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Introduction

Cell-determination and induction of differentiation aretwocritical
issues of both normal and aberrant embryonic development. Be-
ginning with developmentally equipotent and non-committed

blastomeres. development proceeds through a series of continu-
ous, but nevertheless discreet phases that are marked on the one
hand by acquisition of more and more specialized traits and on the
other by a restriction of the originally unlimited development
potential.

In the mouse embryo, which is the most extensively studied
mammalian model, the interplay of genetic and epigenetic deter-
minants of development is apparent from the earliest stages of

embryogenesis. Whereas the blastomeres isolated from 4 and 8
cell embryos are developmentally equipotential (Tarkowski, 1959),
positioning of the embryonic cells in the morula (16-32 cell embryo)
and compaction specify their developmental fate and whether the
cells will give rise to trophectodermal or inner cell mass lineages
(reviewed by Maro et al., 1990). However even in the late morulae
the outer cells, and likewise the inner ones retain their pluripotency
(Rossant and Vijh, 1980) indicating that they are not definitely
committed. Formation of the blastocyst and the emergence of two
distinct cell populations-the inner cell mass and the trophectoderm
leads to the further diversification of cells in the embryo and the
appearance of distinct domains that have been extensively char-
acterized morphologically, immunochemically and developmentally
(see Gardner 1985; Beddington 1986; Rossant 1987).

Following implantation the embryo forms a highly polarized and
complex structure known as the egg cylinder (Fig. 1). The egg
cylinder of rodents is equivalent to the gastrula of amphibians and
the embryonic plate in human development. It is during these
stages of development that the embryo proper definitely separates
from the extraembryonic membranes, and the first signs of asym-
metry are generated. These are the last stages that contain
developmentally totipotent cells, not withstanding the germ cells,
whose precursors appear for the first time in the egg cylinder in the
form of primordial germ cells (reviewed by Eddie et al., 1981; De
Felici and Dolci, 1987). It is arguable whether the events occurring
between implantation and gastrulation of the mammalian embryo
are any more complex than those in the pre implantation stages of
development or in organogenesis. Nevertheless the transformation
of developmentally pluripotent cells of the inner cell mass (ICM) of
the blastocyst into developmentally restricted germ layers-ectoderm,
mesoderm and endoderm - has fascinated us for some time as will
be seen from this article.

Our study of early murine embryogenesis began in Zagreb as an
attempt to define the developmental potential of cells in the egg
cylinder and to characterize various aspects of their differentiation.
The work was continued in Philadelphia and Zagreb. In this review,
we shall touch upon some of the results gathered in our laboratories
concerning murine embryos in early postimplantation stages of
development.

The data will be presented as our answers to the question: what
did we learn about the developmental potential of the rodent egg
cylinder by:

studying the morphology of the embryo
transplanting the embryo or its parts to extrauterine sites
culturing embryos in vitro
and experimenting with the cell lines developed from embryo-
derived teratocarcinomas.

Morphogenesis of murine egg cylinder

At the time of implantation the blastocyst of mice and rats
comprises two distinct cell populations: the trophectoderm and the
innereell mas (ICM)(Nadijeka and Hillman, 1974). Onthe blastoeelie
surface of the inner cell mass a new subset of epithelial cells
appears at the end of the fourth day of pregnancy in the mouse and
one day later in the rat (Gardner. 1982), developmentally and
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Fig. 1. Diagram of a 7-day mouse egg cylinder. Ecroplacen tal cone (EPO
poinrs toward the mesometria! side of the endometrium and is attached to
rhe extraembryonic portion, whereas the embryonic porrion is formed by
rhe rip of the egg cylinder facrng toward the antlmesomernal side. The
outermost layer is formed of the parietal endoderm (PE) which is in
continuity with the extraembryonic viscera! endoderm (VE). The
extraembryonic visceral endoderm is rn continUity with the embryonic
endoderm. Ectoderm (Ec) forms the innermost layer of the egg cylinder.
Mesoderm (Me) is interposed in between rhe ectoderm and mesoderm
Chorionic (Ch) and amniotic folds (Am) are also shown. The dotted line
indicates the border between rhe extraembryonic (Extra) and embryonic
portion of the egg cylinder.
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structurally distinct from the remaining ICMcells. It is called the

primitive endoderm since it contains the precursors of visceral and
parietal extraembryonic endoderm of the yolk sac cells of the
choriovitellineplacenta (reviewedbyGardner, 1985), The remaining
undifferentiated ICM cells form the primitive ectoderm and are
consideredto be the progenitors of cells and tissues in the embryo
proper. the fetus and the adult organism (Gardner and Rossant.
1979).

Implantation of the murine blastocyst is a highly stereotypical
event (Schlafke and Enders. 1975). It occurs invariably in
antimesometrial crypts formed by the uterine folds primed to
become the implantation chamber. After the apposition of the
trophectodermal tothe endometrial cells, these cells adhere to one
another. followed by apoptosis of endometrial cells (Parr et al..
1987). Invasion of trophoblastic cells through the basement
membrane into the deeper layers of the endometrium occurs
thereafter. However only a part of the murine trophectoderm
invades at the site of attachment and the embryo does not dig in
completely under the surface layer of the endometrium as in
humans (Hertig et al..1956). The partial intraluminal position of the
implanting murine embryo, which is firmly anchored to the
anti mesometrial endometrium. provides spatial orientation for
future development. It also facilitates the proliferation of polar
trophectoderm which willform the ectoplacental cone and reach the
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Fig. 2. Diagrammatic presentation of the outgrowth of
the mouse egg cylinder in vitro. The embryonic axis for-
mation depends on the positlonmg of the mner cell mass of
the explanted blasrocyst. (From Wu et al.. 1981. with per-
mission of the publisher)

mesometrial side of the endometrial cavity richly vascularized by the
mesometrial uterine arteries.

The implantation of the blastocyst and the formation of the egg
cylinder can be studied in vitro{Pienkowski et al..197 4; Hsu, 1979).
Blastocysts harvested from uteri before implantation can be easily
explanted and will hatch from zona pellucida in most culture media.
Upon hatching the blastocysts attach to the plastic surface of the
culture dishes and continue developing in a manner that is com-
parable with development in utero. Most blastocysts cultured for 3-
5 days form egg cylinders, which have all the morphologic features
of an equivalent conceptus in vivo. Using this approach. we have
shown that the formation of the egg cylinder depends critically on
the positioning of the ICM at the time of attachment of the
blastocyst to the plastic dish (Wu ef al.. 1981). Hence. the embry-
onic axis development depends on proper control of the attachment
of implanting blastocyst. In vivo the attachment of blastocyst to the
surface of the uterus occurs always on the mural trophectoderm. In
vitro the positioning of the blastocyst cannot be controlled and the
attachment could thus occur with the mural or pOlar trophectoderm
(Fig. 2). 81astocysts that have attached to the plastic surface with

the polar trophectoderm form upward-growing egg cylinders. In
others, the axis of the egg cylinder will depend on the initial rocation
of the ICM and the room available for the unobstructed outgrowth
of the egg cylinder. Our results show the critical influence of spatial
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factors, at least in vitro. However it is not clear whether these in vitro
data faithfully reflect the events occurring in vivo(Kirby et al., 1967),
and the role of the implantation chamber needs to be explored
further.

Most of the egg cylinder is formed from ICM cells of the
blastocyst. This was best demonstrated in blastocysts exposed to
immunosurgery (Solter and Knowles. 1975). a procedure that
selectively removes the outertrophectodermallayerwithout adversely
affecting the ICM (Fig. 3).lt is apparent that ICM isolated from early
blastocysts are capable of forming trophoblast, suggesting that at
least some of the ICM cells are still totipotent (Hogan and Tilly.
1978b). This conclusion is predicated on the very likely assumption
that all trophectoderm cells were destroyed by immunosurgery. ICM
isolated from fully expanded blastocysts predominantly form
structures of increased complexity consisting initially of ectoderm
and endoderm with mesodermal components appearing later(Hogan
and Tilly, 1978a). It is difficult to make very firm statements about
progressive loss of totipotency of ICM cells due to temporal
variations among embryos and the absence of precise markers of

Fig. 3. Immunosurgery performed
on mouse blastocysts. The se-
quence of early events following ex-
posure of blastocysts ro rabbir ant/-
mouse serum and complemenr 15
shown in the upper two panels. In the
upper right photograph one can see
swellmg of the rrophoblastic cells
and the demarcation of rhe inner cell
mass. In rhe lower left panel the
Isolated inner celf masses are de-
nudedoftrophecroderm. Righr/ower
panel shows an inner celf mass afrer
24 hours in culture. (Moddied from
Solrer and Knowles. 1975).

specific embryonic lineages. It is thus impossible to determine
whether structures developing from later ICM contain extraembryonic
endoderm (trophectodermal derivative) or not. Nevertheless. analy-
sis of isolated ICMs indicates that the pre implantation period
coincides with significant reduction in totipotency of early embryonic
cells and that this process is influenced by numerous intrinsic and
extrinsic factors (Pedersen. 1986).

Cell populations of the egg cylinder

The 7 1/2~ay-old mouse egg cylinder (Solter et al.. 1970) or the
81/2.day-old rat (Enders and Schlafke.1967) eggcylinderconsisls
of an embryonic and extraembryonic part (Fig. 1).

Functionally, developmentally and morphologically these two
parts of the embryo differ one from another. They are also derived
from different cells in the blastocyst: the ectoplacental cone and the
extraembryonic ectoderm are derived from the trophectoderm
whereas the embryonic part is of ICM origin (Rossant, 1986).

The embryonic part of the egg cylinder consists initially of an
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inner ectodermal layer, or epiblast. and an Quter endodermallayer
(Sobotta, 1911; Huber, 1915). A group of loosely arranged cells
appears between the two layers corresponding to mesoderm, the
third germinal layer of classical embryology. The developmental
potential of these cells has been explored only partially. Although
there are no universally accepted developmental maps of the egg
cylinder, there is a general consensus that the epiblast or ectoderm
represents the only truly pluripotent cell population and that in early
stages of egg cylinder development this cell population contains the
precursors of all somatic tissues that will develop in the fetus
(Gardner, 1985; Rossant, 1987). The restriction of developmental
potential and commitment to cell lineages occurs gradually with a
considerable amount of cell mixing (Gardner. 1986).

Visceral Endoderm
The entire endoderm of the early egg cylinder is derived from the

primitive endoderm, i.e., ce11sthat appear as the first morphologi-
cally distinct cell layer on the blastocelic surface of the ICM in the
blastocyst (Gardner, 1982 and 1985). The primitive endoderm-
derived cells form the extraembryonic endoderm and contribute
little if anything to the endoderm on the embryonic part of the egg
cylinder. Thus. a 7-day mouse embryo contains two distinct forms
of endoderm, which are nevertheless arranged into a continuous
outer layer of the egg cylinder.

Functionally and ultrastructurally most differentiated cells in the

Fig. 4. Electron microscopy of extraembryonic
visceral endoderm. The apical cell surface is cov-
ered with numerous slender microvilli and the apical
cytoplasm contains numerous Iysosomes and ab-
sorptive vacuoles. x5200.

egg cylinder are the cells forming the visceral endoderm in the

extraembryonic part of the embryo (Fig. 4). These cells have a
nutrient function (Beck et al., 1967). Ultrastructurally they appear
as cuboidal. polarized cells with a well-developed apical surface
brush border and numerous absorptive vacuoles in the apical
cytoplasm. In contrast. the embryonic endoderm of the 7-day egg
cylinder consists of cells that are flattened. show almost no
polarization, have few microvilli and almost no absorptive vacuoles
and Iysosomes (Fig. 5). These differences in the morphology reflect
the derivation, developmental potential and fate of cells forming the
embryonic and extraembryonic endoderm of the egg cylinder.

Visceral endoderm of the egg cylinder contains mitotic cells
(Solter and Skreb, 1968). These dividing cells contribute to the
growth of the visceral endoderm itself. but also give rise to parietal
endoderm cells (Hogan and Tilly, 1981). It is not known whether the
dividing cells represent a bipotential stem cell population similar to
primitive endoderm, or whether the visceral endodermal cells are
developmentally labile and can transdifferentiate into parietal
endoderm (Hogan et at., 1983; Hogan and Newman, 1984). The
dividing cells are more prominent in the border zone between the
embryonic and extraembryonic endoderm. Ultrastructurally the
dividing cells do not contain the full complement of organelles
typically seen in the extraembryonic visceral endoderm and thus
appear less differentiated (Fig. 6). This is more consistent with a

stem cell population theory than transdifferentiation. but the latter
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explanation cannot be excluded with certainty, especially in view of
the experimental data with mouse embryonal carcinoma cells
(Hogan et al" 1983).

The primary function of the extraembryonic endoderm is the
uptake of nutrients and other substances, such as immunoglobulins
passed from the mother to the embryo. In order to perform this

Fig. 5. Electron microscopy of em-
bryonic visceral endoderm. The flat-
tened cell has onIV a few sparse
microvilli on its surface. The cvtoplasm
contains few organelles and no ab-
sorptive vacuoles There are a few lipid
droplets and mitochondria. x 16800.

Fig. 6. Electron microscopy of a di-
viding visceral endoderm cell. Thece/l
contains few organelles. x7200.

absorptive function the endodermal cells are endowed with hydro-
lytic enzymes such as acid phosphatase and esterase (Rode et a/.,
1968; Solter et at., 1973). In early egg cylinders the entire endoderm
contains abundant acid phosphatase and esterase positive
Iysosomes. In the later stages. after the appearance of the
mesoderm, almost no acid phosphatase can be seen in the
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embiYonic endoderm while the extraembryonic endoderm remains
strongly positive (Rg. 7). These acid phosphatase negative cells
most likely represent a new distinct population of cells formed from
the primitive ectoderm (Lawson and Pedersen, 1987).

Immunohistochemical (Fox et al., 1981. 1984; Sato et al..
1985) and lectin histochemical (Wu et al.. 1983) studies reviewed
by Muramatsu (1988). Solter and Knowles (1986) and Fenderson

et al. (1990) have illustrated the biochemical complexity of the cell
surface molecules expressed on the visceral endoderm. However
these studies have not solved the problems pertaining to the exact
derivation of these cells (Pedersen et al.. 1977), nor have they
elucidated the developmental potential of various embryonic cells.
In brief some of the cell surface markers are common to primitive
and visceral endoderm, others are expressed only on the visceral
endoderm, and still others are limited tothe extraembryonic visceral
endoderm only (Fig. 8). It is of interest to note that certain markers
are expressed on both visceral endoderm and ectoderm, but none
of the surface markers are common to the visceral and the parietal
endoderm. Thus. although the extraembryonic visceral and parietal
endoderm have common precursors and although they may even
share a common derivation from the primitive endoderm, the two
cell lineages are immunochemically and morphologically distinct
one each other.

Visceral endodermal cells provide nutrients to other embryonic
cells in the egg cylinder. It is not obvious whether this support
function is limited to a transfer of absorbed maternal nutrients or
whether it also includes paracrine effects mediated through growth
factors and metabolites produced by these cells. Antibodies to the
apical cell surface components, presumably involved in absorption
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Fig 7. Enzyme-histochemical demonstration of acid phosphatase in the
mouse egg cylinder. The red pigment denoting enzymaric actlvlry is seen In rhe
entire endoderm on day 6 (a) and only in the extraembryonic visceral endoderm on
day 7Ibl<160.

of maternally-derived metabolites, interfere with normal develop.
ment and produce malformations (Jensen et al.. 1989), further
emphasizing the pivotal role of visceral endoderm in the develop.
ment of the egg cylinder. The nature of the Interaction between the
visceral endoderm and the other cells, the n~ture of signals
transmitted from the outerto inner layers of the egg cylinder and the
various growth factors secreted by visceral endoderm remain to be
elucidated. Furthermore. the role of various cellular protooncogenes.
and groWth factor receptors. some of which are prominentlyexpressed
in the visceral endoderm (Adamson. 1986) remains unknown.

The developmental potential of the cells forming the visceral
endoderm has been explored by transplanting the egg cylinder or
isolated germ layers to extrauterine sites (reviewed by Svajger et al..
1986); by heterotopic grafting of isolated segments from one egg
cylinder to another (reviewed by Beddington. 1986); and by injecting
exogenous markers into single embryonic cells (Lawson et al..
1986: Lawson and Pedersen. 1987). These studies show that the
extraembryonic visceral endoderm consists almost exclusively of
progenitors of the visceral layer of the yolk sac and that the
embryonic endoderm gives rise to the embryonic gut (Levak.Svajger
and Svajger. 1971. 1974: Lawson ef al.. 1986).

Visceral endoderm cells synthesize proteins for export (reviewed
byAdamson, 1986). Some of these are incorporated intoextracellular
matrix and others are released into the body fluids. Among these the
best characterized soluble secretory products is alpha.fetoprotein
(AFP), a serum glycoprotein of 75.000 daltons coded in mouse by
a single gene on chromosome 5. In seven day embryos AFP is
synthesized by the embryonic visceral endoderm. The extraembryonic
visceral endoderm does not produce AFP, presumably due to an
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Fig 8. Immunoperoxidase stain demonstrating the localization of
SSEA-1 in the embryonic ectoderm and the visceral endoderm.
Trophoblastic cells surrounding the embryo are also immunoreactive. x90.

inhibitory effect ofthe extraembryonic ectoderm (Dziadek,1978). In
contrast to the extraembryonic visceral endoderm, which has a
latent potential to produce AFP when cultured without adjacent
ectoderm (Dziadek,1978), the parietal endoderm does not produce
AFPunder any circumstances. Thus AFP could be used as a reliable
cell lineage marker of visceral endoderm.

Other serum proteins produced by the visceral endoderm include
transferrin, apolipoprotein Ai, alpha-l-antitrypsin, metallothionein
(Adamson, 1986). In adult rodents these serum proteins are
derived from the liver indicating that the visceral endoderm has
some of the properties and functions in common with the liver.
However, in contrast to the adult liver, visceral endoderm exhibits
a very low level of activity of the albumin gene.

Visceral endoderm produces several matrix proteins such as
laminin and collagen type IV (Adamson, 1986). These proteins are
incorporated into the basement membrane separating the endoderm
from ectoderm (Fig. 9). Ultrastructurally this basement membrane
appears as a thin condensation of extracellular matrix in the form
of a lamina densa, but without a distinct lamina rara (Fig. 10). Thus,
it differs from the much thicker Reichert's membrane formed by the

parietal endoderm and the parietal yolk sac (PYS).lmmunochemicalJy
the two basement membranes also differ from each other (Wan et
al., 1984; Wewer et al., 1987) and are, at least with regard to their
immunoreactivity with monoclonal antibodies to laminin, distinct
from the basement membranes in the adult tissues (Damjanov,
1990). It has also been shown immunohistochemically that these
embryonic basement membranes change during development, the
changing structure and composition probably reflecting their chang-
ing function during morphogenesis (Wan et al., 1984).

Parietal endoderm
Parietal endoderm is composed of a unique cell population that

arises from the primitive endoderm soon after the implantation of
the blastocyst (reviewed by Hogan et al., 1983). In contrast to
visceral endodermal cells, which are interconnected one with
another with desmosomes and adhesion proteins, such as
uvomorulin (Damjanov et al., 1986) the parietal endoderm, like its
immediate descendant, the parietal yolk sac (PYS), consists of
migratory cells that do not form firm intercellular junctions. Never-
theless these cells contain a cytoskeleton composed of keratin
polypeptides, which indicates their epithelial, rather than
mesenchymal nature (Lane et al., 1983).

Parietal endoderm consists of cells that show low mitotic activity
(Hogan et al., 1983). Thus, in order to grow, the parietal endoderm
recruits cells from the dividing cell pool in the visceral endoderm.
The nature of this acquisition is subject to speculation and could
occur either from a pool of undifferentiated stem cells or through
transdifferentiated visceral endodermal cells (Hogan et al., 1983).

The major, if not the primary, function of the parietal endodermal
cells is to form and maintain the Reichert's membrane (pierce et al.,
1962). Reichert's membrane of the egg cylinder or older embryos
contains typical basement membrane components such as laminin,
entactin, collagen type IV (Martinez-Hernandez and Amenta, 1983).
Ultrastructurally the basement membrane appears layered and
contains several laminae rarae and laminae densae (Fig. 11).

Fibronectin is present in the Reichert's membrane from the early
stages of its development (Wartiovaara et al., 1979). However in
embryos cultured in vitro, fibronectin is found only in the basement
membrane produced by the primitive and visceral endoderm
(Damjanov et al., 1990). Since parietal endoderm does not secrete
fibronectin, it appears that the immunochemically detectable
fibronectin in the Reichert's membrane represents soluble fibronectin
that was incorporated into the basement membrane during its
passage across the feta-maternal barrier (Amenta et al., 1983).

Osteonectin, also known as SPARC (Mason et al., 1986) is an-
other major secretory product of the parietal endoderm. However it
is not readily detectable in the Reichert's membrane (Damjanov et
al., 1990) indicating that it is most likely discharged in a soluble
form into the body fluids. From this one could conclude that the
function of parietal endodermal cells is not restricted to basement
membrane production and that a detailed search for secretory
proteins could reveal a more complex participation of these cells in
the maintenance and nurturing of the embryo and the integrity of
materna-embryonic barrier.

The developmental potential of parietal endodermal cells seems
to be limited to extraembryonic cell lineages within which it appears
to contribute only to the formation of the parietal yolk sac (Hogan
ef al., 1983). The study of the histogenetic potential of the parietal
endoderm has been hampered by the low mitotic rate and the
inability of these cells to grow in vitro or in vivo upon transplantation
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to extrauterine sites. We were unable to obtain any tissues from
parietal endodermal cells explanted underneath the kidney cap-
sule. In contrast, teratomas and PYS carcinomas can be readily
produced from midge stational yolk sac left in uterofollowingfetectomy
(Sobis et al., 1982). Thus. either the placental yolk sac contains
some pluripotent stem cells or these stem cells originate through
transdifferentiation from the parietal or visceral endodermallayer of
the yolk sac. Likewise, the small nodules composed of parietal
endodermal cells that were produced by transplanting the
extraembryonic portion of the 7<Jayeggcylinder(Solter and Damjanov,
1973) could be descendants of undifferentiated precursors of the
parietal endoderm within the visceral endoderm or from
transdifferentiated visceral endodermal cells,

Ectoderm
The ectodermal layerofthe egg cylinder(also known as epiblast)

is composed of cells that are the direct descendants of the ICMcells
remaining after the segregation of the primitive endoderm (Gardner,
1985). These cells are considered developmentally pluripotent and
are, at least in the early stage of development, precursors of
essentially all fetal tissues. In the primitive streak or somewhat
older egg cylinders, the ectoderm consists of specific regions that
contain developmentally-determined cell s (Beddington, 1981. 1982,
1983).

Ultrastructurally the ectodermal cells of the egg cylinder appear
undifferentiated (Solter et al., 1970). The nucleus of these cells
contains finely dispersed euchromatin and the cytoplasm contains
few organelles except for free ribosomes (Fig. 12). In the 7-day egg
cylinder the cells ofthe embryonic and extraembryonic ectoderm are
arranged into a well-formed epithelial layer of firmly interconnected
cells (Fig. 12).

Ectoderm ofthe embryonic and the extraembryonic portion of the
early egg cylinder displays strong activity of alkaline phosphatase
(Rodeer al.. 1968: SoIter er al.. 1972. 1973). which is the best
enzymaticmarkerforthiscelllayer(Fig.13).lmmunohistochemically,
the ICM and ectoderm of the egg cylinder express a stage-specific

Fig 9. Immunofluorescent microscopic
demonstration of laminin in the embry-
onic basement membrane. x 160. The thick
upper Ime is rhe Reichert's membrane. The
rhin line is the basement membrane between
the visceral endoderm and ectOderm. Note
that there ISalsointercellufar laminin between
the ectodermal cells. x240.

embryonic antigen (SSEA-1) recognizable with a monoclonal anti-
body (Solter and Knowles. 1978). The epirope of SSEA.1 was
defined as fucosylated N-acetyl lactosamine, equivalent to the
human blood antigen Le~(X-hapten) (reviewed bySolter and Knowles,
1986; Fenderson et al., 1990). The antibody to the monomeric X-
hapten reacts with the entire ectoderm (Fig. 8), whereas the
antibody to the dimeric X reacts only with the luminal surface of
ectodermal cells lining the proamniotic cavity (Fenderson et al.,
1986). Antibody to I blood group antigen reacts with extraembryonic
ectoderm, but not with the embryonic ectoderm, pointing to the
differences between ectoderm in the two parts of the egg cylinder
(Fenderson et al., 1988). Developmentally, the extraembryonic
ectoderm also differs from the ectoderm in the embryonic portion
of the egg cylinder (Rossant and Ofer. 1977).

Mesoderm
Mesodermal cells emerge from the primitive streak ectoderm as

a group of dissociated cells (Sobotta. 1911). Ultrastructurally the
mesodermal cells resemble their progenitors in the ectodermal
layers and appear undifferentiated (Solter et al" 1970; Batten and
Harr, 1979; Fig. 14). However due to their loose association these
cells do not form desmosomes or complex intercellular junctions.
In contrast to ectoderm and endoderm, mesodermal cells do not
express uvomorulin, a calcium-dependent cell-to-cell adhesion
molecule (Damjanov et al..1986). The cytoskeleton of mesodermal
cells contains vimentin, the typical intermediate filament protein of
mesenchymal cells in general (Franke et al.. 1982). The motility of
these mesodermal cells has been documented cinematographically

(Nakatsuji er al.. 1986).
The monoclonal antibody to blood group antigen I is a useful

reagent for detecting mesodermal cells (Fenderson et al.. 1988).
The first I antigen-positive cells appear in the 6.5 embryos within the
posterior amniotic fold. However I antigen appears only temporarily
on mesodermal cells and is lost gradually during the neurulation.
This is probably due to a general loss of endo-beta-galactosidase-
susceptible lactosaminoglycans from mouse embryos upon transition
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of the egg cylinder into the organogenetic phases of development
(Muramatsu. 1988).

The nature of signals that lead to the formation of mesoderm is
poorly understood. Theoretically, as in lower vertebrates which were
studied in greater detail, the induction could be .instructive. or
-permissive.; based on cell.to-cell interaction or controlled by
grolNth factors and inducers/inhibitors of differentiation (Jacobson
and Sater, 1988). Transforminggrowth factor beta, basic fibroblast
growth factor and other morphogens play an important role in the
induction of mesoderm in amphibians (Smith, 1989) and their roJe
in the formation of mesoderm of rodents deserves closer scrutiny.
It is however important to note that the recruitment of mesodermal

Fig. 10. Electron microscopy of the
basement membrane between the
embryonic ectoderm and endoderm.
x47500.

Fig. 11. Electron microscopy of the
rat Reichert's membrane shows
multiple layers. The adjacent parietal
endoderm cell has well-developed rough
endoplasmic reticulum. x45000.

cells from ectoderm is a continuous process and that it occurs in
different forms (Tam, 1989). Finally it is obvious that at each point
of development mesoderm comprises heterogeneous cell
populations which constantly undergo a considerable amount of cell
mIXing (Tam and Beddington, 1987).

The developmental fate of mesodermal cells in the primitive
streak embryo has not been fully explored. One of the reasons is the
limited growth potential of isolated mesoderm transplanted to
extrauterine sites where it invariably differentiates into brown
adipose tissue unless it is transplanted together with the endoderm
(Levak-Svajger and Svajger, 1974).

Primary ectoderm-derived mesoderm gives rise to the so-called
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intermediate mesoderm in the somites. Primary mesodermal cells
partially disperse to generate the secondary mesoderm
(mesenchyme) from which are formed the final mesodermal deriva-
tives such as sclerotomes, dermatomes, and myotomes (Svajger et
al., 1986). Mesoderm also participates in the formation of the
extraembryonic structures, most notably the allantois (Ellington,
1985). The similarities and differences between the primary
mesoderm in the egg cylinder and the various secondary mesodermal
celis have not been explored.

Embryo-derived teratocarcinoma

We have studied the developmental potential of the rat egg
cylinder by transplanting it to extrauterine sites (Skreb et a/., 1976)
or by culturing it in vitro (Skreb and Svajger 1973). Serendipitously,
while transplanting seven-day mouse egg cylinders underneath the
kidney capsule of syngeneic adult mice, we discovered that some
of the grafts grow rapidly, attain an enormous size and biologically
behave like malignant tumors (Solter et al.. 1970; Stevens, 1970).
Histologically these embryo-derived tumors had the appearance of
teratocarcinomas and contained undifferentiated stem cells,
equivalent to embryonal carcinoma (EC) cells (Stevens, 1967;
Damjanov et al.. 1971a,b). In a series of experiments reviewed by
Damjanov and Salter (1974) and Salter and Damjanov (1979), we
showed that the EC cells in embryo-derived teratocarcinomas
represent .malignant- equivalents of ectodermal cells in the egg
cylinder. This was confirmed by Diwan and Stevens (1976), who
were able to produce histologically identical tumors from isolated
ectoderm of6-day mouse egg cylinders. The embryonic nature of EC
cells and the reversible nature of their -malignancy- was demon-

Fig. 12. Electron microscopy
of the embryonic part of the
7-day mouse egg cylinder
shows aligned outer
ectodermal cells separated
from the visceral endoderm by
an intercellular space. The in-
nermost ectodermal cells are
loosely arranged. x3500.

strated by injecting EC cells into the normal blastocyst (Brinster,
1974). in which these cells become incorporated into the ICM and
contribute to essentially all somatic tissues developing from that
embryo (reviewed by Mintz and Fleischman, 1981).

Embryonal carcinoma cells derived from mouseteratocarcinomas
have been extensively used as replicas of ectodermal embryonic
cells from the early stages of murine development (Martin, 1981).
The initial method for generating EC cells from embryos trans-
planted to extrauterine sites has been superseded by a more direct
cloning of embryonic stem (ES) cells from the ICM cultured in vitro
(Evans and Kaufman, 1981; Martin, 1981). The recent discovery
that a leukemia differentiation-inducing factor promotes the growth
of undifferentiated embryonic cells (Smith et a/., 1988) has con-
siderably increased the success rate of ES cell production in vitro.

In contrast to blastocysts which can give rise to ES cells in vitro,
explanted egg-cylinders all differentiate into non-proliferating tissues
(Skreb and Svajger, 1973: Skreb and Crnek 1980). Comparable
results have been obtained in serum-free and protein-free media
which allow the survival of explants for an extended period of time
(Skreb and Bulie, 1987).

The effects of various sera that induce or modify growth and
differentiation have been examined (Skreb et al., 1983). One can
conclude that the embryonic cells of the egg cylinder are
developmentally pluripotent. Certain pathways of differentiation,
like formation of neural tissue and lentoids (Bulic-Jakus et a/..
1990), occur more in serum or transferrin supplemented media.
However, it has so far not been possible to obtain undifferentiated
embryonic cells from egg cylinders grown in vitro.

Although the recent technical improvements for derivation and
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Fig. 13. Enzyme-histochemical demonstration of the alkaline phosphatase in an early (a) and a Jater stage egg cylinder (bl. Activitv of the alkaline
phosphatase blue can be demonstrated only In the ectodermal cell laver. x160.

cloning of embryonic stem cells make the embryo grafting technique
obsolete, the experiments based on syngeneic egg cylinder trans-
plantation have nevertheless contributed to our understanding of
early embryogenesis and the biology of cells forming the egg
cylinder. These contributions could be summarized as follows:

a. Embryonic ectoderm is the only part of the egg cylinder that can
give rise to EC cells (Diwan and Stevens, 1976).

b. Embryonic ectodermal cells can give rise to EC cells only before
the onset on neurulation (Damjanov et al., 1971b). EC can be
produced only from 6- and 7-day-old egg cylinders. The older
embryos do not contain undifferentiated developmentally
pluripotent cells because all the ectodermal cells have become
developmentally committed and will invariably differentiate into
somatic tissues upon transplantation to extrauterine sites.

c. The inbred mouse strains differ with regard to their ability to form
EC cells upon ectopic grafting (Solter et al., 1979). The reasons
for these strain differences have not been elucidated, although
we have shown that even the teratocarcinoma -non-permissive-
strain embryos may give rise to EC cells upon transplantation to
F1 hybrids (Solter et al., 1981). This indicates that the develop-
mental fate of the transplanted ectodermal cells in the egg
cylinder is determined in part genetically and in part epigenetically
by factors operating in the adult graft recipient animal. Hypotheti-
cally these epigenetic factors could have an active stimulatory
growth-promoting effect on the undifferentiated cells: they could

inhibit differentiation, or they could prevent the destruction of
undifferentiated embryonic cells in the graft. The actual growth/
differentiation inhibiting/promoting influences that the adult
organism exerts on the grafted embryo have not been identified.

d. Rat ectodermal cells cannot form EC cells upon transplantation
underneath the kidney capsule of syngeneic adult hosts (Skreb
et al., 1976). At the egg cylinder stage of development the rat
ectodermal cells have apparently become developmentally com-
mitted and cannot proliferate and retain the undifferentiated
embryonic phenotype in the heterotopic grafts. Rat egg cylinders
explanted in vitro reflect this limited growth potential of rat
embryonic cells (Skreb et al.. 1986).

e. Rateggcylinders may give riseto yolk sac carcinomas (Damjanov
et al.. 1977). Although yolk sac carcinomas may be occasionally
derived from mouse egg cylinders as well (Damjanov and Solter,
1973) most of these tumors appear after a very long interval
following the transplantation of the embryo (van Serlo et at.,
1990). On the other hand the rat yolk sac tumors develop much
faster and can be produced in 2-3 months following embryonic
transplantation. The reasons for the propensity of rat egg
cylinders to form yolk sac tumors are not known. Since there are
no reports on the in vitro cloning of neoplastic yolk sac cells
directly from the egg cylinder, the grafting of embryos is still the
method of choice for producing yolk sac tumors from rat egg
cylinders.
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Fig 14. Electron microscopy of the mesoderm of a 7 .S-day mouse egg cylinder. The cells are looselv arranged. In the cvroplasm of most cells, there

are only a few organelles besides the free ribosomes. x6000.

Mouse teratocarcinomas derived from transplanted embryos or
germ cells have been used extensively as a source of embryonic
cells (lists of cells may be found in Silver et al., 1983).
Teratocarcinoma-derived cells have been compared with embryonic
cells from early stages of development and a considerable similarity
has been found between the normal embryonic cells and cells
cloned in vitro. Developmentally pluripotent cells corresponding to
the inner cell in the ICMor the ectoderm of the mouse egg cylinder
have received most attention (Martin, 1980). However, cell lines
corresponding to parietal yolk sac (Lehman et al., 1974) or
trophectoderm (Damjanov et al., 1985) have also been isolated and
used as experimental models for studying the function ofequivalent
embryonic cells.

Conclusion and Summary

The major restriction ofthe regulative capacity of embryonic cells
that occurs at the time of mesoderm formation in the egg cylinder
is one of the most significant events preceding organogenesis. The
loss of developmental pluripotentiality, which is a marker of early
embryonic cells, is accompanied by the developmental determina-
tion of evolving clones of committed embryonic cells, During these
stages of early postimplantation development the cells pass the

point of no return, and enter a highly regimented phase of
morphogenesis.

The egg cylinder has been extensively characterized by mor-
phological means. Despite numerous studies and several ap-
proaches designed to elucidate the key issues, many critical
questions remain unanswered. The layers forming the egg cylinder,
and conventionally called ectoderm, mesoderm and endoderm,
have not yet been fully characterized. It is nevertheless clear that
they do not represent the final germ layers postulated by classical
embryologists, and are thus more or less a morphological concept
(Svajger et at.. 1986). Each of the germ layers of the egg cylinder
consists of a heterogeneous population of cells which undergo
extensive mixing and interact with neighboring cells of the same
germ layer as well as with those from adjacent layers. The interac-
tion is mediated byceJl-to-celi contact and soluble morphogens. The
nature of these inducers of differentiation or promoters of growth
remains poorly understood. The species differences represent an
important confounding element barring any major generalizations or
extrapolations of data from one species to another.

Morphological, biochemical and immunochemical characteriza-
tion of immortalized or neoplastic embryonic cells derived from the
egg cylinder has contributed to the better understanding of the
function of equivalent cells in the developing embryo. Manipula-
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tions of embryos in vitro and their transplantation in vivo or
explantation in vitro have provided important insights into the
developmental potential of embryonic cells forming anatomically
distinct regions of the egg cylinder. Various spatial and chronological
as well as biochemical determinants of development have been
explored in these experiments, but the complexity of cell-to-cell
interactions. the intricacy of various morphogenetic events, and the
fluidity of emerging developmental fields leaves many questions
open (Svajger et al.. 1981).

In summary, our research has been revolving in a circle: from
characterization of embryos in vivo, we have continued studying
embryos in vitro. or in xenografts in vivo. These experiments led us
to study teratocarcinomas and EC cell lines derived from these
tumors. Teratocarcinoma taught us in turn new facts about the
embryos. The egg cylinder was thus both the beginning and the
finish line of our studies. It was a most valuable source of cells, the
study of which, in turn, contributed to the better understanding of

its own morphogenesis and the biology of its constituent embryonic
cells.
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