).

As gastrulation proceeds to stage 4, the overview of the
whole-mount embryo shows that the embryonic disc
elongates further and the Hensen’s node appears as a cel-
lular density at the anterior extremity of the primitive
streak. As a sign of the establishment of Hensen’s node,
the prechordal mesoderm cells emerge from Hensen’s
node (‘pm’ in fig. 2K) and migrate anteriorly to presage
the formation of notochordal process (stage 5, fig. 3A,
B).

In dorsal views of early Hensen’s node stages (stage
4-, fig. 2B), both the AMC domain and the domain near
the posterior border of the embryonic disc still present
sox17 ISHSs, but these are weaker than before, and in the
area where the single strongly stained spots are seen near
the anterior part of the primitive streak at the previous
stage (stage 3), a horizontally oriented strongly stained
domain arises on either side of the anterior segment of
the primitive streak (fig. 2B). In the extraembryonic tis-
sues the intensity of the reactions is only weak or absent
at this stage.

Sagittal sections show that the hypoblast layer of the
AMC area continues to have ISHSs whereas no ISHSs are
found in the epiblast layer (fig. 2E, F). Weak ISHSs can be
recognized in the ventral layer covering the primitive
streak (fig. 2K, L) and in the ventral layer stretching be-
tween Hensen’s node and the anterior margin of the em-
bryonic disc (fig. 2E); in fact, in the anterior part of the
primitive streak mesoderm cells, including the first pre-
chordal mesoderm cells emanating anteriorly from
Hensen’s node, are also weakly stained (fig. 2K), whereas
in the posterior extremity of the primitive streak they are
weakly stained in all three layers (fig. 2L). Lateral to the
anterior segment of the expanded primitive streak, the
continuous bands of strong ISHSs appear in both meso-
derm and ventral layer cells (fig. 2M). The extraembry-
onic tissues show only weak reactions in the yolk sac ep-
ithelium cells at this stage (fig. 2E, F).

In dorsal views of late stage 4 embryos (fig. 2C), the
anterior margin of the embryonic disc still carries some
ISHSs within a mostly weak anterior sox17 expression do-
main. The strongly stained transverse domain seen in the
last stage expands anteromedially and posterolaterally
thereby now encompassing Hensen’s node and more of
the anterior segment of the primitive streak than before.
Weak sox17 ISHSs are found in the area located between
the anterior margin of the embryonic disc and this strong-
ly stained transverse domain, whereas the area located
posterior to the strongly stained transverse domain, in-
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cluding the primitive streak, displays weak reactions in-
termingled with moderately strong ISHSs. The extraem-
bryonic tissues are stained weakly.

Sections of this stage show the strong ISHSs seen in the
transverse domain (fig. 2H) to lie in the mesoderm com-
partment juxtaposed to the ventral layer; these cells in-
termingle with weakly stained cells located in both the
mesoderm and ventral layer compartments and make
this transverse expression domain less compact than at
the early stage 4. Only few strongly stained cells lie in the
ventral layer covering this domain (fig. 2P). In the mid-
line, strong ISHSs are observed in the prechordal meso-
derm cells that have emerged from Hensen’s node, and
weak reactions are found in the ventral layer cells cover-
ing these prechordal mesoderm cells (fig. 20). In the an-
terior part of the primitive streak, some strongly stained
cells in the mesoderm compartments are located adjacent
to the ventral layer and are found to lie next to weakly
stained cells within the mesoderm and the ventral layers
(fig. 20). Throughout the other parts of the primitive
streak, single strongly stained cells are found in the ven-
tral layer (arrowheads in fig. 2G), whereas the posterior
extremity of the primitive streak still shows weak ISHSs
in all three layers similar to the situation seen at stage 4~
(fig. 2L). At the anterior margin of the embryonic disc,
strong reactions are still present in the hypoblast layer but
not in the epiblast layer (fig. 2G, H). The weak reactions
located in the region between the anterior margin of the
embryonic disc and the strongly stained transverse do-
main are found to lie in the ventral layer, as can be seen
particularly well if no differential interference contrast is
used for light microscopic analysis (fig. 2N and N’). Ex-
cept for the weak reactions found in the epiblast of the
posterior extremity of the primitive streak, the epiblast
layer throughout the whole embryo shows no ISHSs
(fig. 2G, H). Reactions are weak in most of the yolk sac
epithelium cells, whereas the upper layer of the extraem-
bryonic tissues (trophoblast) shows no ISHSs.

Neurulation Stages (Stages 5, 6 and 7)

As aresult of gastrulation the notochordal process be-
gins to emerge from Hensen’s node along the anterior
midline of the embryonic disc (fig. 3A) and, in parallel,
the anterior half of embryonic disc begins to elongate
along the anterior-posterior axis to accommodate the
neural plate as the first step of neurulation. The increas-
ing length of the notochordal process can be determined
easily in dorsal views during early neurulation and is,
therefore, used here to divide the beginning of neurula-
tion into 3 stages: Stage 5 covers the period after the first
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prechordal mesoderm cells leave Hensen’s node (end of
stage 4) until the notochord acquires the same length as
the primitive streak (fig. 3B); during stage 6, the noto-
chordal process elongates further and its posterior part
becomes nearly twice as wide as its anterior part; this is
in contrast to the posterior half of the embryonic disc
which becomes narrower than its anterior half (fig. 4A,
B), and at stage 7, the first somites start to form on either
side about equidistantly from the two extremities of the
notochordal process, i.e. next to the anterior extremity
of the posterior, wide part of the notochordal process
(fig. 4C, D).

In dorsal views of early stage 5 embryos (fig. 3A), the
strongest ISHSs are found on both sides of the (short) no-
tochordal process and both near the anterior margin of
the embryonic disc and at the posterior extremity of the
primitive streak. The domain next to the notochordal
process is similar in shape to the transverse domain ob-
served first at stage 4" (fig. 2B) and a little more expanded
than at stage 4* (fig. 2C); the domain still encompasses
the anterior part of the primitive streak and Hensen’s
node and, therefore, has broadened along the anterior-
posterior axis in comparison to earlier stages. In the an-
terior half of the primitive streak itself, ISHSs are weak;
weaker still are ISHSs in Hensen’s node and notochordal
process and in the posterior third of the embryonic disc.
The borders of the embryonic disc encompassing the pos-
terior parts of the primitive streak show, at this stage, also
weak ISHSs except for the posterior-most extremity of
the primitive streak which is still marked with strong
ISHSs. In the extraembryonic tissues, weak ISHSs are dis-
tributed and intermingled with small unstained areas.

In sagittal sections of early stage 5 embryos, the strong
ISHSs seen in the overview lateral to the notochordal pro-
cess and primitive streak are found to be located in both
the mesoderm compartment and in the ventral layer cov-
ering this domain (fig. 3H); towards the anterior margin
this domain of strongly stained cells is continuous later-
ally with the domain of strongly stained cells in the hy-
poblast and some overlying mesoderm cells (fig. 3D, H).
In the midline, the transverse domain is interrupted by
the unstained notochordal process (fig. 3F) but it is con-
tinuous across the midline anterior to the tip of the noto-
chordal process due to the weak ISHSs in the prechordal
mesoderm cells and in the ventral layer covering the pre-
chordal mesoderm (fig. 3F). However, the ventral layer
covering the early notochordal process and Hensen’s
node also shows weak ISHSs (fig. 3F). Along the primitive
streak, weak ISHSs are found in some cells located in the
mesoderm and ventral layers (fig. 3C, F), but the poste-
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rior extremity of the primitive streak shows weak reac-
tions in a continuous oblique band of cells lying across all
three layers, and this band touches anteroventrally sev-
eral more strongly stained cells in the ventral layer un-
derlying the primitive streak (fig. 3G). The reactions in
the extraembryonic tissues are found to be weak in most
yolk sac epithelium cells and absent in the trophoblast
cells (not shown).

In dorsal views of late stage 5 embryos (fig. 3B), two
bands of strong reactions are found to run parallel on
each side of the elongating notochordal process. At the
level coinciding roughly with Hensen’s node, these bands
extend posterolaterally to contact the posterolateral mar-
gins of the embryonic disc. Strong ISHSs are found along
almost all margins of the embryonic disc except for the
posterior pole where the margin shows only weak ISHSs.
Weak ISHSs are found in an arch-like region located be-
tween the strongly stained parallel bands and the ante-
rior and lateral strongly stained margins (crosses in
tig. 3B). No ISHSs are found in Hensen’s node and noto-
chordal process. In the primitive streak, weak reactions
are found in the anterior segment and in the posterior
extremity, whereas most of the posterior half shows no
reactions. In the extraembryonic tissues most SoxI17
ISHSs are found next to the embryonic disc, while the
remaining extraembryonic areas have weak or no
ISHSs.

Sections analyzed for this stage show that in the band-
like domains of ISHSs located next to the notochordal
process reactions are strongest in the ventral layer, but
weaker in the mesoderm and weaker still in the neural

Fig. 3. SoxI7 expression patterns during early neurulation stages
(stages 5™ at 7.0 d.p.c. and 5* at 7.6 d.p.c.) as seen in en face views
(A, B) and 5-pm sections at low (C, D) and high magnification
(E-N). All sections are orientated with the epiblast to the top and
the sagittal ones are orientated with the anterior end to the left
and the epiblast to the top. The borders of the embryonic discs in
the sections are defined by asterisks. Bars and letters in A refer to
the positions of the sagittal sections and in B according to the
length of the transverse sections shown in I-N; boxes in C, D in-
dicate to the positions of the high magnification details shown in
E-H. I-N are with differential interference contrast (DIC) set-
tings. h = Hypoblast, m = mesoderm, n = Hensen’s node, nc =
notochordal process, np = neural plate, pm = prechordal meso-
derm, ps = primitive streak, trb = trophoblast, vl = ventral layer,
yse = yolk sac epithelium; arrowheads in J indicate to unstained
cellsin the ventral layer located closed to the notochordal process,
# refers to tissue fold artefact, brackets in A and B mark the length
of the notochordal process, x marks arch-like weakly stained ar-
eas. Scale bar: A, B 108 pm; C, D 50 pum; E-N 13 pm.
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plate overlying them (fig. 3]). In the oblique bands lo-
cated laterally at the level of Hensen’s node and most of
the primitive streak, reactions are confined to the ventral
layer (fig. 3K-M). Cells of the notochordal process do not
show ISHSs and they are separated from the strongly
stained ventral layer cells laterally by a few cells which
are unstained and difficult to allocate either to the noto-
chordal process or the ventral layer laterally (arrowheads
in fig. 3]). No ISHSs are found in the prechordal meso-
derm cells next to weak reactions in the mesoderm and
ectoderm (fig. 3I). Similarly, Hensen’s node and the
primitive streak are devoid of ISHSs, while the ventral
layer covering these parts has no ISHSs at the level of
Hensen’s node (fig. 3K) and also the level of the most
posterior half of the primitive streak (fig. 3M), whereas
stronger ISHSs in this layer are found at both levels of the
anterior part and posterior extremity of the primitive
streak (fig. 3L and N, respectively). At the margins of the
embryo including the posterolateral margins encom-
passing the posterior half of the embryonic disc, which
are strongly stained at this stage, strong ISHSs are found
in the ventral layer and weak ones in mesoderm cells
(fig. 3I). In the arch-like area located between the lateral
border of the embryo and the band-like domain (area
marked X’ in fig. 3B), the ISHSs are weak to absent in the
mesoderm and in the ventral layer posteriorly (fig. 3],
right) and are weak in the mesoderm but stronger in the
ventral layer more anteriorly (fig. 3I). Strong ISHSs are
found in the yolk sac epithelium of the extraembryonic
tissues adjacent to the embryo while in these cells further
away from the embryo the reactions are weak or absent,
the trophoblast of the extraembryonic tissues shows no
ISHS:s (fig. 31).

In dorsal views of early stage 6 embryos (fig. 4A), the
two oblique bands of strong ISHSs are found again at
each side of the most anterior part of the wide, posterior
region of the notochord and these bands extend postero-
laterally to contact the margins of the embryo, a situation
very similar to that found at stage 5* (fig. 3B). However,
distinctly weaker ISHSs are found in two longitudinal
band-like domains on either side of the anterior, narrow
part of the notochordal process and extend the oblique
bands of strong ISHSs towards the anterior pole of the
embryo. Strong ISHSs are found in most of the embry-
onic margins except for the border encompassing the
posterior pole of the embryonic disc, which shows no re-
actions. In an arch-like area located between the strong-
ly stained anterior margin of the embryo and the weakly
stained two bands, which run along the anterior narrow
part of the notochordal process, no or weak ISHSs are
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found. No ISHSs are found in Hensen’s node and noto-
chordal process. Weak ISHSs can be seen in most of the
anterior part of the primitive streak. In the extraembry-
onic tissues, strong ISHSs are restricted to a narrow band
located next to the anterior circumference of the embry-
onic disc.

In the sections (data not shown), distribution of ISHSs
in the strongly stained oblique band-like domains to the
germ layers is similar to that of stage 5 (fig. 3]). However,
in the weakly stained band-like domains on either side of
the anterior, narrow part of the notochord, the ISHSs are
found to be weak and in the ventral layer only. The ex-
pression pattern in the margins of the embryo is similar
to the pattern found at the previous stage (fig. 3I),and - as
also found in the last stage — the prechordal mesoderm
cells, notochordal process and node show no reactions.
The weak reaction found in the overview in most of the
anterior part of the primitive streak is found to be con-
fined to the ventral layer (fig. 3L). Strong ISHSs are found
in the yolk sac epithelium cells of the extraembryonic tis-
sues adjacent to the embryo, while in the cells further
away from the embryo the sox17 ISHSs are absent; in the
trophoblast layer no ISHSs are seen.

At late stage 6, i.e. in the late presomite stage (fig. 4B),
the patterns of soxI7 ISHSs are found to be similar in
form to that of early stage 6; however, the two weakly

Fig. 4. Sox17 expression patterns during neurulation stages (stag-
es 67 to 7 at 8.0 d.p.c.) as seen in en face views (A-D) and 5-pm
sections atlow (E-I) and high magnification (J-T). All sections are
orientated with the epiblast to the top and the sagittal ones are
orientated with the anterior end to the left and the epiblast to the
top. Asterisks indicate the borders of the embryonic discs. Bars
and letters in C and D refer to the positions of transverse and sag-
ittal sections, respectively; boxes in E-I indicate the positions of
the high magnification details shown in K-T, but J was taken
from a section anterior to E. K-T are with differential interference
contrast (DIC) settings. ale = Allantoic endoderm, alm = allan-
toic mesoderm, am = amnion, cm = emerging cloacal membrane,
ee = epidermal ectoderm, epm = extraembryonic parietal meso-
derm, evm = extraembryonic visceral mesoderm, fg = foregut an-
lage, fp = floor plate, hg = hindgut anlage, imm = intermedial
mesoderm, m = mesoderm, mg = midgut anlage, n = Hensen’s
node, np = neural plate, nop = notochordal plate, opm = oropha-
ryngeal membrane, pc = pericardial cavity, pam = paraxial meso-
derm, pm = prechordal mesoderm, pnc = posterior notochord,
ps = primitive streak, s = somite, spp = splanchnopleuric meso-
derm, sop = somatopleuric mesoderm, vl = ventral layer, xc = ex-
traembryonic cavity, yse = yolk sac epithelium; bracket in A indi-
cates the length of the notochordal process, # in B refers to tissue
damage artefact, arrowheads in C and E point to the heart anlage.
Scale bar: A-D 156 pwm; H, 1 108 pm; E-G 50 pum; J-T 13 pm.
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stained band-like domains on either side of the anterior
narrow part of the notochordal process now have strong
ISHSs in the ventral layer and weaker ones in the meso-
derm layer (see below stage 7; fig. 4K) and are slightly
wider than at early stage 6, while the anterior weakly or
non-stained arch-like domain has acquired the shape of
an inverted U at this stage. Here, too, the reactions are
confined to the mesoderm and the ventral layer. Other
than that the distribution of ISHSs is similar to that
found at early stage 6.

At stage 7, when 2-4 somite pairs have formed, the
distribution of ISHSs has, again, changed only little as
compared to stage 6. However, the two posterior extrem-
ities of the inverted U-shaped anterior domain have wid-
ened posteriorly, so that two lateral oval-like areas appear
containing a short and narrow longitudinal band of weak
ISHSs which coincide with the bilateral heart anlagen
just anterior to the level of the most anterior somite (ar-
rowhead in fig. 4C, fig. 4D). Also, the posterior area with-
out ISHSs overlying the posterior half of the primitive
streak has turned into an arch-like shape encompassing
the weakly stained anterior half of the primitive streak
(fig. 4C, D). In the extraembryonic tissues, scattered
ISHSs are found again at this stage.

The sections obtained at this stage show that the two
oblique band-like domains on either side of the posterior
notochordal process contain strong ISHSs in the ventral
layer (the future midgut at this level, fig. 4H, I). Weak ex-
pression is found in the splanchnopleuric mesoderm,
which is now separated from the somatopleuric meso-
derm by a narrow intraembryonic coelom (fig. 4M, N).
At more anterior levels (somite levels: fig. 4F; narrow part
of notochordal process: fig. 4E), the somites (fig. 4L, T)
and the neural plate (fig. 4K, S), but not the epidermal
ectoderm (fig. 4L, M), show weak ISHSs in the ventral
half of the epithelium and in the underlying mesoderm;
however, strong ISHSs are found in the ventral layer cov-
ering these structures (the future foregut, fig. 4E, K, H, I).
Within the two lateral oval-shaped areas located just an-
terior to the level of the somites between the strongly
stained embryonic disc margins and the strongly stained
longitudinal band-like domains, ISHSs are found to lie in
the splanchnopleuric mesoderm of the heart anlage and
in the underlying ventral layer (future foregut; fig. 4]).

Along the anterior margin, strong reactions are found
in the lower layer (hypoblast and yolk sac epithelium) and
weak ones in the ectoderm (fig. 4R, J). The two layers of
the oropharyngeal membrane show weak or no ISHSs,
whereas some splanchnopleuric mesoderm cells anterior
and next to this membrane show weak reactions; the pre-
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chordal mesoderm which lies posterior to the oropharyn-
geal membrane has no or only weak ISHSs (fig. 4R). No
ISHSs are found in the notochordal plate (and the poste-
rior notochord), whereas the floor plate of the neuroecto-
derm directly overlying the notochord shows weak reac-
tions ventrally similar to the weak ISHSs in the ventral
parts of neural plate laterally (fig. 4K, P). Only weak reac-
tions are found in the centre of Hensen’s node, whereas
in the cells of the ventral layer underlying Hensen’s node
and the next small part of the primitive streak strong re-
actions are seen as at earlier stages (fig. 4P). Weak reac-
tions are found in the ectoderm and mesoderm cells lat-
eral to Hensen’s node (fig. 40), whereas the posterior part
of the primitive streak located next to the posterior mar-
gin of the embryonic disc shows no reactions at this stage
(fig. 4Q). Near the posterior margin of the embryonic
disc, ISHSs are found in the ventral layer (the future hind-
gut, fig. 41, Q), in the allantoic endoderm which is con-
tinuous posteriorly with the (strongly stained) yolk sac
epithelium (see below) and in the ventral part of the al-
lantoic mesoderm which is continuous posteriorly with
the visceral extraembryonic mesoderm. No reactions are
found in the amnion and in the parietal extraembryonic
mesoderm (fig. 4Q). In the extraembryonic tissues locat-
ed next to the anterior margin of the embryonic disc,
strong ISHSs are found in the yolk sac epithelium and
weak ones in theamniotic epithelium (fig. 41, ], R), where-
as the remaining parts of the extraembryonic tissues
show weak or strong ISHSs in the yolk sac epithelium in-
termingled with unstained areas (fig. 4F, G).

Discussion

This gene expression study shows that the Sox17, as a
key transcription factor for vertebrate endoderm forma-
tion, displays specific expression patterns which are con-
sistently found throughout the early phases of laying
down the body plan from pre- and early gastrulation
through to early neurulation stages. SoxI7 mRNA is
found: (1) in prospective endoderm cells of the central
epiblast at the early streak stage, (2) adjacent to the ante-
rior segment of the stage 3 and 4 primitive streak in me-
soderm cells and, adjacent to these mesoderm cells, in
prospective endoderm cells inserted into the ventral lay-
er, and (3) bilateral to the notochordal process during ear-
ly neurulation (stage 5), again in both mesoderm and the
ventral layer. In addition, and described for the first time
in a mammalian embryo, soxI7 mRNA is found in a mo-
saic-like distribution in the epiblast at the posterior pole
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of the embryonic disc immediately prior to the appear-
ance of mesoderm cells in the primitive streak; this pos-
terior expression domain finds its continuation in all
three cell layers at the posterior extremity of the primitive
streak as gastrulation proceeds up to early neurulation
stages. Possibly indirectly connected with endoderm for-
mation, sox17 mRNA is also found during early neurula-
tion stages in some mesodermal and neural components
lying next to the endoderm as well as in extraembryonic
tissues. Apparently without direct connection to loca-
tions of endoderm formation, sox17 mRNA appears in
the emerging anterior marginal crescent (AMC), the axis
defining structure in the anterior half of the embryonic
discimmediately prior to gastrulation, and thereby serves
as an additional molecular marker for anterior-posterior
axis definition.

The fact that the cRNA probe used in this study was
generated from a mouse soxI17 cDNA may be regarded
as a methodological limitation, but the distinct expres-
sion patterns found here at enhanced stringency condi-
tions (1.4XSSC compared to 5XSSC generally used in
ISH; see Materials and Methods) coincide with the
known topography of endoderm formation in mouse
and chick on the one hand [Lawson et al., 1986; Lawson
and Pedersen 1992; Kinder et al., 2001; Kanai-Azuma et
al., 2002; Lawson and Schoenwolf, 2003; Pfister et al.,
2007] and with hypothetical but topographically plau-
sible additional sites of endoderm formation such as the
posterior extremity of the primitive streak, on the other.
Together, these two considerations may be taken as pro-
viding sufficient support for our main conclusion about
the topography of endoderm formation, while further
reaching conclusions, e.g. whether other members of the
Sox-subgroup F are involved in either of the two endo-
derm sources suggested here, will require RT-PCR am-
plification and cloning of a soxI7 cDNA from rabbit us-
ing predicted exon sequences from the genomic se-
quence which became available in the ENSEMBL
database only after the experimental part of the study
was completed. At present, the positive evidence of the
sox17 knock-out mouse [Kanai-Azuma et al., 2002] and
the high homology when comparing sox17 sequences of
mouse, rabbit and human (GenBank Accession Nos.
NM_011441 [mouse], NM_022454 [human] and EN-
SEMBL-ID ENSOCUT00000012645 [rabbit]) on the
one hand, and the negative evidence that soxI8 is most
likely not involved in the endoderm cell lineage [Pen-
nisi et al., 2000] on the other, have to be weighed against
the probability that our riboprobe (spanning the sox17
coding region with the high mobility group) recognizes

Sox17 Expression Patterns and Endoderm
Formation in the Rabbit

other members of the Sox subgroup F (sox7 and sox18)
as well.

The mosaic-like expression pattern seen in the poste-
rior epiblast cells prior to the appearance of the primitive
streak has not been found in other mammalian embryos
analyzed so far [Kinder et al., 2001; Kanai-Azuma et al,,
2002; Pfister et al., 2007] but it is reminiscent of the onset
of mesoderm formation, which starts with the specific
expression of the key regulatory gene brachyury in single
epiblast cells dispersed in a mosaic-like pattern at the
posterior pole of the embryonic disc [Viebahn et al,
2002]. Indeed, the consistent finding of this early expres-
sion may be an indication for the possibility that the epi-
blast contains progenitor cells which are primed for en-
doderm formation simultaneously with, or prior to, me-
soderm formation, but extensive experimentation will be
needed to find out which of the two progenitor types is a
subgroup of the other (in the true sense of the mesendo-
derm coined for amphibian and fish development), or
whether there are, indeed, two separate progenitor popu-
lations for endoderm and mesoderm, respectively.

Before the primitive streak acquires the maximal
length, another small population of endoderm progeni-
tors seems to appear at its rostral extremity and is in
prime position to insert directly into the lower layer, as
was observed in the chick at early primitive streak stages
and using a newly developed labeling method [Kimura et
al., 2007]. However, the relatively low number of early en-
doderm cells [Tam and Beddington, 1992] may be ex-
plained by the second region of endoderm recruitment as
defined by posterior sox17 expression. This interpreta-
tion is also supported by the phenotype of the sox17
knock-out mouse: In this mutant, the severity of the gut
phenotype was most pronounced in the posterior gut and
sox17-deficient cells were unable to colonize the mid- and
hindgut of the chimeras whereas the prospective foregut
developed quite normally until the late neural plate stage
[Kanai-Azuma et al., 2002]. However, the posterior soxI7
expression in the rabbit contrasts with results in mouse
and chick, where no soxI7 expression has so far been de-
scribed at the posterior extremity of the streak [Kanai-
Azuma et al,, 2002; Chapman et al., 2007; Pfister et al,,
2007; Tam et al., 2007]. A solution to this discrepancy
may lie in a mere difference in the interspecific timing of
posterior endoderm commitment and recruitment; this
posterior domain may, indeed, contribute precursors of
the extraembryonic endoderm (allantoic endoderm and
posterior yolk sac endoderm [Tam et al., 2007]), and this
process differs profoundly even between closely related
mammalian species [Mossman, 1937].
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As gastrulation proceeds, increased sox17 expression
appears around Hensen’s node and the anterior segment
of the primitive streak. This coincides with an increasing
endoderm contribution described in the same region in
the mouse [Kanai-Azuma et al., 2002; Pfister et al., 2007].
In these areas almost all newly recruited cells seem to mi-
grate peripherally some distance within the middle layer
and then insert into the ventral layer, probably to form
foregut endoderm, a finding also obtained in the chick
embryo at similar stages [Kimura et al., 2007]. However,
the sox17 expression domains of the rabbit appear to sup-
port differences in endoderm precursor cell movement
observed between avian and mammalian embryos, which
concern anterior definitive endoderm moving in step
with the mesoderm layer [Kimura et al., 2006] in the
chick, whereas in the mouse dorsal foregut endoderm
moves independently of the mesoderm [Tam et al,
2007].

Not directly related to the endoderm sources de-
scribed so far, sox17 expression is found in early pre-
chordal mesoderm cells, which indicates that — similar
to the situation in the chick [Kimura et al., 2007] - these
cells may contribute, after migration anteriorly and lat-
erally, to the foregut. Further anterior to the prechordal
mesoderm, there is an expression domain just anterior
to the oropharyngeal membrane, and this may be related
to the induction process of the very early pancreas pri-
mordium because loss of soxI7 function leads to the lack
of PdxI expression (a gene related to pancreas differen-
tiation) while Hex (required for liver differentiation
[Bogue et al., 2000]) is still expressed in this area [Stain-
ier, 2002].

Several neural structures such as the neural plate and
the floor plate and some mesodermal structures such as
somites and splanchnopleuric mesoderm express sox17
mRNA at early neurulation stages (fig. 4), which may be
an indication of sox17 activity partially overlapping (and
co-operating) with sox2 and sox3 activity in early neural
tissues [Wood and Episkopou, 1999] and, possibly, in the
differentiation of the foregut: sox2 is expressed in the gut
endoderm in the chick and mouse, whereas sox3 tran-
scripts are detected in the posterior region of the foregut
in mouse early somite-stage embryos [Wood and Epis-
kopou, 1999] but not in chick embryos [Kimura et al.,
2007]. Sox17 is also expressed in developing blood ves-
sels and the heart (fig. 4) [Matsui et al., 2006; Sakamoto
et al., 2007] and is therefore likely to play an important
role in the development of tissues other than the endo-
derm. On the other hand, soxI7 knockout mutant data
suggest that the morphogenetic defects outside the en-

14 Cells Tissues Organs

doderm are secondary to defects in the endoderm [Ka-
nai-Azuma et al., 2002].

At pre-streak stages (stage 1 and 2), sox17 expression
is present either in embryonic and extraembryonic tis-
sues of the rabbit, whereas in the mouse egg cylinder, the
expression of sox17 was first found at pre-streak stages in
the extraembryonic visceral endoderm nearest to the ec-
toplacental cone and then to expand progressively to the
whole extraembryonic visceral endoderm [Kanai-Azuma
etal., 2002; Pfister et al., 2007]. Interestingly, in the chick
embryo, sox17 is expressed before streak formation in
early populations of posterior cells including the lower
layer of Koller’s sickle (KS) and in the middle layer of the
posterior marginal zone (PMZ), whereas no expression
was found in the epiblast layer of KS and of the PMZ and
in the caudal germ wall (CGW) [Chapman et al., 2007].
In the chick, endoderm precursor cells may, thus, have
descended from epiblast at a much earlier stage than in
the mammalian embryo. In any case, with its early ex-
pression in the hypoblast of the AMC and the colocaliza-
tion with several other anteriorizing genes such as DKK1
and Cerl [Idkowiak et al., 2004], sox17 serves to identify
anterior-posterior polarity early in the pre-gastrulating
rabbit embryos. Moreover, the hypoblast in the AMC
could share properties with the extraembryonic endo-
derm of the mouse which is essential in the establishment
of the body plan [Beddington and Robertson, 1999; Bren-
nan et al., 2001; Hoodless et al., 2001; Yamamoto et al.,
2001]. The expression of sox17 in the anterior hypoblast
of the AMC at pre-primitive streak formation, if com-
pared with sox17 [Kanai-Azuma et al., 2002; Pfister et al.,
2007] and hex expression in the AVE in the mouse organ-
ism [Keng et al., 1998], supports a potential role of sox17
in development of anterior structures.

In summary, the rabbit provides the tissue resolution
of gene expression necessary for the analysis of the com-
plex topography of initial endoderm formation. The cur-
rent study thus extends our knowledge of mammalian
germ layer generation; moreover, the rabbit’s morpholog-
ical similarity with most other mammalian groups dur-
ing this phase of development makes the integration of
the results into the concepts of early human development
an intriguing proposition. Whether the identity of differ-
ent parts of gut endoderm is defined by the two expres-
sion domains in the pregastrulation epiblast is now open
for discussion. As a first step towards revealing the an-
swer to this question, fate map studies should now be de-
signed to compare directly the tissue potency in the an-
terior and posterior extremities of the primitive streak.
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Summary

Compared to recent advances in understanding molecular aspects of endoderm differentiation,
the morphology of germ layer formation and, therefore the topographical arrangement of
molecular factors leading to endoderm formation, is still poorly defined; this is particularly
true during the transition from primary to secondary neurulation, the latter of which starts at
the posterior pole of the embryonic disc. To find common principles of germ layer
development in mammals, pig and rabbit embryos were analysed as two mammalian species
with human-like embryonic disc morphology using a comparative light and electron
microscopical approach. With regard to endoderm development intimate intercellular contact
between posterior primitive streak mesoderm and the posterior endoderm is found but there is
no ultrastructural evidence for a cellular contribution of primitive streak mesoderm to the
posterior endoderm. However, a two-step process emerges for the formation of the cloacal
membrane, which is closely related to posterior germ layer differentiation: At first, there is a
continuous mesoderm layer and numerous patches of electron-dense flocculent extracellular
matrix in the prospective region of cloacal membrane formation. In a second step, the cloacal
membrane is formed after disappearance of mesoderm and the establishment of intercellular
contacts between the endoderm and ectoderm. This involves single cells at first and then
gradually spreads to form a seam-like area of intimate contact between the two epithelial cell
layers. This process follows different timing schedules in the two species analysed: It runs in
parallel from gastrulation to early somite stages in the pig while in the rabbit, the process
starts at early somite stages and is accomplished at around the 18 somite stage. In both
species, however, cloacal membrane formation is complete prior to the start of secondary
neurulation (and therefore of secondary development). These results highlight the special
requirements for endoderm formation during development of the hindgut and suggests new

mechanisms for the pathogenesis of human urogenital and anorectal malformations.

Key words: mammalian morphogenesis, posterior pole, cloacal membrane, extracellular

matrix, urogenital and anorectal malformations
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Introduction

Formation and differentiation of the endoderm germ layer moved into the centre of attention
recently due to the advances in finding molecular tools for generating endodermal derivative
replacements such as insulin producing pancreatic islands in vitro (Murry and Keller 2008;
Zaret and Grompe 2008; Collombat et al. 2009). The endoderm is the ventral-most epithelial
cell layer of the tri-laminar embryonic disc of gastrulation-stage amniote embryos. It derives
from the epiblast layer of the bi-laminar pre-gastrulation embryonic disc (Gardner and
Rossant 1979), and is gradually inserted into the hypoblast (primitive endoderm) layer (Tam
et al. 2007; Kwon et al. 2008; Burtscher and Lickert 2009). Morphologically, this process is
thought to be combined with mesoderm and notochord formation at the anterior end of the
primitive streak (cf. (Kinder et al. 2001; Kirby et al. 2003; Lewis and Tam 2006) and
molecular factors driving this process are beginning to be understood (Lewis and Tam 2006).
However, cellular mechanisms separating prospective endoderm cells from epiblast and
inserting them into hypoblast remain enigmatic and recent molecular data from rabbits,
suggest that the posterior end of the primitive streak might be a second field of endoderm

formation during early neurulation stages (Hassoun et al. 2009).

Several developmental processes at the anterior end of the primitive streak are quite well
understood (Charrier et al. 1999; Joubin and Stern 1999), not least, due to the seminal and
long-standing concept of the amphibian organizer (Spemann and Mangold 1924) and its
equivalent structure, Hensen’s node, in amniotes (Waddington and Schmidt 1933); but similar
organizer acitivities or potencies have not been identified at the posterior end of the primitive
streak except that — as a more global morphogenetic process — the whole of the primitive
streak is in its late phase of development considered to be transformed into the tail bud
(Knezevic et al. 1998), which then completes caudal body formation by a process known as
secondary neurulation or secondary development (Miller and O'Rahilly 2004). Analyses of
mutant mice identified a couple of genes involved in secondary development (Holland et al.
1995; Gofflot et al. 1997; Wilson and Beddington 1997) but many functional interactions of
these genes as well as cellular mechanisms driving this process are not well understood. In
addition, a relatively detailed description of the dynamically changing morphology of the
posterior pole of the embryo during gastrulation and neurulation is available for the human
embryo, only (Mdiller and O'Rahilly 2004), and may not be applicable to amniote and
mammalian embryos in general. However, understanding the dynamic changes in the

topographical relationship between the three germ layers at the posterior pole of the

47



mammalian embryo and the identification of a possible second field of endoderm formation as
a contributor to the epithelial lining of the hindgut might be important, not least, for
understanding the pathogenesis of anorectal and urogenital malformations, which are frequent
in some domestic animals and man (Kluth and Lambrecht 1997; Favre et al. 1999; Papapetrou
C 1999; Mo et al. 2001).

The present study was carried out to document the development of germ layer morphology
and topography at the posterior pole of the mammalian embryonic disc during gastrulation
and neurulation with a special focus on endoderm formation. For this purpose, light and
electron microscopical characteristics of cells, tissues and the extracellular matrix were
analysed in two mammalian species with similar flat (non-rodent) embryonic discs (pig,
rabbit) but different timing of germ layer formation (cf. (Rabl 1915) and (Streeter 1927). The
study discloses morphological principles of early caudal body formation, which might be
common to mammals as well as non-mammalian amniotes and significant for understanding

normal and abnormal development of the mammalian hindgut.

Material and Methods

Embryos

For collecting porcine embryos, late pre-pubertal gilts (Landrace x Large White, Institute of
Animal Science and Behaviour, Mariensee, Germany) were stimulated (1) using 5ml of a
synthetic progestagen (2,2 mg Regumate®/ml, Intervet, Unterschleil3heim, Germany) per os
once daily for 10-18 days, and (2) using 1500 IU pregnant mare serum gonadotropin
(Integonan®, Intervet) i.m. 72 h, prior to starting the mating schedule with Piétrain boars; on
the day before mating, gilts were superovulated using 500 U human chorionic gonadotropin
(hCG, Ovogest®, Intervet) intravenously. Each gilt was mated (or artificially inseminated)
twice, the first time 24 h after hCG treatment and a second time 36 or 48 h after hCG
treatment. The time of the first mating was taken to be the time of conception from which
embryonic age was calculated, i.e. embryos designated to be recovered at 11.0 days post
coitum (d.p.c.) had an embryonic age of minimally 10.0 and maximally 11.0 days. Uteri were
removed after slaughter carried out between 11.0 and 13.0 d.p.c. and were flushed twice with
20 ml warm (37° C) phosphate buffered saline (PBS) containing 2% polyvinyl alcohol (PVA).
Blastocysts were collected in large petir dishes, washed in warm PBS twice to remove blood
or cellular residue and stored in PBS at room temperature for not more than 1 h until

microdissection.
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For collecting rabbit embryos, young adult New Zealand White rabbits (Lammers,
Euskirchen, Germany) were superovulated by single injections of pregnant-mareserum-—
gonadotropin (100 I.E. i.m.; Intergonan®, Intervet, Unterschleiheim, Germany) and human
choriogonadotropin (180 I.E. i.m.; Predalon®, Organon, Oberschleiheim, Germany) 72 h in
advance and immediately before natural mating, respectively. Uteri were removed between
8.0 and 9.5 d.p.c. through cesarean section after injecting a lethal dose (320 mg) of
Narcoren® (Merial, Halbergmoos, Germany) intravenously. Uterine segments containing the
implantation chambers were separated using scissors and suspended in PBS at room
temperature to open the uterine wall antimesometrially using iridectomy scissors. Using dark
field illumination and a stereomicroscope, embryos were freed at their endometrial attachment

sites and most of their extraembryonic tissues were removed, again using iridectomy scissors.

For both light and transmission electron-microscopical analysis blastocysts were further
microdissectioned using iridectomy scissors and tungsten needles to eliminate extraembryonic
tissue that may obscure morphological features critical for staging specimens after fixation.
Tissues were prefixed for 2-3 h in a mixture of 1,5% paraformaldehyde (PFA) and 1,5%
glutaraldehyde (GA) in phosphate buffer followed by postfixation in 1% OsO4 in phosphate
buffer and embedding in araldite® (Plano, Wetzlar, Germany; cf. Schwartz et al., 1984).

Morphological analysis

Fixed embryos including adjacent extraembryonic regions were photographed as whole
mounts both prior to, and following, embedding in Araldite® for staging purposes (s. below)
and for correlation of morphological findings obtained in sections with those observable in
whole mount views of the same specimen. Subsequently, complete series of semithin (1 pum)
sections were cut either in the transverse or sagittal plane using a diamond knife and stained
with methylene blue (Schwartz et al. 1984). The positions of serial sections were recorded in
photographs of the gross-morphological (whole mount) overviews taken at low magnification
in each specimen, emphasis being placed on the midline region of, and posteriorly and
laterally adjacent to, the primitive streak. At suitable intervals 70 nm sections were cut for
transmission-electron-microscopical analysis of regions previously defined in semithin
sections and whole mount views. If necessary, selected semithin sections were re-embedded
in Araldite® (Viebahn et al., 1995b) and sectioned at 70 nm.
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Staging

Gastrulation and early neurulation stages defined by (Blum et al. 2007) for the rabbit embryo
in accordance with Hamburger and Hamilton stages for the chick (Hamburger and Hamilton
1992) were applied here to the pig, also. Calculated embryonic age in pig embryos ranged
from 11.0 d.p.c. (stage 4) to 13.0 d.p.c. (stage 8 = 4-6 somite pairs), whereby due to the
double-mating-scheme employed these stages may be reached also at 10.0 or 12.0 d.p.c.,
respectively. In the rabbit, posterior differentiation analogous to the features found in these pig
stages occurred at older stages (s. below) and coincided with the stages 5 through to the 18-
somite stage, which corresponded to embryonic ages of 8.0 to 9.5 d.p.c., respectively. Four to

eight serially sectioned embryos were analysed for each developmental stage in both species.

Results

Posterior development in the pig embryo

As in most amniotes, the posterior pole of the embryonic disc in the pig is dominated by the
longitudinally oriented primitive streak for a comparative long phase of development, i.e. from
the time of appearance of the first mesoderm cells at stage 3 (Hassoun et al. 2009) through
stage 4 (Hensen’s node stage, Fig. 1A) and 5 (notochordal process stage, Fig. 1B) until early
(Fig. 1C) and late (Streeter 1927) somite stages. Beginning with stage 3, mesoderm cells start
to leave the primitive streak epiblast through wide gaps in the epiblast basement membrane
and spread out within the space between epiblast and hypoblast. As a result, a continuous,
more or less dense cellular sheet of mesoderm bridges the posterior border of the embryonic
disc at stage 4 (Fig. 1G). This newly formed sheet of mesoderm cells thus separates epiblast
and hypoblast as well as trophoblast and yolk sac epithelium (extraembryonic endoderm).
Mesoderm cells themselves, too, frequently lie separated by wide extracellular spaces, in
particular at the extraembyonic periphery where a continuous mesodermal lining of the
chorionic cavity is found (not shown). Within the embryonic disc, several epiblast cells at the
posterior pole of the primitive streak region have a distinct basement membrane, which is
continuous with the basement membrane of the trophoblast lying posteriorly adjacent to the
embryonic disc (Fig. 1G). These epiblast cells do not show morphological signs of epithelio-
mesenchymal transition (lack of basement membrane, bottle-shaped cells) typical of primitive
streak epiblast (cf. Fig. 1G, left) and are, therefore, addressed as prospective surface ectoderm
cells of the region where tail, cloacal membrane and the infraumbilical abdominal wall will

form (cf. Fig. 1H). In close proximity to these posterior prospective surface ectoderm cells,
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numerous patches of electron-dense floccular extracellular material lie on the mesodermal side
of the basement membrane and frequently fill the intercellular space between individual
ectoderm and mesoderm cells (Fig. 1J). In the dorsal cell layer (extraembryonic) trophoblast
cells with their numerous microvilli, a rather dense cytoplasmic consistency and numerous
apoptotic bodies can be distinguished easily from (intraembryonic) prospective surface
ectoderm cells, which have only few microvilli, a lighter cytoplasm (electron microscopic data
not shown) and very few apoptotic bodies. In the ventral cell layer, however, the border
between the (intraembryonic) hypoblast and the (extraembryonic) yolk sac epithelium is
indistinct although the hypoblast has generally a higher number of cells lying closer together
than the yolk sac epithelium (posterior). Although both these parts of the ventral layer clearly
have an apicobasally polarised epithelial nature, a basement membrane is missing on their
(basal) surface facing the mesodermal compartment, within and outside the embryonic disc, at

this stage (not shown).

At stage 5, when the neural plate is induced and rises in the anterior half of the embryonic disc
(at around 12.0 d.p.c.), extraembryonic tissues, in particular the amnion, start to fold up with
the effect that (1) the surface ectoderm, now for its main part high-columnar and
pseudostratified, is increasingly separated from the ventral layer and folded onto the posterior
part of the primitive streak, and that (2) the border between the embryonic surface ectoderm,
here more isoprismatic than high-columnar, and the emerging, squamous amniotic epithelium
is brought to lie dorsal to the primitive streak as well. The posterior embryonic disc border
between surface ectoderm and primitive streak epiblast is also marked by a distinct change in
epithelial height (primitive streak epiblast being pseudostratified and even higher than surface
ectoderm), however, this border now coincides with a short stretch of close apposition
between a few cells each from surface ectoderm and the ventral layer (Fig. 1H). The ventral
layer now consists of a pseudostratified high-columnar epithelium on both sides of the
posterior embryonic disc border. Inside the embryo it is now addressed as endoderm, outside it
represents the epithelium of the allantoic diverticulum; as true epithelia both layers have a thin
basement membrane on their surface facing the mesoderm compartment (not shown). Anterior
to the area of contact with the ectoderm, i.e. towards the mesoderm near the primitive streak,
there are areas of close contact with mesoderm cells (Fig. 1K) and a basement membrane is
missing as at later stages (cf. Fig. 1N). Further posteriorly, mesoderm cells are lacking
between ectoderm and endoderm in the limited area of contact between ectoderm and
endoderm. At young stages of this phase of development this contact area measures about 10

pum in all direction (anterioposteriorly and to both sides of the midline) and is, thus, the first
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sign of a definitive cloacal membrane consisting of ectoderm and endoderm only. The size of
the contact area is limited by the presence of mesoderm cells which are densely packed
anteriorly (in the area of the primitive streak) and loosely packed posteriorly and laterally with
the effect that the contact area is surrounding completely by mesoderm in both embryonic and
extraembryonic regions (Fig. 1H). Patches of electron-dense flocculent extracellular material
on the mesodermal side of the basement membrane are still found between surface ectoderm
and endoderm in this contact area (Fig. 1L) but the space between surface ectoderm and

endoderm has become narrower in most places as compared to the previous stage.

As neurulation proceeds to stage 8 (four somite pairs) and is accompanied by forward bending
of the neural plate at the anterior pole (at around 13.0 d.p.c.), the area of the cloacal membrane
broadens to measure 40 — 50 um in the longitudinal plane and 75um in the transverse plane.
Both ectoderm and endoderm are now high-columnar pseudostratified epitelia; mesoderm
cells are still excluded from the area of the cloacal membrane and have come to lie anterior (as
mesoderm of the primitive streak), posterior and lateral (as mesoderm of the infraumbilical
abdominal wall and extraembryonic allantoic mesoderm) to the cloacal membrane. The
surface ectoderm has hardly changed in position, contains fewer apoptotic bodies as compared
to the previous stage and is now supported by a dense mesodermal layer which itself shows a
distinct and smooth surface towards the chorionic cavity (Fig. 1K). Both layers, surface
ectoderm and extraembryonic (allantoic) mesoderm show a gradually decreasing height at the
border with the amnion. The endoderm layer, on the other hand, has generally increased in
height further when compared to the previous stage and this is now also true for the ventral
side of the narrow allantoic diverticulum, which has developed in connection with the folding
of the ventral layer. Both ectoderm and endoderm are supported by a broad and continuous
basement membrane except for the area of the cloacal membrane, where stretches with close
ectodermal-endodermal contact without basement membrane interchange with stretches of
distinct intercellular spaces between the two epithelia; the latter frequently contains small

patches of electron-dense flocculent extracellular material (Fig. 1M).

To sum up formal germ layer development in the pig, a two-step process emerges: the first
step is characterised by (1) the presence of a continuous mesoderm layer, (2) numerous
patches of electron-dense flocculent extracellular matrix, and (3) intimate contact between
primitive streak mesoderm and endoderm within, or near the anterior border of, the
prospective region of cloacal membrane formation; the second step is defined by direct

intercellular contact between endoderm and surface ectoderm cells which involves single cells
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at first and then gradually spreads to form the definitive cloacal membrane consisting of a
roundish, plate-like area of intimate contact between several rows of cells within stretches of

pseudostratified surface ectoderm and endoderm.

Posterior development in the rabbit embryo

In the rabbit embryo, the phase of a complete mesoderm cell layer bridging the posterior
border of the embryonic disc and thereby separating the dorsal from the ventral cell layers (i.e.
epiblast and trophoblast from hypoblast and yolk sac epithelium, respectively) lasts through
stage 5 up to the 8- somite stage (Fig. 2A, B, E, F) and early somite stages (not shown).
Principally similar topographical and cytological characterics prevail throughout: A couple of
epiblast cells immediately posterior to the primitive streak do not show morphological signs of
epithelio-mesenchymal transition (Fig. 2E). The ventral layer consists of a squamous to
isoprismatic hypoblast lying underneath the primitive streak and of an isoprismativ yolk sac
epithelium lying underneath the trophoblast region. Both these cell layers have an apico-basal
polarity as in the pig (of earlier stages, cf. Fig. 1A and G). In the more distal extraembryonic
mesoderm, though, there are wide spaces between mesoderm cells heralding chorionic cavity
formation. The main structural distinction as compared to the pig at this stage are the greater
height (isoprismatic to low-columnar) of trophoblast epithelium (which — as in the pig — also
carries numerous microvilli as opposed to epiblast or ectoderm, data not shown) and the
relative density of embryonic and extraembryonic mesoderm (Fig. 2E), which makes

distinguishing the posterior border of the embryonic disc more difficult than in the pig.

The next phase in germ layer differentiation, namely folding of surface ectoderm and
endoderm as well as formation of the cloacal membrane, occurs at about the same speed
(between 8 and 9 d.p.c.) as in the pig (between 11 and 12 d.p.c., cf. Fig. 1G and H) but has a
more complex topographical arrangement in the ventral cell layer: Rather than being a stretch
of isoprismatic to high-columnar (endoderm) epithelium, the ventral layer is still squamous
and, in an area measuring about 50 um in diameter, forms multiple invaginations. These are, at
first (at the 8 somite stage), separated from the surface ectoderm by a few mesoderm cells
(Fig. 1F), while at later stages (13 somite pairs), the epithelium of the invaginations is
increasingly dense and isoprismatic and its basal surface is in direct contact with the basement
membrane of the surface ectoderm (Fig. 2K). Frequently there is, also, close contact between
mesoderm and endoderm cells near the tips of these invaginations (Fig. 2J). The surface

ectoderm layer immediately posterior to the primitive streak is isoprismatic, at first (Fig. 2F),
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but is later high-columnar (Fig. 2G). Similar to the situation in pig, however, numerous
patches of electron-dense flocculent extracellular material are now found on the mesodermal
side of the basement membrane of the surface ectoderm, too (Fig. 2l and K). Further
posteriorly, the surface ectoderm has enlarged as compared to the previous stage, bends
dorsally and brings the border between surface ectoderm and amnion epithelium to a position
dorsal to the primitive streak (Fig. 2G) as in the pig (cf. Fig. 1H). Extraembryonic mesoderm
appears denser than in the pig and contains numerous capillary blood vessels already (Fig. 1G,
to the left).

At more advanced somite stages (18 pairs of somites; 9.5 d.p.c. Fig. 3D), the multiple
endoderm invaginations are replaced by a patch of high-columnar pseudostratified epithelium
which forms a continuous stretch of close contact with the overlying surface ectoderm (Fig.
3H). This definitive anlage of the the cloacal membrane measures about 100 um along the
anterior-posterior axis (cf. Fig. 3G, H) and about 25 um along the transverse axis. The surface
ectoderm has slightly increased in height as compared to the last stage and shows only few
apoptotic bodies. At the anterior end of the cloacal membrane area and next to the posterior
end of the primitive streak, mesoderm cells are in close contact with endoderm cells without
intervening basement membrane (Fig. 3H). In the area of the cloacal membrane there is a
discontinuous basement membrane and areas of intimate intercellular contact between
endoderm and surface ectoderm, but there are also and still a few patches of electron-dense
flocculent extracellular material in the space between basement membrane and the basal

surface of the endoderm epithelium (Fig. 3L and M).
Discussion
Early hindgut development in the mammalian embryo

The comparative light and electron microscopic analysis of germ layer development at the
posterior pole of the embryonic disc in two mammalian species with a similar disc
morphology uncovered the same principles of germ layer differentiation and relocation but
different schedules of development in relation to the gastrulation and neurulation process (Fig.
3): Mesoderm emerging from the primitive streak (s. asterisks in Fig. 3B) is spread widely in
all directions by mid-gastrulation with the effect that the dorsal and ventral layers at the
posterior pole — present since the late blastocyst stage (Fig. 3A) — are completely separated by
a more or less dense mesoderm cell layer (Fig. 3B). This is accompanied by differentiation (1)

of the dorsal layer of the embryo into surface ectoderm posterior to the primitive streak and
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amnion epithelium adjacent to the embryonic disc border and (2) of the ventral layer into
endoderm which is fated to line the hindgut and the allantoic diverticulum; here, contact with
the mesoderm emerging from the posterior pole of the primitive streak may be of functional
significance (Fig. 3B). As the next distinct step, both dorsal and ventral layers fold back onto
the embryonic disc thereby forming the amniotic cavity and the allantoic diverticulum,
respectively (Fig. 3C). During this process posterior surface ectoderm is carried dorsally and
hindgut endoderm is carried ventrally. At the hinge point of these folding processes both
epithelia come into close contact and this is the beginning of cloacal membrane formation
(Fig. 3C). For establishing this contact, mesoderm cells present between the two layers at the
presumed position of the cloacal membrane (cf. Fig. 3B) need to disappear locally. As soon as
the cloacal membrane is formed secondary neurulation starts with the rise of the posterior pole
of the primitive streak to form the tail bud (also called caudal eminence in human
development), which is the organizer of secondary neurulation and, hence, of secondary
development (Miller and O'Rahilly 2004); cf. Fig. 3C and D). As secondary development
proceeds, mainly through lengthening of the tail bud, the fates and relative positions of the
different stretches developing within the plane of any one germ layer gradually find their final
position from which organogenesis can start as the next step (Fig. 3D). Remarkably, the
differentiation process described here starts at mid-gastrulation (stage 4) and is accomplished
by early neurulation (stage 8 with 3 somite pairs) in the pig, whereas in the rabbit this start is
delayed at least to soon after the same early neurulation stage (stage 8) and is accomplished
not before mid-neurulation (18 somite pairs) taking, though, roughly the same amount of

absolute developmental time (approx. 48 h).

Comparison of both morphology and timing schedules with the equivalent features of other
mammals including man is difficult as only limited data are available. Early stages of the
mouse show ample mesoderm at the posterior end of the primitive streak and beyond thus
clearly separating surface ectoderm and endoderm at the posterior pole of the egg cylinder
(Downs and Bertler 2000; Downs et al. 2009) while mid-neurulation stages (9 — 11 somite
pairs, Theiler stage 13) appear to have typically folded extraembryonic membranes (amnion
and yolk sac) and a complete bona fide cloacal membrane (cf. Fig. 13a, panels ¢ and d in
(Kaufman 1992); the intermediate phase, though, has not yet been studied using high
resolution light microscopy or ultrastructural analysis. Human development, on the other hand
is quite well described (cf. (Miller and O'Rahilly 2004) and even shows the feature of a
continuous mesoderm layer separating early ectoderm and endoderm prior to cloacal

membrane formation (Pohlman 1911) and s. below); however, due to the notoriously
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inadequate tissue preservation at the appropriate stages required (stage 7 to 10, i.e. 15 to 21
d.p.c. (O'Rahilly and Muller 1987) transmission electron microscopical evidence is not
available (and probably never will be) to analyse the appearance of the extracellular matrix

between the germ layers at the posterior pole of the human embryonic disc.

At least, the interspecific comparison suggests that the differentiation and relocation of the
germ layers at the posterior pole of the mammalian embryonic disc may be morphologically
similar in all mammals despite striking differences in (extraembryonic) differentiation of the
allantoic mesoderm (the *“connecting stalk) adjacent to the posterior pole of the embryonic
disc. On the other hand, similarities in the position of amnion formation amongst pig, rabbit
(this study) and mouse (Kaufman 1992) raises the intriguing possibility that amnion in higher
primates (Heuser and Streeter 1941) and man (cf. (Luckett 1978) may originate from

trophoblast (rather than from epiblast) in these species, too.

Is there a second (posterior) field of endoderm formation?

The high-columnar pseudostratified stretch of endoderm (and its precursors in the endoderm
invaginations in the rabbit) correlates in its relative position with the expression of the
transcription factor gene sox17 at the posterior pole of the stage 5 rabbit embryo, which raised
the possibility of a second field of endoderm formation (Hassoun et al. 2009). However, no
morphological signs of a mesenchymal-to-epithelial transition (from primitive streak
mesoderm to posterior endoderm) were found at the comparatively late stages investigated
here. Only a close apposition of mesoderm and endoderm just anterior to the region of cloacal
membrane formation is regularly found (Figs. 1K and 2J) and may suggest — particularly in the
light of hindgut defects in sox17 knock-out mice and in chimeras with sox17-null-cells (Kanai-
Azuma et al. 2002) — that at least intimate cell-to-cell contact may be necessary for endoderm
differentiation in hindgut and tailgut formation. Eventually, secondary development will bring
a putative posterior source of endoderm formation into close proximity to (and to fuse with)
the source of endoderm at the anterior end of the primitive streak (Fig. 3D). From then
onwards, endoderm differentiation is likely to proceed depending on the expression of sox17,
only (Kanai-Azuma et al. 2002), and this may then be independent of endoderm originating
from the anterior or posterior ends of the primitive streak. However, classical fate map studies
(cf. (Franklin et al. 2008) could clarify whether or not the posterior end of the primitive streak

may be a source of endoderm formation.

Cloacal membrane formation
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Possibly due to the paucity of data from well-preserved specimens of early human embryos
(Florian 1933), textbooks of human embryology usually give only vague information on early
development of the cloacal membrane and suggest that it represents an area of the embryonic
disc that remains in its initial bi-laminar state throughout gastrulation and neurulation. Indeed,
such a view seemed to be in accordance with observations from (Wyburn 1937) who described
the cloacal membrane as an initially large area of ectodermal-endodermal contact that
becomes reduced in size by the immigration of mesoderm from the posterior end of the
primitive streak. Our present data from pig and rabbit embryos show that, during the early
stages of gastrulation, a continuous layer of mesoderm is formed at the posterior pole of the
embryonic disc which connects the posterior end of the primitive streak with the extra-
embryonic mesoderm. An area of direct contact between the ectoderm and endoderm that
could be interpreted as cloacal membrane becomes apparent only at advanced stages of
gastrulation and must, therefore, be established by the disappearance of mesodermal cells from
the prospective cloacal membrane region (cf. Fig. 3B and C). Interestingly, these data
correspond to the situation described for human embryos (Pohlman 1911) and, thus, suggest
that the cloacal membrane should no longer be seen as a remnant of the two-layered
embryonic disc, at least during mammalian development. Rather, the cloacal membrane
appears to be a newly developing structure whose size depends on the disappearance of
mesodermal cells and is followed by establishment of direct contact between the posterior
ectoderm and endoderm. The latter may vary in morphological detail (cf. endodermal

invaginations in the rabbit) or in its timing relative to gastrulation and neurulation.

Role of the extracellular matrix

The appearance of an interrupted basement membrane and patches of flocculent electron-
dense extracellular material between the ectoderm and endoderm of the forming cloacal
membrane is reminiscent of data obtained in the oropharyngeal membrane of the golden
hamster (Waterman RE 1977) and the chick (Waterman and Schoenwolf 1980), where
fibronectin was found to be a functional component of the extracellular matrix (Waterman RE
1980). The oropharyngeal membrane plays an equally pivotal role near the anterior pole of the
embryonic disc to ascertain proper arrangement of anterior organ anlagen such as the
prechordal plate, preoral gut (Seessel’s pocket: (Seessel A 1877) and Rathke’s pouch, to name
but a few. Analysis of early stages may reveal a hitherto unexpected initial phase of
oropharyngeal membrane formation in which mesoderm needs to be removed in the midline to

establish the necessary ectodermal-endodermal cell contact, As a further parallel to posterior
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development described in the present study, foregut endoderm formation (possibly originating
from the prechordal plate as it is inserted into the endoderm (Mdller and O'Rahilly 2003) may
also depend on the vicinity of formal apposition between ectoderm and endoderm.

Implications for the pathogenesis of urogenital and anorectal malformations

For a long time, several urogenital (e.g. exstrophy-epispadias complex) and anorectal
malformations (e.g. imperforate anus; “persistent” cloaca) were suspected to result from
abnormal development of the cloacal membrane (for reviews see (Kluth and Lambrecht 1997),
and (Ménner and Kluth 2005). In recent years, this idea was supported by observations made
in animal models which suggest that anorectal malformations might result from abnormal
processes mainly affecting the caudal (anal) part of the cloacal membrane (Kluth et al. 1995;
Mo et al. 2001; Qi et al. 2002), whereas urogenital malformations might result from abnormal
processes mainly affecting the cranial (urogenital) part of the cloacal membrane (Mé&nner and
Kluth 2003; Méanner and Kluth 2005). Knowledge about the normal and abnormal formation
of the cloacal membrane, therefore, might be the key to the understanding of the pathogenesis
of anorectal and urogenital malformations. Our present study is well suited to close the
information gap on initial cloacal membrane formation and might be of interest for the
elucidation of the morphogenesis of hindgut malformations: Domestic pigs, for example, have
a high spontaneous incidence of anorectal malformations (0.2-0.3%) and are therefore used as
an animal model for human anorectal malformation (Van der Putte and Neeteson 1984). If
formation of the cloacal membrane, indeed, were to depend on the disappearance of
mesodermal cells, abnormalities in cell removal (e.g. apoptosis, directed migration) or
disturbance in extracellular matrix composition may present relatively simple testable models
which may answer the question as to how abberrant development of the cloacal membrane

leads to congenital malformations.
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Figure Legends

Fig. 1. Light and electron microscopy of germ layer differentiation in the pig as seen in dorsal
views of whole embryonic discs (A-C), in median sagittal semithin (1um) sections (D-I, K)
and in ultrathin sections (J, L-N) taken from the same embryos at stage 4 (A, D, G, J), stage 5
(B, E, H, K, L) and stage 8 (C, F, I, M, N), respectively. The position of the areas shown in (G,
H, I and K) is indicated with boxes in the lower magnification shown. The electron
microscopic images were taken from the same or from the neighbouring section analysed with
light microscopy. Asterisks mark the embryonic-extraembryonic border in the dorsal layer of
the embryonic disc, arrowheads point to the basement membrane, arrows point to patches of
electron-dense material in the extracellular space next to the basement membrane. Brackets in
K point to the mesoderm-endoderm contact area. am amnion epithelium, end endoderm. exm
extraembryonic mesoderm, m mesoderm, n node, ps primitive streak, se surface ectoderm, th
trophoblast, vl ventral layer, yse yolk sac epithelium. Scale bar: 400 um in A-C, 30 um in G-I,
10 umin K, 1.5 uminJ, L, M, N.

Fig. 2. Light and electron microscopy of germ layer differentiation in the rabbit as seen in
dorsal views of whole embryonic discs (A, B) or embryos (C-D), in semithin (1um) sections
(E-H, J) and in ultrathin sections (I, K-M) taken from the same or similar embryos at various
stages, respectively: stage 5 (A, E), 8-somite-stage (B, F, 1), 13-somite stage (C, G, J, K) and
18-somite-stage (D, H, L, M). The position of the sections within the embryo is marked in A-
C, the position of the areas selected for high magnification is indicated with boxes in the lower
magnification shown. The electron microscopic images were taken from the same or from the
neighbouring section analysed with light microscopy. Asterisks mark the embryonic-
extraembryonic border in the dorsal layer of the embryonic disc, arrowheads point to the
basement membrane, arrows point to patches of electron-dense material in the extracellular
space next to the basement membrane. inv invagination of endoderm layer, all other labelling
as for Fig. 1. Scale bar: 800 um in A-D, 30 pm in E-H, 6.5 umin J, 1.5 umin I, K-M,

Fig. 3. Schematic representation of germ layer differentiation and fate at the posterior pole of
the mammalian embryo from late blastocyst stage (A), through gastrulation and neurulation (B
and C) until early organogenesis. The stages shown in B and C were investigated in this study;
A and D are shown to illustrate the topography of the origin and the fate of the germ layers

involved. To avoid confusion, the thickness of germ layers is not drawn to scale.
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