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“The phenomena of regeneration make it clear that no discussion
of the developmental factors at work in the blastoderm can be

complete if it is confined to a consideration of the primitive streak.
The epiblast must be considered as a whole”. (Waddington, 1932)

Introduction

The activity of the “organizer”, first described by Spemann and
Mangold in 1924, is one of the most remarkable demonstrations of
the importance of cell-cell communication in generating tissue
diversity during embryonic development. The ability of a small group
of cells from the dorsal lip of the blastopore to determine the
developmental dynamics of the entire embryo made it clear that
inductive interactions between cell types generate cell fate diversity
during embryogenesis, and that they are indeed responsible for the
formation of the nervous system. Following Spemann and Mangold’s
discovery (Spemann and Mangold, 1924), organizers were identi-
fied in many different vertebrates, demonstrating that despite very
different reproductive strategies and geometries of the egg, develop-
ment proceeds through very similar mechanisms in all vertebrate
classes. It was further shown that the organizers from different
species are interchangeable, and, in the quest for the identification
of the “organizing” substance, it was found that tissue extracts from
many different animals contain potent organizing activity (Holtfreter,

1934). Subsequent demonstrations that the responses induced by
the organizer are themselves not specific, but dependent on the
developmental context of the responding tissue, further highlighted
the conservation of developmental mechanisms.

Despite the generally accepted significance of the organizer, the
surprising discovery that experimental ablation of the organizer
results in subsequently normal development (Waddington, 1932;
Oppenheimer, 1934; 1936a; Abercrombie and Bellairs, 1954; Butros,
1967; Gallera and Nicolet, 1974; see also Yuan et al., 1995a; 1995b;
Psychoyos and Stern, 1996; Yuan and Schoenwolf, 1998) led some
embryologists to conclude that the organizer is not essential for
proper development (Waddington, 1932). These studies confirmed
that the early embryo is remarkably plastic and demonstrated that not
only does the organizer control the developmental fate of its sur-
rounding tissues, but that it is, in turn, under reciprocal control by
similar interactions. Recent reinvestigations of these results in the
chick embryo now suggest that molecular mechanisms similar to
those that initially set up the organizer are also responsible for the
regeneration and the maintenance of the organizer during the cell
movements of gastrulation (Joubin and Stern, 1999). In addition, an
antagonism between the node and the periphery of the embryo
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imposes spatial restrictions on the organizer, thereby confining it to
just the center of the embryo. The phenomenon of organizer regen-
eration has been demonstrated, at least partially, in other verte-
brates, suggesting that it is not unique to the chick embryo, but rather,
that it may be a general consequence of early developmental events.

Here, we will review some of the early literature following Spemann
and Mangold’s publication, as it pertains to early embryonic regula-
tion in different vertebrate classes. We will begin with a brief introduc-
tion to the history of the organizer and its induction by the Nieuwkoop
center. Then a description of the phenomenon of organizer regen-
eration will be provided and compared to the initial establishment of
polarity in the early embryo. This historical overview will provide the
framework to present some recent insights regarding the signifi-
cance of early embryonic plasticity and regulation in different verte-
brates.

The Spemann-Mangold Organizer

The observation that grafts of the dorsal lip of the amphibian
blastopore can result in the formation of a second body axis upon
transplantation was first demonstrated (Lewis, 1907; Spemann,
1918) more than 15 years before Spemann and Mangold’s publica-
tion in 1924, but because it was impossible to distinguish between
host and donor contributions, the phenomenon was attributed solely
to the graft’s capacity for self-differentiation. The idea that a tissue
could “induce” (cause a change of fate in a neighboring tissue), had
entered Spemann’s mind because of his earlier work on the lens
(Spemann 1901; 1905) and led him to repeat the dorsal lip grafts to
determine whether an inductive event might be responsible for the
formation of the secondary axis. Using differently pigmented amphib-
ian embryos to distinguish between host and donor tissues, it
became clear that the dorsal lip of the blastopore has the ability not
only to initiate gastrulation movements and differentiate into axial
mesodermal derivatives upon transplantation, but also to induce a
nervous system from the host’s ventral epidermal tissue (Spemann
and Mangold, 1924). Spemann and Mangold called the dorsal lip an
organizer - “a region of the embryo that has preceded the other parts
in determination and thereupon emanates differentiation effects of a
certain quantity in certain directions.”.

These findings highlighted the role of cell-cell interactions during
embryogenesis and instigated the search for organizers in other
animals (Fig. 1). Waddington found that grafts containing the anterior
half of the primitive streak of the chick embryo also induce neural
tissue in host non-neural and extra-embryonic ectoderm and demon-
strated the existence of an organizer in amniotes (Waddington, 1930;
1932; 1934). His experiments grafting duck into chick (Waddington
and Schmidt, 1933) confirmed that the effects are due to induction
and demonstrated that organizer activity is most potent in Hensen’s
node at the anterior tip of the primitive streak, although also present
in lesser degrees throughout the anterior third of the primitive streak.
Similarly, Oppenheimer, using vital dyes, demonstrated that the
dorsal shield of the perch is the teleost equivalent of the Spemann-
Mangold organizer and can induce the formation of a secondary
embryo upon transplantation into the embryonic or extra-embryonic
region of host embryos (Oppenheimer, 1934a; 1934b; 1936a). Until
recently (Beddington, 1994), the only demonstrations that the mam-
malian organizer also resides in Hensen’s node at the tip of the
primitive streak were those of Waddington (1934, 1936, 1937) who
transplanted organizers between rabbit and chick and vice-versa,

and Blum et al. (1992) who transplanted the tip of the mouse primitive
streak into Xenopus. Due to the technical difficulty in manipulating the
mouse, a convincing demonstration that the mouse node can induce
a secondary axis when grafted into posterolateral locations of a host
mouse embryo was provided only recently (Beddington, 1994).

In most of these initial experiments, inter-species grafts were
carried out primarily to distinguish between host and donor contribu-
tions. However, in so doing, these experiments also demonstrated
the lack of specificity among organizers from different species.
Cross-species organizer grafts between chick, rabbit, fish, amphib-
ians and mouse demonstrated that, in every combination, neural
tissue is induced in host tissue (Waddington, 1934; 1936; 1937;
Oppenheimer, 1936b; Dodd and Kintner, 1991; Blum et al., 1992;
Hatta and Takahashi, 1996; Zhu et al., 1999).

In characterizing the response induced by the organizer, it was
noticed that the capacity for self-differentiation and the regional
character of the nervous system induced by the organizer change
depending on the age of the graft and host (Holtfreter, 1936;
Oppenheimer, 1934a; 1936a; Gallera and Ivanov, 1964; Vakaet,
1965; Dias and Schoenwolf, 1990; Storey et al., 1992). Such
observations led to the distinction between evocation, defined as “the
determination that an embryonic axis shall be developed” and
individuation which was “the determination of the character of that
axis” (Needham et al., 1934). In general, grafts of gastrula stage
organizers induce complete neural axes in gastrula stage hosts. As
the age of the graft and host is increased, there is a gradual decrease
in the frequency of induction and in the ability to induce anterior
structures, and instead, much of the nervous system in the ectopic
axes is differentiated graft tissue itself (Holtfreter, 1936; Oppenheimer,
1934a; 1936a; Gallera and Ivanov, 1964; Vakaet, 1965; Dias and
Schoenwolf, 1990; Storey et al., 1992). These results suggest that
during normal development, the activity of the organizer is most
potent during gastrulation.

Formation of the organizer - the Nieuwkoop center

The formation of the organizer in amphibians was first elucidated
by Nieuwkoop in his studies on mesoderm formation, which first
demonstrated that the mesoderm is induced in ectodermal tissue
under the influence of signals emanating from the yolky endoderm in
the vegetal pole (Nieuwkoop, 1969a). The initial pattern of the
mesoderm induced is completely dependent on the inherent pattern
of the vegetal pole, so that the organizer (the most dorsal mesoderm)
is induced by the most dorsal part of the vegetal tissue (Nieuwkoop,
1969b). The pattern of the vegetal tissue is itself established by
rotation of the egg cortex following sperm entry (Vincent and Gerhart,
1987). The fate of the dorsal vegetal cells is non-axial endoderm
(perhaps mainly gut contents), and the Nieuwkoop center (dorsal
vegetal tissue) is now defined by its ability to induce organizer tissue
without making a cellular contribution to the organizer or to its axial
derivatives (see Bachvarova et al., 1998).

In fish, it was recently shown that mesoderm and organizer
induction may occur by a very similar mechanism to amphibians. Like
the vegetal endoderm in amphibians, the yolk syncytium of the egg
that underlies the developing blastoderm induces mesoderm, and
the type of mesoderm induced is influenced by the polarity of the yolk
(Mizuno et al., 1996). Polarity in the yolk itself may be determined
initially by the location of the egg nucleus and the increased amount
of cytoplasmic streaming present around it (Roosen-Runge, 1938).
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The identification of a comparable region in amniotes has been
a subject of debate. In the chick, emphasis was initially put on the
hypoblast, which like the Nieuwkoop center is an endodermal
tissue present before gastrulation and which does not itself contrib-
ute to axial tissues. The hypoblast forms as a delicate layer
underlying the embryonic epiblast before gastrulation, and spreads
in a posterior to anterior direction. When Waddington (1932;
1933b) and more recently Azar and Eyal-Giladi (1981) rotated the
hypoblast, they found that the orientation of the primitive streak
followed that of the rotated hypoblast. However, it was difficult to
distinguish between an inductive event and mechanical interfer-
ence with normal movements (see Waddington, 1932). Moreover,
other studies were unable to confirm the claim (Waddington, 1933)
that hypoblast rotation can sometimes initiate formation of a new
primitive streak (Khaner, 1995), and showed that removal of the
hypoblast does not prevent streak formation (Stern, 1990; Khaner,
1995). Most recently, it was shown that hypoblast rotation does
indeed alter the orientation of the axis, not by a process of induction
but rather by redirecting cell movements in the overlying epiblast
(Foley et al., 2000).

A second region that has received attention as a putative avian
homologue of the Nieuwkoop center is Koller’s sickle (also known
as Rauber’s sickle; Callebaut et al., 1998a; 1998b). Although
Koller’s sickle does have some primitive streak inducing ability
(Izpisua-Belmonte et al., 1993; Callebaut et al., 1998a; 1998b;
Khaner, 1998), if the cells of the sickle are labeled, the labeled cells

are found to contribute to the node and to definitive endoderm
derived from it (Izpisua-Belemonte et al., 1993; Bachvarova et al.,
1998).

The third candidate region is the posterior marginal zone. This
can induce a primitive streak if grafted into a young enough host
embryo (Khaner et al., 1985), and gives rise only to extra-embry-
onic tissue without making a cellular contribution to the induced
streak (Bachvarova et al., 1998). The posterior marginal zone
seems therefore to be the only region that meets the criteria
required for an avian equivalent of the Nieuwkoop center - it acts
before gastrulation to induce an organizer but it does not itself
contribute to the axial structures.

At least two populations of cells contibute to the organizer in the
chick embryo (Fig. 2), and it seems likely from their initial location
(stages X-XI) that they might both be induced by signals from the
posterior marginal zone. One of these populations is located in the
middle layer, associated with the inner face of Koller’s sickle
(Izpisua-Belmonte et al., 1993; Bachvarova et al., 1998; Streit et
al., 2000) – these give rise mostly to embryonic endoderm. The
second population resides in the epiblast just above the anterior
face of Koller’s sickle at stage X (Hatada and Stern, 1994; Streit et
al., 2000). Between stages XI and XIII, this second population
moves anteriorly within the epiblast until it reaches the center of the
embryo, where it remains. The precursors in the middle layer
migrate later, with the tip of the forming primitive streak, until the
two populations meet in the center of the embryo at the mid-

Fig. 1. Position of the organizer in four different
vertebrate classes. In the fish (here viewed from the
dorsal side of the equator), the organizer (red) is centered
on the embryonic shield; in the frog (viewed obliquely
from the blastopore – circle), the organizer extends from
the dorsal lip of the blastopore; in the chick (viewed here
from the epiblast side – inner circle, area pellucida; outer
circle, area opaca; posterior to the bottom), it is situated
at the tip of the primitive streak; in the 7.5 d.p.c. mouse,
the organizer (node) lies at the distal tip of the cylinder
(the primitive streak is shown to the right, posterior top
right and anterior top left).

Fig. 2. Formation of the organizer in the chick. The
diagrams represent embryos at progressively older stages,
showing the position of the precursors of the organizer and
other major features. At stage X (time of egg laying), the
embryo consists of an inner region (white, area pellucida)
composed of a single cell thick epithelium: the epiblast. Its
ventral surface is dotted with islands of primary hypoblast
cells (deeper blue). Surrounding the area pellucida is the
marginal zone (light yellow), which separates it from the
peripheral area opaca (grey). One group of cells that contrib-
utes to the organizer is initially found at the posterior edge of
the area pellucida (red), associated with the inner face of
Koller’s sickle. A second group of organizer precursors (light
blue) are located in the epiblast immediately overlying the first
group at this stage. As the embryo develops, the hypoblast
islands coalesce into a layer (deep blue at stages XII-2) in a
posterior-to-anterior direction, and the second group of pre-
cursors (light blue) follows this movement until it reaches the
center of the blastoderm at about stage XIII. The first group
(red) remains posteriorly until the primitive streak starts to form at stage 2, and then moves anteriorly together with the elongating streak. The two groups
meet each other at about stage 3+, when a fully functional organizer develops (red node with deeper yellow outline at stage 4). By stage 4 the lower layer
is composed of several different cell types including the definitive endoderm which is derived from the streak, but these have been omitted for clarity.
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primitive streak stage; it is only after these two populations meet
that a fully functional organizer develops (Streit et al., 2000).

Timing of mesoderm induction and Nieuwkoop center
activity

The timing of Nieuwkoop center activity has not been exten-
sively studied, but in amphibians, already at the 4-cell stage, the
dorsal and ventral blastomeres are specified in their dorsal/ventral
character (Cooke and Webber, 1985a). At the 64 cell stage, it was
shown that 1-3 dorsal vegetal cells can induce an organizer and
thus rescue a UV ventralized host embryo (Gimlich and Gerhart,
1984), demonstrating that by this stage and perhaps even earlier,
there is Nieuwkoop center activity. In terms of when Nieuwkoop
center activity ends, the ability to induce mesoderm (and possibly
organizer) in explants of amphibian embryos was found to extend
into, though weaken during, gastrulation (Boterenbrood and
Nieuwkoop, 1973; Jones and Woodland, 1987). Additionally, small
grafts of the ventral marginal zone or animal cap ectoderm can
acquire organizer properties when transplanted into the organizer
region, up until the end of gastrulation (Domingo and Keller, 1995).
This finding suggests the existence of organizer-inducing signals
in the embryo throughout gastrulation.

In the chick it was found that the posterior marginal zone can
induce a streak only from pre-primitive streak stages X to XII
(Khaner et al., 1985; Bachvarova et al., 1998). Afterwards, other
tissues, such as the posterior marginal zone with Koller´s sickle
(Izpisua-Belmonte et al., 1993; Bachvarova et al., 1998; Khaner et
al., 1998) can induce a streak until stage XIII. At gastrula stages,
it was shown that grafts of portions of the primitive streak can
induce another primitive streak until the end of gastrulation
(Waddington and Schmidt, 1933; Gallera and Nicolet, 1969; Vakaet,
1964), demonstrating that mesoderm induction can occur during
gastrulation. Additionally, grafting pieces of ectoderm into the
primitive streak of host embryos results in the conversion of the
graft into mesoderm suggesting that mesoderm inducing signals
are also present in the embryo during gastrulation (Waddington
and Taylor, 1937).

In the fish, the timing of mesoderm induction has not been
systematically studied. The only studies addressing this were done
by Oppenheimer (1934b; 1936c) (and only in retrospect to the
studies of Mizuno et al., 1996). Oppenheimer separated blastoderms
from the yolk at different stages and found that only when blastoderms
were isolated after the 32-cell stage could they initiate gastrulation
and form embryonic structures. She also mentions that adding
material from the yolk to a blastoderm removed from the yolk before
the 32-cell stage results in some recovery of structures. In these
studies, she also noticed that embryos developing from blastoderms
isolated after the 32-cell stage form normal head structures, but fail
to form tails, demonstrating that continuous interaction with the yolk
is necessary for the completion of gastrulation. Additional studies in
which blastoderms were rotated 180° on the yolk at the blastula and
gastrula stages demonstrated that the polarity of the embryo is
already set by this time; however, the polarizing ability of the yolk itself
continues into gastrulation and is able to pattern blastoderm grafts
(Devillers, 1951; Long, 1983).

Additionally, experiments in which the organizer was ablated and
subsequently regenerated suggest that new organizer formation can
occur (albeit under experimental conditions) throughout gastrulation.
This will be reviewed in greater depth in the next section.

Regeneration of the organizer

In the same study that initially described organizer activity in the
chick embryo, Waddington made the additional observation that
ablation of Hensen’s node and other parts of the primitive streak
can be followed by completely normal development (Waddington,
1932). Following node ablations, there is a doubling of the mitotic
index as well as extensive migration of lateral cells towards the
anterior portion of the remaining streak, as shown by labeling with
carbon particles (Grabowski, 1956). Coincidently, node regenera-
tion can only occur during gastrulation when lateral cells are
normally undergoing movements towards the streak. As soon as
the head process starts to form at the end of gastrulation, trans-
verse movements no longer occur and regeneration becomes very
limited; even when the hole closes at these stages, no notochord
forms. In experiments on node ablations during gastrulation, even
in cases in which the hole from the ablation did not heal, it appeared
that normal development proceeds on either side of the wound
(Waddington, 1932). Similarly, removal of the node and its replace-
ment with a piece of posterior primitive streak results in the
appearance of two regions with node properties on either side of
the graft, and ultimately the formation of embryos with anterior axial
duplications. The graft itself does not contribute to the axis,
suggesting instead that “the operation releases notochordal po-
tency in material which is not presumptive notochord at either side
of the graft” (Abercrombie and Bellairs, 1954; see also Yuan et al.,
1995a; 1995b; Psychoyos and Stern, 1996; Yuan and Schoenwolf,
1998). Experiments involving rotations of different parts of the
primitive streak including the node also result in complete regula-
tion (although sometimes a doubling of the axis). A reversed axis
rarely forms, demonstrating that the polarity of the primitive streak
is subject to control by neighboring tissue and that organizer
activity itself can be downregulated (Abercrombie, 1950). This
remarkable regulative ability of the embryo led Waddington to
conclude that “there are no grounds for supposing that the unaided
primitive streak, in normal development, induces the medullary
plate from non-presumptive ectoderm, since under normal condi-
tions it is aided by the material movements, which have been
initiated at an earlier stage ... Similarly it is clear that the transverse
material movements themselves do not in normal development
give rise to the axial region of the embryo, since they are in fact
added by the primitive streak, which has been built up by the
longitudinal movements of a still earlier stage” (Waddington, 1932).

Together, these studies suggest that regeneration occurs through
the acquisition of organizer properties by cells which normally do
not possess them, raising the questions of how these properties
are acquired, and what prevents these regions from becoming
organizer during normal development. Recently, the phenomenon
of organizer regeneration in the chick has been reinvestigated
(Yuan et al., 1995a; 1995b; Psychoyos and Stern, 1996; Yuan and
Schoenwolf, 1998; Joubin and Stern, 1999). These studies dem-
onstrate that there is a gradual acquisition of organizer properties
by regions surrounding the site of ablation as shown by neural
inducing ability and gene expression. Furthermore, organizer
properties first reappear close to the stump of the primitive streak,
suggesting that this region may be responsible for inducing new
organizer tissue during regeneration. Indeed, the middle of the
primitive streak can induce organizer gene expression when
grafted to an ectopic site (Joubin and Stern, 1999), consistent with
previous observations that the middle of the primitive streak can
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induce a new streak in host embryos during gastrulation
(Waddington, 1932; Gallera and Nicolet, 1969; Vakaet, 1964). This
could explain why removal of the anterior third of the primitive
streak results in complete regeneration, but removal of the entire
streak results in no further development, although healing still
occurs (Waddington, 1932; Spratt, 1960). After gastrulation, the
inducing ability of the middle of the primitive streak is lost (Gallera
and Nicolet, 1969), consistent with the observations that full
regeneration of the node can occur only during gastrulation. It
therefore appears that the middle of the primitive streak can induce
organizer properties, but what prevents the induction of ectopic
organizer tissue during normal development? Grafts of the middle
of the primitive streak induce organizer properties in host tissue
much more frequently in the absence of Hensen’s node, suggest-
ing the existence of an inhibitory effect emanating from the node
itself that prevents adjacent cells from becoming organizer during
normal development. In the absence of Hensen’s node, neighboring
cells would be released from the inhibition and therefore become
organizer (Joubin and Stern, 1999).

Can regeneration occur in other vertebrates? Similar experi-
ments have been done in amphibians and fish but have given
inconsistent results. Bautzmann (1933) was the first to describe
organizer regeneration in amphibians, and the observation was
followed up by extensive studies performed by Cooke in the 1970s.
If the entire dorsal lip and presumptive foregut endoderm is
ablated, the wound closes in just 30 minutes and is followed by
normal gastrulation movements and subsequently normal devel-
opment (Cooke, 1975). In a subsequent study, however, it was
reported that regeneration does not occur. In this study, a more
rigorous analysis of “regulated” embryos involving serial sections
demonstrated that embryos with a superficially normal external
appearance often revealed anterior deficits and a lack of complete
regeneration (Cooke, 1985). Therefore, at this point, we can only
conclude that organizer ablation in Xenopus results in partial
regeneration. Additional evidence for regulatory tendencies in the
amphibian gastrula came from experiments in which an organizer
was grafted onto the ventral side of hosts whose own organizer had
been ablated, either at the time of the organizer graft or hours later
(Cooke, 1973). In normal hosts, usually the secondary axis in-
duced by an organizer graft is complete though much smaller than
the host’s axis. Similarly, in hosts in which an organizer was grafted
at the same time as the ablation, the induced axis is also smaller.
However, if an organizer is grafted a few hours before the ablation
of the host’s organizer, the size of the second axis is significantly
larger, suggesting that the amount of territory “captured” by an
organizer can be inhibited by the presence of another organizer
(Cooke, 1973).

Similarly, in the fish, different studies have yielded often variable
results and conclusions regarding organizer regeneration. Some
investigators have found regeneration (Sumner, 1904;
Oppenheimer, 1934; 1936a; Luther, 1937), whereas others have
not (Brummet, 1968a; 1968b; Shih and Fraser, 1996). It appears
that one reason for this discrepancy may lie in the stage of the
embryos used in the studies - ablation of young shields resulting in
at least partial regeneration, whereas a marked decrease in
regulation is found at older stages. This explanation is consistent
with a series of rigorous experiments designed to reveal the stage
at which axial cell fates become localized in the shield (Hoadley,
1928). Portions of tissue were removed from the shield at different
stages. Until the middle shield stages, tissue could be removed

from anywhere along the shield without any resulting deficiency.
However, at the late shield stage, removal of cells results in a
higher mortality rate as well as deficits appropriate to the location
of the removed cells, suggesting that plasticity is lost at this time.
A more recent study confirms the idea that the lack of regulation
may be correlated with the age of the embryo. Shih and Fraser
(1996) found that ablation of the shield is never followed by
regeneration of the notochord. In the same study, it was found that
transplants of the shield to the ventral side of host embryos result
in the formation of a secondary body axis, derived solely from the
graft. This is similar to the results of ablation and transplantation of
the node from post-gastrula stage hosts in the chick (Grabowski,
1956). Therefore, it seems possible that the lack of regeneration
observed in many of these studies could be due to the embryonic
stages used in the experiments.

Only one study on organizer ablation in the mouse has been
published to date (Davidson et al., 1999). In this report, the node
was ablated during late gastrulation and resulted in the absence of
notochord regeneration. It seems likely that a similar manipulation
carried out at an earlier stage will lead to more extensive regulation.

Therefore, although organizer regeneration can occur in the
chick, still inconclusive data from other vertebrates are consistent
with the idea that at least partial regeneration can occur. Additional
examples of regulatory tendencies are demonstrated by experi-
ments in the early embryo. In early chick and fish embryos (in
contrast to the more “mosaic” frog egg) we are confronted by the
problem on how only one embryonic axis forms during normal
development from a seemingly totipotent blastoderm. As we will
see, it appears that mechanisms similar to those that prevent the
formation of ectopic organizers in the gastrula could also serve to
prevent the formation of more than one axis during the initial
polarization of the embryonic blastoderm.

Regulation in the early embryo

When the chick egg is laid, the embryo is a non-polarized one-
cell thick blastoderm lying on top of a yolk mass. Soon after, Koller’s
sickle appears as a thickening which marks the future posterior
edge of the embryo, where the primitive streak will start to form. At
these pre-streak stages, although the fate map reveals a spatial
distribution of tissue precursors (Hatada and Stern, 1994), all parts
of the blastoderm have the potential to initiate an embryonic axis.
Lutz (1948) first demonstrated that if unincubated duck blastoderms
are cut into either four parallel bands or into quadrants, embryos
can develop in each piece, even though only one does so in the
intact blastoderm. This observation was followed up by a series of
studies by Spratt in the 1960s looking at the regulative potential of
different regions of the pre-streak chick embryo (Spratt and Haas,
1960; 1961). Spratt’s studies, which also involved cutting
blastoderms into many different pieces and culturing the individual
pieces, revealed that although during normal development, only
one primitive streak forms at the posterior side of the embryo,
streaks can potentially form from anywhere along the circumfer-
ence of the marginal zone, although at different frequencies. The
frequency of streak formation is highest posteriorly, gradually
declining to a lower frequency anteriorly. At early streak stages,
blastoderm fragments can no longer develop a streak. These
results already raise the intriguing problem of why only one
primitive streak (and organizer) forms during normal development.
Spratt hypothesized that the force of the growing and radially
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moving cells of the lower layer could act mechanically to prevent
streak formation from anywhere except one point. However, a
simple mechanical explanation does not account for the differ-
ences in streak forming potential of cultured explants. These
results point to the existence of mechanisms in the unincubated
embryo, in addition to those that induce the streak, which serve to
prevent the formation of ectopic streaks during normal develop-
ment and thereby integrate the entire blastoderm into forming just
one organizer and one embryo. Based on the frequency of streak
formation in cultured blastoderm isolates, one could imagine that
streak formation could be controlled simply through the action of a
gradient of a positive streak inducing signal from the posterior end
and/or an inhibitor emanating from the anterior margin.

Studies in which the posterior marginal zone was ablated and/
or grafted into ectopic positions (Khaner and Eyal-Giladi, 1986;
1989) demonstrated that in addition to a gradient of streak forming
potential which determines the position of the streak, there also
exists an inhibitory effect exerted by the forming streak which
prevents the formation of ectopic streaks in the near vicinity. If the
posterior marginal zone is cut out, a streak still forms in the original
position. If, however, the hole is plugged with a bead, then two
streaks form, one on each side of the implant (similar to what
occurs after ablation of Hensen’s node if the hole is prevented from
healing; Waddington, 1932). Additionally, if a posterior marginal
zone is grafted at 90° from its initial position, it is able to induce an
ectopic primitive streak at its new site, while another streak
continues to form at the original posterior pole. As grafts are placed
closer to the host’s posterior margin, there is increasing competi-
tion between the two sites and only one streak forms. Temporal
constraints also govern this response: as mentioned earlier, the
ability of the posterior marginal zone to initiate a streak ends at
stage XII. Its streak inhibiting activity appears to end earlier, at
stage XI (Eyal-Giladi and Khaner, 1989; Khaner and Eyal-Giladi,
1986; 1989). These results suggest the existence of a regulatory
mechanism, which would serve to ensure the formation of just one
streak, perhaps similar to the mechanisms that regulate the organ-
izer during gastrulation.

In fish, the first morphological signs of bilateral symmetry
appear at the beginning of gastrulation with a thickening of the
dorsal shield. As in the chick, it appears that until this stage, there
is a high degree of multipotency among blastomeres. Indeed, in
lineage tracing experiments, labeled blastomeres disperse ran-
domly up until gastrulation demonstrating that at these early
stages, in the fish, unlike the chick, there is no correlation between
position and fate (Kimmel and Law, 1985). Regulation in the early
fish embryo has also been documented. Removal of one cell at the
2-cell stage, any two cells at the 4-cell stage, and any fifth of the
embryo at the blastoderm stage results in normal (though small)
embryos (Morgan, 1895; Lewis, 1912a; Hoadley, 1928). Similar to
Spratt’s studies, Luther (1936) divided blastula stage blastoderms
of the trout into quarters and found that each piece can regulate and
form embryos, though the topography of many of the differentiated
structures is abnormal. Additional experiments in fish at later
stages demonstrated equally dramatic regulatory properties at
both blastula and early gastrula stages (Luther, 1937; Devilliers,
1951). If either the dorsal or ventral half is removed, the embryo can
regenerate the missing half. Removal of a dorsal half and replace-
ment with a grafted ventral half (to make double-ventral embryos)
results in the formation of a single axis arising from the position of

the original dorsal half, suggesting that a polarizing activity ema-
nates from the yolk. However, 180° rotation of the blastoderm with
respect to the yolk does not repolarize the embryo, demonstrating
that the formation of an axis in combined ventral halves is not
simply due to an induction of dorsal tissue by the underlying yolk
but also the release from an inhibitory influence normally exerted
by the dorsal tissue. Combination of two dorsal halves at either
blastula or early gastrula stages, however, results in two axes
(Luther, 1937; Devilliers, 1951). More recently, it was shown that
transplants of cells taken from blastula and early gastrula stages
always result in the graft adopting fates appropriate to the new
environment. In contrast, cells taken from later gastrula stages and
transplanted into new environments remained committed to their
initial fates (Ho and Kimmel, 1993). As with the chick experiments
previously described, these results highlight the plasticity of the
early fish embryo, and suggest that antagonistic influences be-
tween different parts of the embryo may ensure that only one
embryo forms.

The regulative capacity of early chick and fish embryos is in
marked contrast to the largely “mosaic” development of the am-
phibian embryo. In Xenopus, separation of the left and right
blastomeres at the two cell stage results in small embryos that are
normal except for having, surprisingly, nearly twice as much
notochord tissue as normal embryos (Cooke and Webber, 1985b).
However, at the 4-cell stage, separation of dorsal from ventral
blastomeres results in embryos completely deficient for ventral or
dorsal structures, respectively. Regulation is never observed (Cooke
and Webber, 1985a). In fact, the complementation in the structures
present in embryos derived from dorsal or ventral halves sug-
gested that “further communication between their descendent
endomesodermal cell populations would have been minimal and
unnecessary during normal embryogenesis” (Cooke and Webber,
1985a).

Parallels of organizer regulation with organizer induction

The plasticity of early fish and chick embryos opens the question
of how the blastoderm is integrated into forming just one embryo.
Do similar mechanisms prevent both the formation of ectopic
organizers during gastrulation and ectopic streaks during the initial
polarization of the blastoderm?

The activity of the Nieuwkoop center is mediated at least in part
by cooperativity between the TGF-β (specifically, Vg1/activin/
Nodal) and Wnt signaling pathways. These two pathways synergize
in the induction of organizer-specific genes (Watabe et al., 1995;
Cui et al., 1996; Crease et al., 1998; Zorn et al., 1999; Nishita et al.,
2000). In Xenopus, factors with mesoderm inducing activity include
maternally deposited Vg1, as well as the Nodals, Activin and
Derriere, which are activated zygotically by the maternal transcrip-
tion factor VegT (Dale et al., 1989; Kessler and Melton, 1995;
Zhang et al., 1998; Clements et al., 1999; Kofron et al., 1999; Sun
et al., 1999; Agius et al., 2000). Activation of the Wnt signaling
pathway (by an unknown mechanism) on the dorsal side of the
embryo results in nuclear localization of β-catenin only on the
dorsal side of the embryo, so that these pathways intersect in
dorsal vegetal cells. These two pathways (Vg1/Nodal and Wnt8C/
nuclear β-catenin) are also active in the posterior marginal zone of
the chick (Hume and Dodd, 1993; Seleiro et al., 1996; Shah et al.,
1997; Roesser et al., 1999). In the zebrafish, squint (a Nodal family
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member), Vg1, activin and Wnt8 are all expressed maternally
(Helde and Grunwald, 1993; Kelly et al., 1995; Dohrmann et al.,
1996). After the onset of zygotic transcription, Squint along with the
nuclear localization of β-catenin become localized to the dorsal
yolk syncytial layer (Schneider et al., 1996; Erter et al., 1998). While
a similar region has not yet been identified in the mouse, nodal and
Wnt3A are expressed in the early embryo, and mouse mutants for
nodal and β-catenin are deficient for most mesoderm (Conlon et al.,
1994; Haegel et al., 1995).

The expression of components of both pathways that underlie
the activity of the Nieuwkoop center/posterior marginal zone con-
tinues into gastrulation, and is consistent with the same pathways
playing a role in regulating the position of the organizer during chick
gastrulation (Joubin and Stern, 1999) (Fig. 3). Vg1 and Wnt8c are
both expressed in the middle of the primitive streak of the chick
embryo – the same region that acts as a “node inducing center”
upon transplantation (see above). Indeed, grafts of either the
middle of the primitive streak or of cells secreting Vg1 and Wnt
protein can induce an ectopic organizer. Therefore, the same
pathways that mediate Nieuwkoop center activity may account for
the continuous allocation of cells to the organizer territory. How-
ever, it is important to emphasize that the cells expressing these
factors during gastrulation (the middle of the primitive streak) are
not direct descendants of those that express them before the
primitive streak stage (the posterior marginal zone) (Bachvarova et
al., 1998; Joubin and Stern, 1999).

Grafts of the middle of the primitive streak or a source of Vg1/Wnt
into different positions in a host embryo revealed that organizer-
forming potential declines towards the periphery of the embryo and
in the vicinity of Hensen’s node itself (Joubin and Stern, 1999),
suggesting the existence of inhibitors released from these regions
which would impose spatial constraints to the response to organizer
inducing signals. Molecules that may mediate these inhibitory activi-
ties include members of the BMP gene family: BMP4 and BMP7,
which are expressed at the edges of the area pellucida, and ADMP,
which is expressed in the node itself. This working model accounts
for the regeneration of a new organizer after removal of the node:
after ablation, cells lateral to the node are released from the inhibitory
effect of ADMP and are induced to become organizer by Vg1 and Wnt
activity. It also raises a paradox of why during normal development
cells outside the organizer region are affected by ADMP, whereas the
organizer cells themselves which produce ADMP are immune. This
is a problem raised with many genetic cascades involving feedback
inhibitors expressed at sites of highest signaling activity. Interest-
ingly, ADMP is one of the last organizer genes to be expressed by

cells receiving organizer inducing signals during regeneration, and
its expression peaks during the definitive streak stage when there is
maximum organizer activity. It is therefore possible that ADMP
production is a property of cells already induced to be organizer, and
therefore not as vulnerable to its effects.

These ideas are consistent with mathematical models of organ-
izer function in moving fields of cells, which suggest that “autoca-
talysis” (self-perpetuating induction of organizer) is sufficiently high
in the organizer region to overcome the effects of an inhibitor
(Meinhardt, 1993; 1995). This interplay of inducers and inhibitors,
which will likely be elaborated in the future to include many more
components, provides a mechanism for the somewhat paradoxical
finding that both organizer-inducing and -inhibiting signals are
present during gastrulation.

Could the same molecular mechanisms that regulate the organ-
izer during gastrulation also ensure the formation of only one
primitive streak at earlier stages of development? Although both
Vg1 and Wnt8c are expressed in the posterior marginal zone,
ADMP is not expressed in the pre-streak embryo, and BMP4 is
expressed only very weakly throughout the epiblast (Streit et al.,
1998). Therefore for the moment it appears that the inducing
signals are common to both situations, but different inhibitory
molecules may be involved in each.

In zebrafish, it appears that similar pathways may be involved in
regulating mesoderm formation during gastrulation. The Nodal
family members Cyclops (Cyc) and Squint (Sqt), have been shown
both embryologically and genetically to be essential for the forma-
tion of the germ layers during gastrulation (Feldman et al., 1998;
Rebagliatti et al., 1998). Sqt and cyc are both expressed along the
blastoderm margin and later in the shield, and double mutants for
cyc and sqt display gastrulation defects and lack mesodermal and
endodermal derivatives (Erter et al., 1998; Feldman et al., 1998;
Regagliatti et al., 1998; Sampath et al., 1998). The activity of Nodal
is regulated through a complex interplay of secreted inhibitors,
competence factors, and intracellular processing proteins which
impose temporal and spatial constraints on the duration and
intensity of the signals. In particular, the TGFβ family member
Antivin (also known as Lefty1) appears to restrict Nodal signaling
during gastrulation possibly by competing with Nodal for binding to
its receptor (Bisgrove et al., 1999; Meno et al., 1999; Thisse and
Thisse, 1999). Interestingly, Antivin is also induced by Cyc and Sqt
and thereby acts as a feedback inhibitor, similar to ADMP in the
chick. Additionally, BMP2 and BMP4 also are required for dorsov-
entral patterning of the mesoderm during gastrulation (Kishimoto
et al., 1997). They are expressed in ventrolateral parts of the

Fig. 3. Signals that contribute to pattern the embryo and
position the organizer in different vertebrate classes. “Posi-
tive” signals are shown in shades of blue, “negative” (inhibitory)
signals in red/orange. In the frog , the TGFβ-related factor Vg1 is
expressed vegetally, while both the organizer (right, red) and the
ventral side of the animal cap (left, orange) express the inhibitors
ADMP and BMP2/4, respectively. In the fish the shield expresses
the Nodal-related proteins (Sqt and Cyc), Antivin as well as BMPs,
and the latter are also expressed ventrally, while Vg1 and Wnt8 are
fairly ubiquitous. In the chick, the inducers Vg1 and Wnt8C partially
overlap in the primitive streak, while the inhibitors BMP2/4 are
expressed peripherally at the edge of the area pellucida and ADMP
in the node itself. Few comparable data are available in the mouse,
as neither ADMP nor Vg1 have yet been cloned.
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blastoderm margin, and have an additional, somewhat surprising,
expression in the dorsal shield itself. ADMP has not been cloned
yet in the fish, but it is tempting to speculate that this expression of
BMPs in the shield may be performing a similar role to that of
ADMP. Is there a region in the fish embryo which would act as a
source of organizer inducing signals during gastrulation, compara-
ble to the middle of the primitive streak in the chick? One candidate
is the dorsolateral region of the blastoderm margin, which ex-
presses cyc, sqt, wnt8 (Kelly et al., 1995), and vg1 (which is
ubiquitous in zebrafish; Helde and Grunwald, 1993; Dohrmann et
al., 1996) during gastrulation. Based on the results of Oppenheimer’s
experiments in which she separated blastoderms from the yolk
(1934b; 1936a), one might expect that the yolk could also be a
source of signals during gastrulation. However, the distribution of
these gene products in the yolk during gastrulation has not been
documented.

The Nodal-related proteins Cyc and Sqt are also involved in the
initial induction of mesoderm, as demonstrated by their mutant
phenotypes. Sqt is initially expressed in the yolk syncytial layer,
and also in the dorsal sector of the blastoderm along with cyc (Erter
et al., 1998; Feldman et al., 1998; Rebagliatti et al., 1998; Sampath
et al., 1998). Injection of sqt mRNA specifically into the YSL results
in ectopic organizer gene expression and, as expected for a
Nieuwkoop center molecule, secondary axes are induced non-cell
autonomously by sqt overexpressing cells (Erter et al., 1998).
Additionally, maternal Activin, Vg1, and Wnt8 are also implicated
in mesoderm induction in the fish, and may be part of this regulatory
pathway (Helde and Grunwald, 1993; Wittrobt and Rosa, 1994;
Kelly et al., 1995; Dohrmann et al., 1996). Surprisingly, BMPs do
not appear to have a role in the initial induction and patterning of the
mesoderm (Kishimoto et al., 1997), but Antivin has been shown
also to inhibit mesoderm inducing signals at these early stages
(Thisse and Thisse, 1999).

Genetic evidence from the mouse also implicates the TGFβ
pathway in regulating axis development. Interactions between
Nodal and Antivin/Lefty family members in germ-layer formation
during gastrulation have been demonstrated (Meno et al., 1999).
Misexpression of chick Wnt8c can cause axis duplication (Popperl
et al., 1997), while mice carrying severe alleles of the fused
mutation (a locus that encodes Axin, an antagonistic component of
the Wnt pathway) develop multiple primitive streaks (Zeng et al.,
1997), suggesting that the Wnt pathway plays a role in induction of
the primitive streak.

In Xenopus, the various TGF-βs (Nodals, Activins, Vg1, BMPs,
ADMP) have been implicated both in the initial induction of meso-
derm and in its dorsoventral subdivision during gastrulation (Dale
et al., 1992; Jones et al., 1992; 1995; 1996; Hemmati-Brivanlou
and Melton, 1993; Kessler and Melton, 1995; Moos et al., 1995).
Additionally, a family of secreted Wnt inhibitors, called the Fzb’s,
has been characterized (Leyns et al., 1997; Salic et al., 1997; Wang
et al., 1997a; 1997b). Interestingly, Fzb1 is expressed in the
organizer and may act as a feedback inhibitor of organizer induc-
tion, similar to ADMP. However, the only evidence supporting a
requirement for organizer maintenance during gastrulation comes
from results in which mutant Vg1 ligands were used to block Vg1
signaling in early Xenopus embryos (Joseph and Melton, 1998). In
this study, it was found that while dorsal gene expression was
intact at the beginning of gastrulation, ultimately there resulted a
deficit in dorsal mesoderm derivatives. This suggests that al-
though the initial induction of the organizer can occur in the

absence of Vg1, there does appear to be a requirement for
continuous Vg1 activity throughout gastrulation as well. This
effect of mutant Vg1 ligands is similar to the results of
overexpressing BMP4 - in this case, the initial induction of
organizer is genes is normal, but their expression is not main-
tained and quickly downregulated (Jones et al., 1996).

Reasons for regulation

After the initial induction of organizer cells, the cell movements
of gastrulation reorganize the blastoderm into the three germ
layers. In the chick, gastrulation is marked by the formation and
elongation of the primitive streak, the amniote equivalent of the
amphibian blastopore. As the streak takes shape, some of the
induced organizer cells move with it and end up resident in
Hensen’s node at its anterior tip. The cells of the posterior
marginal zone are excluded from these movements and remain in
the posterior extra-embryonic area (Bachvarova et al., 1998). In
addition to these movements, cells in the epiblast layer are
continuously moving into and out of the primitive streak, including
the node, so that the organizer region consists of a continuously
changing population of cells, which acquire and lose organizer
properties according to their position at a particular time (Joubin
and Stern, 1999). This observation raises the question of how
organizer activity is maintained during the time that it is required.
We believe that the same molecular pathway that mediates node
regeneration is a reflection of cell interactions that function during
normal development to position the organizer at the tip of the
primitive streak during gastrulation. We propose that regenera-
tion is a consequence of the normal maintenance mechanism,
made evident by experimental manipulation. Such a mechanism
may also ensure that there is a constant pool of non-organizer
cells (cells which have not yet entered the node) which can
respond to organizer derived signals and become, for example,
neural tissue. Moreover, it may also allow for the migration of cells
out of the node after receiving their fate instructions, without
undermining the organizer itself. According to Meinhardt’s model
(1995), it is the presence of an inhibitor that “poisons” the
organizer region and causes cells to leave the position of the
organizer, thereby acting as a key player in coordinating cell
movements.

Spratt concluded that the plasticity of the early embryo serves the
function of compensating for cellular “excess” in the pre-streak
embryo (Spratt and Haas, 1960). Indeed, the unincubated blasto-
derm consists of about 60,000 cells, of which only about 500 will
participate in forming the embryo. This is in sharp contrast with more
mosaic animals such as Xenopus with much fewer cells in the
blastula, most of which appear to be committed to specific fates
according to their positions and lineage history. Although the initial
establishment of polarity in the chick has been difficult to study since
it starts before the egg is laid, it seems unlikely that maternal
localization of determinants is involved (Eyal-Giladi, 1997), and
sperm entry is even more unlikely to play a role because bird embryos
are highly polyspermic. Polarity is probably initiated stochastically,
under the influence of gravity (Kochav and Eyal-Giladi, 1971),
therefore making it necessary that cells in all regions in the embryo
be able to contribute to the body axis. The stabilization of the initial
asymmetry may result from amplification of an initially subtle bias
across the embryonic field, through a combination of mechanical and
chemical inhibition of neighboring regions. These regulatory tenden-
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cies may therefore also function to control the delicate balance
between cell specification and multipotency.
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