
Abstract Early work on the formation of the vertebrate
body axis indicated the existence of separate head- and
trunk-inducing regions in Spemann’s organizer of the
amphibian gastrula. In mammals some head-organizing
activity may be located in anterior visceral (extraembry-
onic) endoderm (AVE). By analogy, the equivalent struc-
ture in the Xenopus laevis gastrula, the anterior endo-
derm, has been proposed to be the amphibian head orga-
nizer. Here we review recent data that challenge this no-
tion and indicate that the involvement of AVE in head in-
duction seems to be an exclusively mammalian charac-
teristic. In X. laevis and chick, it is the prechordal endo-
mesoderm that is the dominant source of head-inducing
signals during early gastrulation. Furthermore, head in-
duction in mammals needs a combination of signals from
anterior primitive endoderm, prechordal plate, and ante-
rior ectoderm. Thus, despite the homology of vertebrate
anterior primitive endoderm, a role in head induction
seems not to be conserved.

Key words Anterior endoderm · cerberus · Prechordal
plate · Head induction · Gastrulation · Hex · Organizer

Introduction

The vertebrate body can be divided along the anteropos-
terior axis into head, trunk, and tail regions, and this or-
ganization is the result of patterning events that happen
during gastrulation. In amphibians, a region in the dorsal
equator of the gastrula, known as Spemann’s organizer,
is responsible for patterning the three germ layers: ecto-
derm, mesoderm, and endoderm. The transplantation of
the upper dorsal blastopore lip, which contains the Spe-
mann organizer, to the ventral side of a host embryo can

induce a complete secondary body axis. In the frog Xe-
nopus laevis, the organizer region can be divided into
three parts along the future anteroposterior axis: the an-
terior endoderm, which gives rise to the liver; the pre-
chordal endomesoderm (or prechordal plate), which in-
cludes prechordal mesoderm and pharyngeal endoderm,
and the chordamesoderm, which gives rise to the noto-
chord (Fig. 1A). During gastrulation, these axial tissues
migrate toward the anterior of the embryo and provide
crucial neural-inducing signals that pattern the over-
lying ectoderm along the anteroposterior axis (Fig. 1A;
Harland and Gerhart 1997). Indeed, Spemann (1931) re-
alized that different parts of the organizer differ in their
ability to induce head or trunk and/or tail structures. The
transplantation of organizers of early gastrulae induces
secondary axes containing a head, while the transplanta-
tion of organizers from older gastrulae induces only sec-
ondary trunks and/or tails. These and other findings dis-
cussed below indicate the existence of a rather continu-
ous organizer field, which separates into head and trunk
organizers during gastrulation. The prechordal endome-
soderm has traditionally been considered to be the head
organizer of the amphibian gastrula, while the trunk or-
ganizer would be located in the more posterior chorda-
mesoderm (Niehrs 1999). Recently, however, the anteri-
or endoderm of the X. laevis organizer has also been im-
plicated in head induction following the finding that it ex-
presses cerberus, a gene coding for a secreted factor with
head-inducing properties (Bouwmeester et al. 1996).

Similarly, an anterior endodermal tissue of the mouse
gastrula is also involved in the induction of the anterior
central nervous system (CNS). The early mouse gastrula
has a cylindrical shape and consists of an outer and an
inner epithelial layer. All embryonic structures are de-
rived from the inner layer (epiblast), while the outer lay-
er, the visceral (primitive) endoderm, does not contribute
tissues to the embryo proper (Fig. 1B; Beddington and
Robertson 1999). Gastrulation begins at the posterior
side with the formation of the primitive streak and the
node, a structure equivalent to the frog organizer. Axial
endomesoderm derived from the node (gut endoderm,

F.S.J. de Souza · C. Niehrs (✉)
Deutsches Krebsforschungszentrum, Molecular Embryology
(Abt A0500), Im Neuenheimer Feld 280, D-69210 Heidelberg,
Germany
e-mail: Niehrs@DKFZ-Heidelberg.de
Tel: +49-6221-424694, Fax: +49-6221-424692

Cell Tissue Res (2000) 300:207–217
Digital Object Identifier (DOI) 10.1007/s004410000204

R E V I E W

Flávio S.J. de Souza · Christof Niehrs

Anterior endoderm and head induction in early vertebrate embryos

Received: 24 January 2000 / Accepted: 25 February 2000 / Published online: 30 March 2000
© Springer-Verlag 2000



prechordal endomesoderm, chordamesoderm) migrates
toward the anterior and displaces the visceral endoderm
(Fig. 1B). The transplantation of the mouse node to an
ectopic location can induce secondary axes, but these
lack the anterior CNS (Beddington 1994). Recent evi-
dence indicates that the anterior visceral endoderm
(AVE), which contacts the future anterior CNS during
early gastrulation, is responsible for inducing fore- and
midbrain. This has led to the proposal that head and
trunk organizers are separated in the mouse embryo, the
trunk organizer residing in the node and the head orga-
nizer in the AVE (Thomas and Beddington 1996;
Bouwmeester and Leyns 1997; Beddington and Robert-
son 1998).

Since the anterior endoderm of the X. laevis organizer
and the mouse AVE express homologous genes (Bedding-
ton and Robertson 1998) and both regions are implicated
in head induction, it has been proposed that the anterior
endoderm of X. laevis is the topological and functional
equivalent of the AVE in the mouse (Bouwmeester and
Leyns 1997; Beddington and Robertson 1998). According
to this view, anterior endoderm is necessary for head in-
duction in frogs and mice, and perhaps in other vertebrates
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Fig. 1A–D Comparative schemes of vertebrate gastrulae. A Left:
Lateral view of a Xenopus laevis gastrula. The organizer compris-
es the chordamesoderm, prospective prechordal plate and anterior
endoderm (prospective liver). Right: As gastrulation proceeds, the
anterior endoderm and prechordal endomesoderm migrate toward
the anterior (arrow) and contact the neural plate. B Left: Em-
byonic cylinder of a mouse embryo at the beginning of gastrula-
tion. In the anterior side, the anterior visceral endoderm (AVE)
contacts the future anterior neural plate. Definitive axial endome-
soderm (anterior definitive endoderm, prechordal endomesoderm,
chordamesoderm) originates in the node (organizer) located at the
posterior side of the cylinder. Right: As gastrulation proceeds, de-
finitive axial endomesoderm migrates toward the anterior (arrow),
displacing the visceral endoderm and coming into contact with the
anterior neuroectoderm. C Lateral view of a chick embryo at the
beginning of gastrulation. The anterior portion of the extraembry-
onic endoderm (hypoblast) contacts the neuroectoderm. Axial en-
domesoderm derived from the chick organizer (Hensen’s node)
migrates toward the anterior and displaces the hypoblast. D Later-
al view of an early zebrafish gastrula, sagital cut. The zebrafish or-
ganizer, termed shield, is located in the dorsal side. The equivalent
to the anterior endoderm in X. laevis and AVE in the mouse is the
dorsal yolk syncytial layer (YSL), an extraembryonic tissue that
contacts the neuroectoderm. The dorsal YSL expresses Hex (Ho et
al. 1999). (A Anterior, P posterior, V ventral, D dorsal)



as well. This review focuses on recent findings concerning
the role of the anterior endoderm in embryonic head in-
duction and genes involved in this process in vertebrates.
Other reviews dealing with the role of anterior endoderm
in vertebrate head induction (Bouwmeester and Leyns
1997; Beddington and Robertson 1998; Bielinska et al.
1999; Knoetgen et al. 1999a; Niehrs 1999; Viebahn 1999)
as well as general vertebrate axis formation (Harland and
Gerhart 1997; Tam and Behringer 1997; Arendt and
Nübler-Jung 1999; Beddington and Robertson 1999) are
available. The head consists of a complex ensemble of tis-
sues derived from all germ layers, but in amniotes the ex-
pression „head induction“ often refers to the induction of
anterior CNS, while in X. laevis the induction of a com-
plete head is typically scored. Here we use both defini-
tions.

Conservation of anterior primitive endoderm
in vertebrates

The topological equivalence between the X. laevis anteri-
or endoderm and the mouse AVE was proposed based on
similarities in marker gene expression (Bouwmeester
and Leyns 1997; Beddington and Robertson 1998). Re-
cent data on marker gene expression, heart induction,
and tissue movements in frogs, mice, and other model
vertebrates reinforce this idea.

Marker gene expression

Many marker genes expressed in the mouse AVE have
homologues that are similarly expressed in the X. laevis
anterior endoderm, such as the homeobox gene Hex
(Newman et al. 1997; Thomas et al. 1998), the zinc fin-
ger gene Xblimp1 (de Souza et al. 1999), the secreted
factors cerberus (Bouwmeester et al. 1996; Belo et al.
1997; Biben et al. 1998) and dickkopf1 (dkk1; Glinka et
al. 1998; Pearce et al. 1999), and others. A problem with
the proposal of homology between the AVE and the X.
laevis anterior endoderm is that the AVE is part of an ex-
traembryonic layer, while the X. laevis anterior endo-
derm is an embryonic tissue that gives rise to liver
(Bouwmeester et al. 1996). In the mouse, genes ex-
pressed in the AVE are usually also expressed in anterior
definitive (embryonic) tissues derived from the node.
Thus, Hex and cerberus-like (Cer-l) are expressed both
in the AVE and in node-derived definitive endomeso-
derm, which is fated for liver, foregut, and, in the case of
Cer-l, prechordal endomesoderm (Belo et al. 1997;
Biben et al. 1998; Shawlot et al. 1998; Thomas et al.
1998). In contrast, Xenopus Hex (XHex) and cerberus are
not expressed in two distinct domains, but only in anteri-
or endoderm fated to become liver and pharynx
(Bouwmeester et al. 1996; Newman et al. 1997;
Schneider and Mercola 1999; Zorn et al. 1999).

It could be argued that mammals are unique in having
extraembryonic and embryonic anterior endoderm ex-

pressing similar genes, but recent data on the expression
of Hex and cerberus homologues in chick and zebrafish
suggest that this is a general vertebrate feature. The
chick pregastrula is composed of two layers: the epiblast,
from which all embryonic structures originate, and the
hypoblast. The latter is extraembryonic and can be re-
garded as homologous to the mouse visceral endoderm
(Fig. 1C). During gastrulation, definitive endomesoder-
mal cells originating from the streak and from Hensen’s
node (the chick organizer) displace the hypoblast in a
manner similar to that observed in mammals (Fig. 1C).
Chick Hex (Yatskievych et al. 1999), as well as a chick
cerberus homologue (Caronte; Rodriguez-Esteban 1999)
are first expressed in the hypoblast. At later stages, chick
Hex is expressed in definitive endoderm of the liver and
pharynx, among other structures (Yatskievych et al.
1999). In zebrafish, the embryo develops on top of a big
yolk cell, and at the blastula stage cells from the margin
of the embryonic blastoderm fuse with and release their
nuclei into the yolk cell, forming the yolk syncytial layer
(YSL; Fig. 1D). This extraembryonic layer has been sug-
gested, on topological grounds, to be the teleost equiva-
lent of the mammalian visceral endoderm and the avian
hypoblast (Bouwmeester and Leyns 1997; Beddington
and Robertson 1998; Viebahn 1999). In the early gastru-
la, zebrafish Hex is expressed in the dorsal YSL, and la-
ter it is expressed in embryonic structures such as the
liver (Ho et al. 1999). Thus, Hex expression in the early
embryos of teleosts, birds, and mammals is always found
in topologically equivalent extraembryonic tissues and
later in definitive anterior endoderm (liver, pharynx). In
the amphibian gastrula, without a well-defined extraem-
bryonic endoderm, both components of Hex and ce-
rberus expression probably coincide in the gastrula ante-
rior endoderm.

Heart induction

It is well established that anterior endoderm plays an im-
portant role in embryonic heart induction (reviewed by
Fishman and Chien, 1997). In the X. laevis gastrula, pro-
spective heart mesoderm flanks the organizer. Both the
anterior endoderm and the organizer mesoderm are nec-
essary for the induction of heart development during gas-
trulation (Nascone and Mercola 1995; Schneider and
Mercola 1999). The hypoblast of the chick can also in-
duce heart development in the epiblast of the early gas-
trula in a synergistic manner with the organizer
(Yatskievych et al. 1997). Finally, experiments with ex-
plants show that, in the mouse also, signals from the
AVE are necessary for heart induction during midgastru-
lation (Arai et al. 1997). Thus, the anterior endoderm of
frogs and the extraembryonic endoderm of chick and
mice have at least one function in common: to promote
heart development at early stages of development in co-
operation with the organizer.
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Pregastrulation movements

A feature that might also be conserved in vertebrates is
pregastrulation movements that position the anterior en-
doderm. Such movements were initially discovered by
studying the AVE marker Hex, which starts being ex-
pressed in the mouse pregastrula at 5.5 days postcoitum
(Thomas et al. 1998). Hex is initially expressed in viscer-
al endoderm at the distal part of the egg cylinder and the
expression domain moves toward one side of the em-
bryo. In lineage-tracing experiments, Thomas et al.
(1998) found that the distal, Hex-positive cells migrate to
the prospective anterior side of the embryo prior to the
onset of gastrulation (Fig. 2A). Approximately at the
same time, the expression of the mesodermal marker
Brachyury (T) moves to the presumptive posterior part of

the embryo, where the primitive streak will form (Fig.
2A; Thomas et al. 1998). These movements may not take
place in mice mutant for Cripto, a gene encoding a mem-
ber of the Cripto/FRL-1/Cryptic family of epidermal
growth factor-related proteins (EGF-CFC) class of mem-
brane-bound proteins. In Cripto–/– embryos, gastrulation
does not occur and AVE marker genes remain expressed
in the distal part of the egg cylinder, while primitive
streak genes stay expressed in the proximal part (Ding et
al. 1998).

Two recent papers indicate that pregastrulation move-
ments are also responsible for positioning the anterior
endoderm in X. laevis. Winklbauer and Schürfeld (1999)
show that the yolky endoderm of the late blastula under-
goes an extensive rotational movement (termed „vegetal
rotation“) that transports endodermal cells from the mid-
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Fig. 2A–C Pre-gastrulation
movements of the primitive en-
doderm in mouse, frog, and
chick. Hex-expressing cells are
colored dark green in all pan-
els. A In the pregastrula mouse
embryo, Hex expression begins
at the distal portion of the vis-
ceral endoderm. Hex-express-
ing cells then move toward the
anterior of the embryo (arrow),
forming the anterior visceral
endoderm (AVE). At approxi-
mately the same time, the ex-
pression of Brachyury (T, blue)
at the extraembryonic/embry-
onic boundary moves to the
posterior side of the embryo,
where gastrulation begins. B In
the late Xenopus laevis blastula
embryo, XHex is expressed in
yolky endodermal cells of the
blastocoele roof. At early gas-
trulation, extensive endodermal
movements (vegetal rotation)
position Hex-expressing cells
in the dorsal side, in the anteri-
or endodermal layer of the or-
ganizer. C In the chick embryo,
the hypoblast is formed by
groups of cells that delaminate
from the epiblast (green squar-
es) and from a sheet of cells
that migrate from the posterior
marginal zone toward the ante-
rior. Note that Hex-expressing
anterior primitive endoderm
moves toward the anterior of
the embryos in all vertebrates
shown



dle of the blastocoele floor toward the early organizer.
Jones et al. (1999) draw similar conclusions studying the
expression pattern of XHex. XHex is expressed at late
blastula stage in endodermal cells located at the roof of
the endodermal cell mass, and XHex-expressing cells
move toward the anterior portion of the organizer before
gastrulation begins (Fig. 2B).

Recently, Arendt and Nübler-Jung (1999) have sug-
gested that the initial movements of the X. laevis anterior
endoderm („endodermal wedge“) are homologous to
movements of hypoblast cells observed in the chick.
During pregastrulation stages, the chick hypoblast is
formed by two processes: the delamination of small
groups of epiblast cells, and the migration of a cohesive
cell sheet from the posterior margin to the anterior side
of the embryo (Fig. 2C). Based on various morphologi-
cal criteria, the migration of the hypoblast sheet toward
the anterior is considered by Arendt and Nübler-Jung to
be equivalent to the active migration of X. laevis anterior
endodermal cells toward the anterior pole. Considering
that chick Hex is expressed in the hypoblast as it forms
(Yatskievych et al. 1999), an anteriorly directed move-
ment of Hex-expressing cells is likely to be observed
during the formation of the chick hypoblast (Fig. 2C).
Thus, pregastrulation movements transporting primitive
endoderm toward the anterior side of the embryo may be
conserved in amphibians, birds, and mammals, strength-
ening the hypothesis that the mouse AVE, the chick hy-
poblast, and the X. laevis anterior endoderm are homolo-
gous structures.

The head organizer and anterior endoderm

Molecular mechanism of head induction

The molecular basis of head induction is best understood
in X. laevis. Many of the molecules secreted by the X.
laevis organizer act by inhibiting signaling molecules of
the BMP, Wnt, and Nodal-related families (Harland and
Gerhart 1997). The idea of separate head and trunk orga-
nizers has gained support with the finding of secreted or-
ganizer factors that induce only heads or trunks (Niehrs
1999). Secreted proteins that inhibit BMP signaling,
such as Chordin (Piccolo et al. 1996), Noggin (Zimmer-
man et al. 1996), and Follistatin (Iemura et al. 1998), can
induce ectopic trunks, while molecules that inhibit Wnt
signaling, such as Frzb (Leyns et al. 1997; Wang et al.
1997) and Dkk1 (Glinka et al. 1998), can cooperate with
BMP inhibitors in inducing secondary trunks containing
heads. This observation led to the proposal that, while
trunk induction depends on the effective inhibition of
BMP signaling, head induction requires the inhibition of
both BMP and Wnt signals (Glinka et al. 1997).

The first secreted head-inducing factor discovered
was Cerberus (Bouwmeester et al. 1996). Cerberus
mRNA injections induce heads containing a cement
gland (an anterior ectodermal derivative) and forebrain
with one eye, along with anterior structures such as heart

and liver. No trunk structures such as notochord or so-
mites are induced. Cerberus is a multifunctional protein
that binds and inhibits Nodal-related, BMP, and Wnt
molecules (Piccolo et al. 1999), suggesting that it also
induces heads by inhibiting BMP and Wnt simultaneous-
ly and that Nodal inhibition may play a role in this pro-
cess.

Anterior endoderm may not be involved
in head induction in X. laevis

Cerberus is expressed in anterior endoderm of the orga-
nizer, and hence it has been proposed that this tissue is
responsible for head induction in X. laevis (Bouwmeester
and Leyns 1997). This idea was subsequently supported
by the finding that other genes coding for candidate
head-inducers, such as frzb and dkk1, are also initially
expressed in this region (Glinka et al. 1997, 1998; Leyns
et al. 1997; Wang et al. 1997; F. S. J. de Souza and C.
Niehrs, unpublished observations).

Recent evidence for a role of the endoderm and ce-
rberus in head formation comes from studies with the
panendodermal homeobox gene Mix.1 (Rosa 1989).
Mix.1 is able to induce cerberus in a cooperative manner
with anterior endodermal factors such as the homeobox
gene siamois (Lemaire et al. 1998) and the zinc finger
gene Xblimp1 (de Souza et al. 1999). Injection of RNA
coding for a dominant-negative Mix.1 causes the down-
regulation of cerberus and leads to deficiencies in gut as
well as head development, with embryos displaying cy-
clopic or eyeless phenotypes (Lemaire et al. 1998;
Latinkic and Smith 1999). In addition, overexpression of
dominant-negative versions of transcription factors ex-
pressed in the anterior endoderm such as the homeobox
gene goosecoid (Ferreiro et al. 1998; Latinkic and Smith
1999) and Xblimp1 (de Souza et al. 1999) also cause the
development of headless embryos. Furthermore,
Xblimp1 can cooperate with the BMP inhibitor chordin
to induce ectopic heads (de Souza et al. 1999). It is not
clear, however, whether these genes are required for
head formation specifically in the anterior endoderm,
since all of them are expressed in the prechordal endo-
mesoderm, a region implicated in head induction.

There are arguments against an essential role for X.
laevis anterior endoderm in head induction. The anterior
endoderm acts as a poor head inducer in amphibians
when transplanted to an ectopic location, for example to
the blastocoele of a host embryo (Einsteck experiment;
Mangold 1933; Bouwmeester et al. 1996). Stronger evi-
dence suggesting that the anterior endoderm is not in-
volved in head induction is presented in a recent paper
by Schneider and Mercola (1999). The authors extirpated
the anterior endoderm from dorsal explants and whole
embryos at the early gastrula stage. Heart induction was
severely affected, but operated specimens developed nor-
mal heads. Head formation was only affected when both
the anterior endoderm and the prechordal plate were re-
moved. Thus, if the anterior endoderm plays any role in
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head induction, it is before or at the beginning of gastru-
lation. The experiments rule out an essential role for the
anterior endoderm in providing vertical signals to the
neuroectoderm that confer anterior characteristics, but it
could still help pattern the neuroectoderm through planar
signals before gastrulation starts (Doniach et al. 1992;
Ruiz i Altaba 1992). Alternatively, one could speculate
that the anterior endoderm is required to induce head-or-
ganizer properties in the adjacent prechordal endomeso-
derm before gastrulation begins. Evidence in X. laevis is
still lacking for these hypotheses.

The results of Schneider and Mercola (1999) indicate
an essential role for the prechordal plate in head induc-
tion. This is in agreement with previous observations
that prechordal endomesoderm explanted from early
urodele neurulae or early X. laevis gastrulae is a potent
head inducer when transplanted to the blastocoele of host
embryos (Spemann 1931; Mangold 1933; Zoltewicz and
Gerhart 1997). Prechordal endomesoderm is also able to
induce forebrain in exogastrulae and Keller sandwiches
neuralized by planar signals (Dixon and Kintner 1989;
Ruiz i Altaba 1992). Although it does not express ce-
rberus (Bouwmeester et al. 1996), the prechordal endo-
mesoderm expresses candidate head-inducing genes such
as frzb and dkk1. Indeed, dkk1 is necessary for head in-
duction in X. laevis, although it is not clear whether it is
required in anterior endoderm, prechordal endomeso-
derm, or both (Glinka et al. 1998). It is possible that pre-
chordal endomesoderm and anterior endoderm act coop-
eratively in the induction of heads, as they may do in the
induction of cement glands (Bradley et al. 1996). Such
synergism is unlikely to take place during gastrulation,
however, since Schneider and Mercola (1999) could not
observe any change in the frequency of head induction
when explants contained the prechordal endomesoderm
alone or prechordal endomesoderm and anterior endo-
derm. At present, the available evidence points to a more
prominent role for the prechordal endomesoderm in head
induction in X. laevis, compared with the anterior endo-
derm. Along with giving anterior character to the neuro-
ectoderm, the prechordal endomesoderm is also impor-
tant to induce the midline of the anterior neural tube
(Chiang et al. 1996; Dale et al. 1997; Li et al. 1997;
Blader and Strähle 1998).

Does cerberus have a role in head induction?

The results of Schneider and Mercola (1999) also sug-
gest that cerberus does not participate in head induction
during gastrulation, since cerberus expression was most-
ly absent in embryos in which the endoderm was extir-
pated. Nevertheless, it is possible that cerberus expres-
sion recovered in time to rescue forebrain induction in
their experiments, since this was not tested. In addition,
as the authors consider, cerberus might act in head in-
duction before gastrulation begins, perhaps in the ecto-
derm by diffusing through the plane of the animal ecto-
derm. Indeed, cerberus expression is already detectable

in anterior endoderm at the late blastula stage (Zorn et al.
1999). Piccolo et al. (1999) suggest that cerberus pre-
vents the trunk organizer from forming in anterior re-
gions of the organizer. It is possible that cerberus helps
to create the head organizer in presumptive prechordal
endomesoderm by inhibiting Nodal signaling in this re-
gion before gastrulation (Piccolo et al. 1999), although
Cerberus overexpression is not sufficient to induce pre-
chordal endomesodermal markers in the ventral side of
embryos (Schneider and Mercola 1999).

Studies on XHex suggest that endogenous levels of
cerberus expression are not sufficient to induce ectopic
heads in the ventral side of embryos. Jones et al. (1999)
found that ventral endoderm expressing XHex is able to
induce cement glands in naive animal ectoderm, as is an-
terior endoderm (Bradley et al. 1996), showing that
XHex can confer some anterior characteristics to ventral
endoderm. However, ventral expression of XHex cannot
induce heads, even though it induces ectopic cerberus
transcription at levels comparable with endogenous ex-
pression (Jones et al. 1999; Zorn et al. 1999). Again, this
observation might suggest that, although it represses
Wnt and BMP signaling and is sufficient to induce ec-
topic heads upon mRNA overexpression, cerberus needs
to synergize with other organizer factors (frzb, dkk1,
chordin, noggin) to promote head induction in physio-
logical conditions. Thus, the role of cerberus in X. laevis
head formation is still unclear.

In the mouse, an essential role in head induction can
be ruled out for a homologue of cerberus, Cerberus-like
(Cer-l). Cer-l is expressed in the AVE and definitive axi-
al endomesoderm, two tissues involved in head induction
(Belo et al. 1997; Biben et al. 1998; Shawlot et al. 1998).
Recently it has been shown that mice carrying a deletion
in chromosome IV encompassing the Cer-l locus devel-
op without any aberrant head phenotype (Simpson et al.
1999). There is a family of cerberus-related genes in
mammals but, among the known members of the family,
only Cer-l is expressed in the right place at the right time
to be involved in head induction (Pearce et al. 1999). It
is possible that Cer-l is not the true homologue of Xeno-
pus cerberus, since the identity between both genes is
low (26%) and Cer-l is not able to induce ectopic heads
in X. laevis embryos (Belo et al. 1997). Alternatively, the
presence of other head-inducing genes in the AVE
(mdkk1; Pearce et al. 1999) and axial endomesoderm
(frzb and mdkk1; Leyns et al. 1997; Glinka et al. 1998)
might rescue anterior development in embryos lacking
Cer-l. A role for Cer-l in head formation might become
apparent in double mutants with other candidate head-in-
ducing genes.

Mouse head induction requires the AVE
and the prechordal endomesoderm

Despite the lack of phenotype in Cer-l mutant embryos,
evidence of a role for the AVE in mouse head induction
is strong (Beddington and Robertson 1998, 1999). The
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AVE lies adjacent to the future anterior CNS and its ab-
lation during early gastrulation results in lack of fore-
brain marker gene expression (Thomas and Beddington
1996). In addition, homologues of genes implicated in
head induction in X. laevis are expressed in the AVE,
such as the previously mentioned Cer-l and mdkk1. A re-
cent paper by Knoetgen et al. (1999b) shows that the
mammalian AVE is also able to induce anterior CNS in
cross-species grafts. Taking advantage of the fact that the
rabbit AVE can be easily recognized morphologically be-
fore gastrulation begins (Viebahn 1999), the authors
transplanted the pregastrula rabbit AVE to the epiblast of
chick embryos and observed induction of the forebrain
homeobox gene Ganf (the homologue of mouse Hesx1
and frog Xanf; Zaraisky et al. 1995; Thomas and Bed-
dington 1996). Additional evidence comes from work on
Cripto (Ding et al. 1998). In Cripto–/– mutants, anterior
neural markers such as Otx2, BF1, and Engrailed1 are
expressed in the distal epiblast adjacent to the misplaced
AVE, suggesting that the AVE is sufficient to promote
anterior CNS development (Ding et al. 1998).

The most convincing evidence linking the mammali-
an visceral endoderm with head induction comes from
experiments with chimeric mouse embryos, in which the
embryo proper is composed of wild-type cells but the
visceral endoderm is mutant for genes expressed in the
AVE, such as the homeobox gene Otx2 (Rhinn et al.
1998) or the transforming growth factor-β (TGFβ) factor
nodal (Varlet et al. 1997). Such chimeras display anterior
CNS truncations even though all of their embryonic
structures are wild-type, indicating that expression of
both Otx2 and nodal is required in the visceral endoderm
for the induction of the anterior CNS (Varlet et al. 1997;
Rhinn et al. 1998). Mouse embryos mutant for the
winged helix transcription factor HNF3β also lack ante-
rior CNS in some cases (Ang and Rossant 1994;
Weinstein et al. 1994), and wild-type visceral endoderm
has been shown to rescue this effect (Dufort et al. 1998).
Another gene implicated in the mouse head organizer is
the LIM domain transcription factor Lim1 (Shawlot and
Behringer 1995). Lim1 is expressed in both the AVE and
in node-derived axial endomesoderm and, as in the case
of Otx2, Lim1–/– embryos lack forebrain and midbrain
(Ang et al. 1996; Shawlot and Behringer 1995). In addi-
tion, double mutants of HNF3β and Lim1 lack AVE
marker gene expression (Perea-Goméz et al. 1999). Re-
cently, the requirement for Lim1 in different germ layers
was investigated by Shawlot et al. (1999). The authors
produced chimeric embryos in which Lim1 was lacking
either in the visceral endoderm or in the epiblast. Inter-
estingly, they found that both types of chimeras have se-
vere truncations of the anterior CNS, indicating that nei-
ther the AVE nor the axial endomesoderm are sufficient
to confer full anterior identity to the CNS. Lim1 expres-
sion in axial endomesoderm is normal in chimeras with
Lim1–/– visceral endoderm, indicating that Lim1 is re-
quired in the AVE to induce anterior neural tissue direct-
ly. In addition, Shawlot et al. observed that Lim1–/– ante-
rior endomesoderm, in contrast to wild-type (Ang and
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Rossant 1994), is unable to maintain Otx2 expression in
ectoderm, indicating that Lim1 is required for signaling
by node-derived structures. The authors suggest that an-
terior CNS induction happens in a two-step manner, with
the AVE inducing a labile anterior identity in the adja-
cent neuroectoderm, and the axial endomesoderm rein-
forcing and maintaining this induction (Fig. 3; Thomas
and Beddington 1996; Shawlot et al. 1999). These results
are consistent with the recent observation that mice mu-
tant for Wnt3 lack definitive endomesoderm and do not
develop anterior neural structures, although AVE marker
gene expression is normal (Liu et al. 1999).

The work by Ding et al. (1998) on Cripto mutants
seems to contradict the conclusion that axial endomeso-
derm is necessary for proper anterior CNS induction.
Cripto mutants do not gastrulate and, although no axial
endomesoderm reaches the distal part of the embryo, the
AVE seems to be able to induce anterior neural markers
(Ding et al. 1998). However, it is possible that the secret-
ed molecules responsible for forebrain induction by
node-derived structures are still produced in Cripto–/–

mutants and can diffuse from the proximal to the distal
part of the epiblast. Alternatively, as Shawlot et al.
(1999) propose, the AVE signal might lose its labile
character in the absence of Cripto, causing stable anteri-
or CNS induction by the AVE in Cripto–/– embryos.

Independent evidence for the simultaneous require-
ment for the AVE and the axial endomesoderm derived
from the node in anterior CNS induction comes from a
recent study by Tam and Steiner (1999). The authors ex-
planted three regions from mouse embryos at the early
streak stage: the AVE; the anterior epiblast adjacent to
the AVE (EPI, fated to become anterior CNS); and the

Fig. 3A,B Multistep model for the induction of anterior central
nervous system (CNS) in the mouse embryo. Lateral view. The ex-
traembryonic-embryonic boundary is indicated by dashed lines.
A Before and during early gastrulation, the anterior visceral endo-
derm (AVE) sends anteriorizing signals (black arrowheads) to the
anterior ectoderm (prospective brain). The AVE is displaced by
node-derived axial endomesoderm, which migrates to the anterior
of the embryo (white arrows). B Starting at midgastrulation, pre-
chordal endomesoderm comes into contact with the anterior ecto-
derm and sends signals to the anterior ectoderm (black arrow-
heads) that reinforce the previous anteriorizing signals from the
AVE. The anterior ectoderm itself also provides anteriorizing sig-
nals (white arrowhead) to the CNS



early gastrula organizer in the posterior epiblast of the
embryo (EGO). The fragments were then grafted alone
or in combination into late mouse gastrulae, and ectopic
neural induction was examined by morphology and
marker gene expression. Tam and Steiner (1999) found
that the EGO could induce neural markers of posterior
character, but the combination AVE + EPI + EGO was
needed to induce an anterior neural marker (Otx2). Both
the isolated explants or the combinations AVE + EPI,
AVE + EGO and EPI + EGO had poor capacity to induce
anterior neural markers, suggesting that all three tissues
synergize to promote anterior neural induction. In con-
trast to the results of Knoetgen et al. (1999b), obtained
by grafting rabbit AVE in avian epiblast, Tam and
Steiner (1999) found that murine AVE alone is unable to
induce ectopic neural tissue. This could reflect a differ-
ence in competence of avian and mammalian ectoderm
to AVE signals. Alternatively, the difference could be
stage-related, since the rabbit AVE explants were ob-
tained from prestreak embryos (Knoetgen et al. 1999b)
and the mouse AVE explants were from early streak em-
bryos (Tam and Steiner 1999).

It is particularly interesting that Tam and Steiner
(1999) reported that the anterior epiblast adjacent to the
AVE is also required to induce anterior neural markers in
grafting experiments. An early role for the anterior ecto-
derm in head induction had already been shown by
Houart et al. (1998) in the zebrafish. These authors ob-
served that a particular group of cells (row-1), located at
the border between prospective neural plate and epider-
mis in the zebrafish mid-gastrula, is essential for fore-
brain induction during gastrulation. A somewhat similar
forebrain-inducing center, although acting later, is locat-
ed in the anterior neural fold of early somite stage mice
embryos (Shimamura and Rubenstein 1997). The results
of Tam and Steiner (1999) suggest that mammalian
gastrulae have a forebrain-inducing center located in an-
terior ectoderm. It is likely that similar inducing centers
will be found in the ectoderm of frogs and birds.

Which secreted factors could be responsible for the
induction of anterior CNS by AVE and axial endomeso-
derm? According to the two-inhibitor model derived
from studies in X. laevis (Glinka et al. 1997), candidates
should include BMP inhibitors such as chordin and nog-
gin and Wnt-inhibitors such as mouse frzb, dkk1, and ce-
rberus homologues (excluding Cerbl, which is not nec-
essary for head formation; Simpson et al. 1999). Among
these, dkk1 is at present the best candidate, considering
that it is necessary for anterior CNS formation in X. lae-
vis (Glinka et al. 1998). Mouse dkk1 is expressed in both
AVE and prechordal plate (Glinka et al. 1998; Pearce et
al. 1999) and hence has the potential of being required
for head induction in one or both of these regions.

In summary, the results by Shawlot et al. (1999) and
Tam and Steiner (1999) suggest that signals from the
AVE are part of a multistep process of anterior CNS in-
duction in the mouse (Fig. 3). A first step in induction is
mediated by signals emitted by the AVE, and the induc-
tion is subsequently reinforced by signals from node-de-

rived axial endomesoderm as it reaches the anterior of
the embryo. In addition, signals from the anterior epi-
blast are also required to confer full anterior identity to
the CNS, possibly during gastrula stages (as shown for
the zebrafish; Houart et al. 1998) and/or early somite
stages (Shimamura and Rubenstein 1997).

Anterior endoderm and head induction
in other vertebrates

The evidence linking anterior endoderm and head
induction came from studies in X. laevis and mouse
(Bouwmeester and Leyns 1997; Beddington and
Robertson 1998), but at present there are few indica-
tions that anterior primitive endoderm has an influence
on head induction in chick and zebrafish. Table 1 sum-
marizes the role played by candidate head-inducing
molecules and tissues in different vertebrates.

Birds

In the chick, the anterior hypoblast is equivalent to the
mouse AVE (Fig. 1E; Arendt and Nübler-Jung 1999;
Viebahn 1999). Ablation experiments, however, show
that the hypoblast is not required for anterior neural in-
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Table 1 Head-organizer activity of tissues and genes in verte-
brates (M mammals, C chick, X Xenopus laevis, Z zebrafish)

Required for Induces anterior
anterior neural neural tissue
induction or markers

Anterior endoderm M+a M+b*
C–b C–b

X–c X–d

Z? Z?
Prechordal endomesoderm M+e,g M–g

C+b C+b,h*,i*
X+c X+j

Z–f Z?
Cerberus M–k* M+l

X? X+d

Dickkopf1 (dkk1) X+m X+m*
Z? Z+n

a Thomas and Beddington 1996; Varlet et al. 1997; Rhinn et al.
1998; Shawlot et al. 1999
b Knoetgen et al. 1999b, *rabbit AVE in avian epiblast
c Schneider and Mercola 1999
d Bouwmeester et al. 1996; Bradley et al. 1996, *cement gland;
Jones et al. 1999
e Shawlot et al. 1999
f Schier et al. 1997; Gritsman et al. 1999
g Tam and Steiner 1999
h Foley et al. 1997, *area pellucida
i Pera and Kessel 1997, *area opaca
j Zoltewicz and Gerhart 1997
k Simpson et al. 1999, *Cerberus-like
l Belo et al. 1997
m Glinka et al. 1998, *together with BMP inhibitors
n Hashimoto et al. 2000



duction (Knoetgen et al. 1999b; Pera et al. 1999). Fur-
thermore, the anterior hypoblast and the anterior defini-
tive endoderm lack neural-inducing capacity (Knoetgen
et al. 1999b), although, interestingly, rabbit AVE can in-
duce anterior neural markers in the avian embryo, sug-
gesting that forebrain induction by primitive endoderm
might be a specific mammalian characteristic (Knoetgen
et al. 1999a, 1999b). As in the case of X. laevis, the pre-
chordal endomesoderm is important for anterior CNS in-
duction in the chick. The removal of the young head pro-
cess (from which the prechordal endomesoderm origi-
nates) inhibits anterior CNS formation (Knoetgen et al.
1999b), and the prechordal endomesoderm is able to in-
duce ectopic neural tissue of anterior character in embry-
onic ectoderm (Foley et al. 1997; Pera and Kessel 1997;
Knoetgen et al. 1999b). In addition, the prechordal endo-
mesoderm is able to bestow anterior characteristics on
neural tissue induced by Hensen’s node in extraembry-
onic ectoderm (Foley et al. 1997). In summary, the pre-
chordal plate in chick seems to be responsible for confer-
ring anterior character to the neural plate, and it is un-
likely that the anterior hypoblast plays a role in this pro-
cess.

Zebrafish

In zebrafish, it is not clear where the head organizer is
located. A region that could be the equivalent to the X.
laevis anterior endoderm and the mouse AVE is the dor-
sal YSL (Bouwmeester and Leyns 1996; Beddington and
Robertson 1998; Viebahn 1999), as indicated by the ex-
pression of zebrafish Hex (Ho et al. 1999). Interestingly,
Hex overexpression in zebrafish embryos downregulates
Wnt8 and Bmp2 expression, suggesting that the YSL
may participate in inhibiting Wnt and BMP signaling in
the dorsoanterior side of the embryo, which is necessary
to promote head development in X. laevis (Glinka et al.
1997; Ho et al. 1999). There is, however, no evidence to
date that the YSL is involved specifically in head induc-
tion. In fish mutants lacking both maternal and zygotic
One-eyed-pinhead (Oep), a protein of the EGF-CFC
family such as Cripto (Gritsman et al. 1999), endomeso-
derm fails to develop but anterior CNS is induced
(Schier et al. 1997; Gritsman et al. 1999), suggesting that
the prechordal endomesoderm may be dispensable for
anterior neural induction in the zebrafish. However, rele-
vant head-inducing molecules may be expressed in these
mutants, as is the case for chordin (Gritsman et al. 1999).
Apart from a possible role for the prechordal endomeso-
derm, it is known that planar signals emitted by the orga-
nizer at late blastula stages (Grinblat et al. 1998) and by
an inducing center in the ectoderm (row-1; Houart et al.
1998) are necessary for forebrain induction in the zebra-
fish.

Conclusions

Mouse AVE, chick anterior hypoblast, X. laevis anterior
endoderm, and zebrafish dorsal YSL can be regarded as
equivalent structures based on similar topology, marker
gene expression, and pregastrulation movements. These
anterior endodermal tissues also have conserved func-
tions, considering that they play a role in inducing the
heart in all vertebrates analyzed. As for a role in head in-
duction in the mouse, new evidence reinforces the idea
that signals from the AVE are required. In contrast, the
available evidence does not support a role for anterior
endoderm in head induction in other vertebrates. In X.
laevis and chick, the head organizer resides predomi-
nantly in the prechordal endomesoderm, indicating that
the extraembryonic head organizer may be a characteris-
tic restricted to mammalian embryos. The prechordal en-
domesoderm seems to have a more conserved role in
vertebrate head induction, since node-derived axial en-
domesoderm is also essential for head induction in the
mouse. In mouse and zebrafish, anterior ectoderm is re-
quired for head induction, and future experiments should
address to what extent this is true in other vertebrates.
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