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Getting your head around Hex and Hesx1:
forebrain formation in mouse

JUAN PEDRO MARTINEZ-BARBERA' and ROSA S.P. BEDDINGTON*

Division of Mammalian Development, National Institute for Medical Research, London, England

ABSTRACT An increasing amount of evidence suggests that in mouse there are two signalling
centres required for the formation of a complete neural axis: the anterior visceral endoderm (AVE),
and the node and its derivatives. Embryological and genetic studies suggest that the AVE has a
head-inducing activity. In contrast, the node appears to act first as a head inducer in synergy with
the AVE initiating anterior neural patterning at early stages of mouse development, and later, node
derivatives are necessary for maintenance and embellishment of anterior neural character. Hexand
Hesx1 are homeobox genes that are expressed in relevant tissues involved in anterior patterning.
The analysis of the Hex and Hesx1 mutant mice has revealed that the lack of these genes has little
or no effect on the early steps of anterior neural induction. However, both genes are required
subsequently for the proper expansion of the forebrain region. We suggest that disturbance in the
specification of an Fgf8 signalling centre in the anterior neural ridge may account for the anterior
defects observed in these mutants.
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Introduction

Classical experiments by Spemann and Mangold (1924) iden-
tified a specific group of cells in the dorsal lip of the blastopore of
the amphibian gastrula, the organizer, which was sufficient to
induce a complete secondary axis when grafted into the ventral
region of a host embryo. Histological analysis revealed that in this
ectopic axis the notochord derived from the grafted tissue but the
neural tube was composed mostly of host cells, thus demonstrating
that the dorsal blastopore lip contained an activity capable of
changing the fate of the surrounding tissues. Spemann also
showed that the inducing activities of the organizer were stage
dependent. Transplantation of the early gastrula organizerinduced
complete ectopic axis whilst grafts of equivalent tissues of a late
gastrula organizer induced partial secondary axes lacking the
head region (Spemann, 1931). These experiments promoted the
idea that separate head and trunk organizers existed.

Based on the cell fate and inductive properties of the grafted
tissue, homologous organizers have been described in all verte-
brates: the embryonic shield in zebrafish, Hensen’s node in chick
and the node in mouse. As in Amphibia, the zebrafish and chick
organizers contained head and trunk inductive activities that to-
gether can induce a complete ectopic axis (Waddington, 1933;
Storey et al., 1992; Zoltewicz and Gerhart, 1997; Saude et al.,

2000). In mouse, transplantation of the node has been conducted
using donor tissue isolated from full-length and early-streak mouse
embryos. Although, secondary neural axes were induced, the
midbrain and forebrain regions were absent (Beddington, 1994;
Tam and Steiner, 1999). These results indicate that in the mouse
the induction of the anterior aspects of the neural tube requires
developmental information not provided solely by the node and its
derivatives.

Gene targeting studies in mice have identified a humber of
homeobox genes and signalling molecules required for head
formation (Beddington and Robertson, 1999). Chimeric analysis
has demonstrated the requirement of these genes in the visceral
endoderm for the initiation of forebrain and midbrain development.
Based on these results and ablation experiments in mouse, a two
step model for anterior neural induction has been proposed. This
model suggests that the anterior visceral endoderm (AVE) is
responsible for the initial induction of the rostral identity in adjacent
ectoderm, and that subsequently this identity is maintained and
elaborated by axial mesendoderm (AME). However, recent ge-
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ZLI, zona limitans intrathalamica.

*Address correspondence to: R.S.P. Beddington. Division of Mammalian Development, National Institute for Medical Research, The Ridgeway, Mill Hill, London,

NW?7 1AA, England. FAX: +44-20-8913-8543. e-mail: rbeddin@nimr.mrc.ac.uk

1 Present address: MRC Centre for Developmental Neurobiology, 4t floor New Hunts House, King’s College London, Guy’s Campus, SE19RT, London, England.

0214-6282/2001/$25.00
© UBC Press

Printed in Spain
www.ijdb.ehu.es



328  J.P. Martinez-Barbera and R.S.P. Beddington

5.0 dpe

8.0 e

. dipe

B.5 dpo Fig. 1. Schematic representation
of mouse embryos from 5.0 to
8.0dpc. The anterior visceral endo-
derm (AVE, dark orange) precur-
sors are located at the distal tip of
the conceptus at 5.0 dpc. As the
embryo develops, these distal vis-
ceral endoderm (VE) cells move to
assume their antero-proximal posi-
tion at the onset of gastrulation at
6.5 dpc. This movement of the VE
is probably accompanied by the
rotation of the proximal epiblast
towards the posterior region where
the primitive streak will form (pur-
ple). Cells located in the distal tip of
the primitive streak are fated to
form the node and have been
namedasthe EGO, forearly gastrula
organizer. During gastrulation, the
primitive streak elongates and two
new germ layers are formed: the
mesoderm (red) and the definitive
endoderm (light orange). The meso-
derm is intercalated between epi-
blast and the endoderm in the em-
bryonicand extraembryonic regions
of the embryo. The definitive endo-

8.0 dpe

derm, which derives from the early node, moves anteriorly merging with and displacing the VE towards the extraembryonic region. In the anterior portion
of the embryo the AVE is displaced by anterior definitive endoderm (ADE), which is fated to form the liver. ADE, prechordal and notochordal plates form
the anterior axial mesendoderm (AME), which underlie the medial aspects of the neural plate. On the overlying ectoderm, the neural plate is divided into
two regions: the prospective forebrain and midbrain (dark blue); and the prospective hindbrain and spinal cord (light blue). At 8.0 dpc, the rostral limit of
the notochord coincides with the presumptive zona limitans intrathalamica (ZL1), which later divides the dorsal and ventral thalamus. In the rostral boundary
between neural and non-neural ectoderm an important signalling centre, the anterior neural ridge is formed (ANR, yellow).

netic and embryological evidence suggests that cells in the poste-
rior epiblast, which are fated to become the node, are required in
the early steps of anterior patterning. Here we describe these
experiments showing that the early node has a head organising
activity that cooperates with the AVE in the initiation of the anterior
neural induction. In the second part of this review, we present data
obtained from the analysis of the Hexand Hesx1 null mutant mice.
The results from these analyses supportthe model that the anterior
definitive endoderm (ADE), derived from the node, is required for
the maintenance of anterior neural character, and suggest that the
expansion of the prospective forebrain region requires the estab-
lishment of an Fgf8 signalling centre in the anterior neural ridge
(ANR) at early somite stages

AVE is required for anterior patterning

At5.5dpc, the mouse embryo is comprised of an inner cell layer
called epiblast, which gives rise to the embryo proper and the
mesodermal constituent of extraembryonic tissues, and an outer
cell layer of visceral endoderm destined to populate only the
visceral yolk sac (Fig. 1). Cell lineage studies have shown that the
antecedents of the AVE are located at the distal tip of the 5.0 dpc
embryo and are fated to move anteriorly by the onset of gastrulation
at6.5dpc. This “rotation” of distal visceral endoderm cells to its final
anterior position is probably in concert with movements of the
proximal anterior epiblast towards the posterior side of the embryo
where the primitive streak will form. Soon after the onset of

gastrulation epiblast cells ingress through the streak to form new
cell layers: the embryonic and extraembryonic mesoderm and the
definitive endoderm. The mesoderm is intercalated between the
endoderm and ectoderm. The definitive endoderm is inserted into
the visceral endoderm layer, thus displacing it into the
extraembryonic region.

Different lines of evidence have shown the necessity of
extraembryonic tissues, and more specifically the AVE, if a normal
head is to be formed (Beddington and Robertson, 1999). Genetic
evidence supporting a role of the AVE in anterior patterning has
been obtained from the analysis of the Hnf3B3, Otx2 and Lim1
mutants (Table 1). Embryos homozygous for mutations in these
genes exhibit brain deletions rostral to the otic vesicle (Ang and
Rossant, 1994; Acampora et al., 1995; Shawlot and Behringer,
1995). The lack of brain tissue occurs early during gastrulation due
to a failure in induction of the anterior neural plate. Rostral neural
markers such as Six3, Pax2 (Acampora et al., 1998; Rhinn et al.,
1998), Otx2and En(Ang and Rossant, 1994; Shawlotand Behringer,
1995) were absent or reduced in these mutants at 7.5 dpc.
Originally, these anterior defects were supposed to be due to the
absence or abnormality of the node and prechordal plate (Bally-
Cuif and Boncinelli, 1997). However, recent studies have shown
that the expression of AVE markers is either reduced and/or
mislocalised in these mutants. In 7.5 dpc Lim17 mutants, the Cerrl
expression domain is reduced and located near the distal tip of the
embryo, presumably in cells which may correspond to the AVE that
failed to move anteriorly (Shawlot et al., 1998). In Otx2”- mutants



Fig. 2. Hex and Hesx1 expression during mouse
development. (A) Hex is expressed in the AVE
(arrow) and ADE (arrowhead) at midstreak stages.
(B) Definitive endodermal cells move antero-proxi-
mally merging with and displacing the AVE to the
extraembryonic region. (C) By early head fold stages,
Hex expression domain is restricted to a patch of
ADE cells fated to form the liver, and to the nascent
blood islands in the extraembryonic region. (D) At
early somite stages, Hex transcripts are detected in
the foregut diverticulum and endothelial cells of the
blood vessels. (E) Hesx1 is expressed in the AVE at
the onset of gastrulation. (F,G) At late-streak stages
Hesx1 expression is observed in the anterior AME
(F) and by head fold stages, both the anterior AME
and the overlying neural ectoderm express Hesx1
(G). (H) Hesx1 is strongly expressed in the prospec-
tive forebrain region of the early somite mouse
embryo. Bar, 100 um.

not only Cerr/but also Lim1 and Hesx1 expression domains in the
AVE are abnormally localised in the distal region of the embryo at
6.5 dpc (Acampora et al., 1998; Rhinn et al., 1998). In Hnf3R"
embryos, diminished Cerrlexpression is detected in approximately

TABLE 1

COMPARATIVE ANALYSIS OF NULL MUTANT MICE FOR ESSENTIAL GENES
IN BRAIN FORMATION
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The presence (M) or absence () of signalling centres at different stages of mouse development and the observed neural defects
isindicated for each mutant (see text for details). In the Hnf3B3, Otx2and Lim1 mutants, the absence of the AVE leads to the induction
of an incomplete neural axis lacking the forebrain, midbrain and rostral hindbrain. (“headless” embryos). This phenotype suggests
that the AVE is required for head formation. However, in the Wnt3and -catenin mutants, the AVE is not capable of inducing neural
character in the overlying epiblast because the EGO is not formed in these mutants. This phenotype indicates that the AVE is not
sufficient for anterior neural induction, but requires the activity of the EGO. In fact, in the Cripto and Fgf8 mutants, both the AVE and
EGOare presentat6.0-6.5dpc, and this results in the induction only of forebrain and midbrain neural markers in the overlying epiblast.
This “head without a trunk” phenotype may be due to the absence of posteriorising signals emanating from the node, AME and/or
EM, since none of these signalling centres are formed. Finally, in the Hex and Hesx1 mutant embryos, the anterior neural induction
occurs normally as the AVE and EGO activities are present, but anterior identity is not maintained and the rostral forebrain fails to
develop later. Inthe Hexmutants this appears to be due to a failure in the specification and/or morphogenetic movements of the AME,
which may impair the formation of a Fgf8 signalling centre in the ANR. In the Hesx1 mutants, the AME is correctly specified but the
ANR is not formed due to a cell-autonomous requirement of Hesx1 in the anterior neural plate. Abbreviations: AME, anterior axial
mesendoderm; ANR, anterior neural ridge; AVE, anterior visceral endoderm; EGO, early gastrula organizer; EM, embryonic
mesoderm.
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50% of 7.5 dpc mutants. At 6.5 dpc Hnf3B7 embryos show
accumulation of visceral endodermal cells at the distal tip of the
embryo (Ang and Rossant, 1994, Klingensmith et al., 1999), which
may be due to a disturbance in cell movements that normally move

distal visceral endoderm at 5.5 dpc to an ante-
rior-proximal position atthe onset of gastrulation
(Fig. 1). However, defects in the patterning and/
or localisation of the AVE of these mutants do
notdemonstrate the requirement ofthese genes
in the visceral endoderm for anterior neural
induction.

Previous studies have shown that ES cells
injected into a host blastocyst colonise all epi-
blast derivatives, but very rarely the visceral
endoderm (Beddington and Robertson, 1989).
Taking advantage of this developmental bias, it
was possible to generate chimericembryoswhere
the embryo proper was of one genotype and the
visceral endoderm of another. For example, chi-
meric embryos composed predominantly of Otx2*/
* epiblast cells developing within Otx2” visceral
endoderm (Otx2"*<=>0tx2"") gave rise to chi-
meras showing identical brain deletions to those
observed in the Otx2” mutants. In contrast, the
converse experiment (Otx2<=>0tx2"*) has
shown that wild-type visceral endoderm can res-
cue the early anterior neural defects in chimeric
embryos at 7.5 dpc, thus providing irrefutable
evidence that Otx2 is first required in visceral
endoderm for normal brain formation (Rhinn et
al., 1998; Acampora et al., 1998). Likewise, the
function of nodal, Hnf3/3, and Lim1 function in the
visceral endoderm is necessary for normal
forebrain and midbrain development (Varlet et
al, 1997; Dufort et al, 1998; Shawlot et al.,
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Fig. 3. Similar forebrain truncations in the Hex and Hesx1 mutants. (A-C) Forebrain defects
in the Hex” mutants at 10.5 dpc. (A) Wild-type embryo. (B) Mildly affected Hex” mutant with small
telencephalic vesicles. (C) Hex’ embryo showing severe forebrain truncation. (D-F) Anterior
defects in the Hesx1 mutants at 9.5 dpc. (D) Wild-type embryo. (E) Hesx17- embryo showing a
moderate phenotype with reduction of telencephalic and optic vesicles. (F) Severely affected
Hesx 17 embryo. Most of the forebrain is absent. Note that midbrain, hindbrain and spinal cord are

unaffected in the Hex and Hesx1 mutants. Bar, 250 um.

1999). Embryological evidence for arole of the AVE in anterior neural
patterning has been provided from ablation experiments in mouse.
Removal of the anterior region of the visceral endoderm during the
earlier stages of gastrulation either prevents or severely impairs the
expression of the forebrain marker Hesx1 in the anterior neural
ectoderm, without affecting the expression of the hindbrain marker
Gbx2(Thomas and Beddington, 1996). Together these experiments
indicate that the AVE is required to establish the anterior identity of
the neural plate.

AVE is not sufficient for anterior neural induction

Although there is much evidence to support the necessity of the
AVE for normal induction of the midbrain and forebrain regions of
the neural tube, the mouse AVE is not sufficient for this inductive
process. Recenttransplantation experiments in mouse have shown
that the AVE and the early gastrula organizer (EGO) are both
required for the induction of anterior neural structures. The term
EGO has been used by P. Tam and co-workers to define a group
of posterior epiblast cells located at the tip of the primitive streak of
the early-streak mouse embryos that display cell fates, gene
expression and patterning activity characteristic of the morphologi-
cally recognisable node at full-length streak stages (Tam et al.,
1997). Fragments of the posterior epiblast containing the EGO
transplanted to the lateral region of the late-streak embryo are able
to recruit host cells to form a partial neural axis, but one that lacks

the forebrain and midbrain regions. In con-
trast, grafts of mouse AVE fail to induce neural
character in non-neural ectoderm. A graft
containing a combination of the AVE, anterior
epiblast and the EGO is essential if a com-
plete neural axis is to be induced. These
results suggest that the formation of anterior
neural plate requires the synergistic interac-
tion of the EGO and anterior germ layer tis-
sues (Tam and Steiner, 1999).

Genetic evidence supporting the require-
ment of the EGO for the initiation of anterior
neural patterning has been provided from the
analyses of the Wnt3, B-catenin, Fgf8 and
Cripto mutant mice (Table 1). In Wnt3 defi-
cient embryos the EGO is not formed as
judged by the absence of T, Gsc, nodal, Lim1
and Cerrl expression domains in the poste-
rior-proximal epiblast of the 7.5 dpc Wnt3
mutants. The primitive streak is absentand no
embryonic mesoderm is formed. However the
AVE is correctly specified, evidenced by nor-
mal expression of Cerrland Lim1. In spite of
an apparently normal AVE the overlying epi-
blast fails to acquire neural character, demon-
strated by the absence of Hesx1, Krox20 and
Hoxb1 expression in Wnt3 mutants (Liu et al.,
1999). Likewise, in B-catenin’- mutants the
formation of the EGO is compromised as no
Gscor T expression is detected on the poste-
rior side of the 6.5 dpc mutant embryo. No
primitive streak or mesoderm is formed in -
catenin deficient embryos, but expression of
the AVE markers Cerrl and Lim1 is detected even though
mislocalised at the distal tip of the early-streak mutant embryos.
Interestingly, the embryonic ectoderm fails to express the brain
markers Otx2, Hesx1 and Enl (Huelsken et al., 2000).

In contrast, in Fgf87” mutants the EGO is properly formed as
judged by normal expression of the early node markers T, Lim1,
Hnf3B and Gsc. The AVE is also correctly specified but fails to be
displaced proximally into the extraembryonic region at streak
stages, presumably because there is no anterior movement of
definitive endoderm cells. This results in an expansion of the
forebrain and midbrain markers Hesx1, Six3 and Otx2 and ab-
sence of the hindbrain marker Gbx2, thus resembling a head
without a trunk (Sun et al., 1999). Likewise, Cripto” mutants show
expression of the EGO markers T, Lim1, Fgf8 and Gsc in the
proximal epiblast, and the AVE is properly specified but mislocalised
distally at 6.5 dpc. As in the Fgf87 mutants, the overlying ectoderm
expresses only forebrain and midbrain markers (Ding et al., 1998).
Taken together with the analyses of Wnt3 and -catenin mutants,
these experiments indicate that the absence of the early node
results in a failure of the AVE to induce anterior neural character in
the overlying epiblast, suggesting that the AVE is not sufficient for
initiating anterior patterning on its own.

However, heterospecific transplantation experiments have
shown that the prestreak rabbit AVE is able to induce anterior
neural character in prospective epidermal and extraembryonic
cellsin chick host embryos (Knoetgen et al., 1999). Differences in



neural inducing activity between the mouse

and rabbit AVE might be correlated with the &

size of the tissue used in the graft. The

prestreak rabbit embryo is about 2.5 times

larger than the mouse embryo at the same

stage, and thus the amount of inducing sig-

nals produced by the grafted rabbit AVE may

be sufficienttoinduce neural character, whilst '.
the mouse AVE may not. Alternatively, fac-
tors other than the mass effect, such as
competence of the responding tissue or the
manner in which the tissues are grafted,
might explain these differences in the induc-

ing activity of the mouse and rabbit AVE. It g
should be noted that in these transplantation
experiments what is thought to be the chick
equivalent of the AVE the hypoblast, also
fails to induce anterior neurectoderm.

AVE and EGO cooperate in the initial
induction of the anterior neural plate b

Fromtheresults discussed above, itseems
likely that the initiation of anterior neural
induction requires the cooperation of the
inductive activities of two signalling centres:
the AVE and the EGO. Important questions
that remain to be answered are when does
this cooperation takes place during mouse development and
which signals are involved. Genetic evidence and grafting experi-
ments suggest that the initiation of anterior neural patterning
might occur at the onset of gastrulation. At 6.5 dpc, the absence
of a normal EGO results in failure of the AVE to bestow anterior
character in the overlying ectoderm later in development (Liu et
al., 1999; Huelsken et al., 2000). Whereas the epiblast overlying
the AVE acquires anterior neural character when the EGO is
correctly specified (Ding et al., 1998; Sun et al., 1999). However,
it is possible that the AVE and EGO together might sensitise the
epiblast before overt gastrulation starts so that it can be induced
to form neural tissue.

Fate map studies of late prestreak or early streak embryos
have shown that there is a net caudal movement of proximal
epiblast towards the primitive streak during gastrulation (Lawson
etal., 1991). The translocation of the primordial germ cell precur-
sors, which derive from the most proximal epiblast, to the poste-
rior side of the early streak embryo suggests that these unilateral
movements of proximal epiblast occur very early in gastrulation
(Lawson and Hage, 1994). As mentioned above, the EGO is
localised at the distal tip of the primitive streak of the early
gastrula, thus suggesting that cells that form the EGO might come
from the proximal epiblast. Clonal analysis of proximal epiblast
has shown that 6.0 dpc epiblast cells located within 60 um of the
embryonic/extraembryonic boundary, while contributing the bulk
of their descendants to extraembryonic mesoderm, can also
contribute to the distal tip of the primitive streak, axial mesendoderm
and node region (K. Lawson, personal communication). The
expression patterns of T and nodal are also suggestive of the
node being derived from the proximal epiblast. T is expressed in
the proximal rim of the epiblast at prestreak stages, and later in the
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Fig. 4. Late onset of the forebrain truncations in the Hex and Hesx1 mutants. |/Vhole-mount in
situ hybridisation to Six3. Six3 is expressed in the anterior neural plate at late-streak and early
headfold stages in wild-type (A,E), Hex " (B) and Hesx17-(F) embryos. However, by the 3-5 somites
stage, Six3 expression becomes significantly reduced in Hex (D) and Hesx1 (H) mutants when
compared with wild-type littermates (C,G). Bar, 90 um (A,B,E,F); 130 um (C,D,G,H).

primitive streak and node region (Wilkinson et al., 1990; Thomas
et al., 1998). nodal is expressed throughout the embryonic epi-
blast before gastrulation and becomes restricted to the primitive
streak and node region as gastrulation proceeds. However,
recently it has been reported that distinct regulatory elements
drive nodal expression in the proximal versus the distal epiblast,
thus suggesting a regionalisation of the embryonic epiblast before
the onset of gastrulation (Norris and Robertson, 1999). Likewise,
the expression patterns of Wnt3, B-catenin, Cripto and Fgf8 at
prestreak stages suggest that proximal and distal epiblast cells
have distinct molecular identities (Ding et al., 1998; Liu et al.,
1999; Sun et al., 1999; Huelsken et al., 2000). In this scenario it
is tempting to speculate that the AVE and the proximal epiblast
might initiate the patterning of the prospective anterior neural
plate prior to the onset of gastrulation or mesoderm formation. As
a result of this early induction at prestreak stages the epiblast
might become competent to respond to anteriorising signals later
in development. The continuing influence of the AVE on the
overlying epiblast during prestreak and streak stages would allow
that region to acquire anterior neural character and express
forebrain and midbrain markers. More posterior epiblast, away
from the anteriorising activity of the AVE, would be under the
influence of posteriorising signals emanating from the node,
primitive streak and/or mesoderm as gastrulation proceeds, and
would give rise to hindbrain and spinal cord regions of the neural
plate.

The nature of the signals involved in this interaction has been
investigated mainly in Xenopus. The current model proposes that
the formation of anterior neural structures requires the inhibition
of both TGFB and Wnt signalling pathways by secreted factors
such as cerberus, frzb-1, dickkopf-1, chordin and noggin (Glinka
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Fig.5. AVEis properly specifiedin the Hexand Hesx7mutants. Whole-mount
in situ hybridisation to Cerrl. (A) Midstreak wild-type embryo showing Cerrl
expression in the AVE (arrow) and definitive endoderm (arrowheads). (B) Cerrl
expression domain in the AVE appears normal in Hex” embryos, but Cerrlis not
expressed in the definitive endoderm of these embryos. (C,D) Lim1 expression
is reduced in the AME and appears expanded in the node region of the Hex 7
mutants (D) when compared with wild-type littermates (C). (E,F) Midstreak wild-
type (E) and Hesx1 7 (F) embryos exhibit normal Cerrl expression in the AVE
(arrow) and definitive endoderm (arrowhead). Bar, 75 um.

et al., 1997; Niehrs, 1999; Piccolo et al., 1999). In mouse, the
genes encoding TGFB and Whnt inhibitors are expressed in rel-
evant tissues for head formation such as the AVE, the node and
its derivatives (Beddington and Robertson, 1999; Glinka et al.,

1998; Niehrs, 1999). However, gene inactivation studies for some
of these genes have shown no effect on the initiation of anterior
neural patterning. Embryos deficient for either Cerrl, Noggin or
chordin, forexample, did notdisplay any head abnormalities (Simpson
etal., 1999; Bachiller et al., 2000). Even the Noggin,Chordin double
homozygous mutants showed anterior truncations compatible with a
function in the maintenance of the anterior character rather than in
the initial neural induction. (Bachiller et al., 2000). These data
suggest that either the level of genetic redundancy in the mouse
embryo is very high or alternatively, other signals might be involved
in the initial steps of anterior neural induction.

The maintenance of anterior neural character requires
ADE

Once the initial patterning of the neural plate is set up by the
activities of the early node and AVE, this has to be maintained and
refined later in mouse development. Different lines of evidence
have invoked the anterior mesendoderm as maintaining the
anterior character of the neural plate. The anterior axial
mesendoderm (AME) is composed of different cell populations
including ADE fated to form the liver, the prechordal and the
anterior notochordal plate (Sulik etal., 1994; Thomas et al., 1998).
Tissue recombination experiments have shown that positive
signals emanating from the anterior mesendoderm are required
for the stabilisation of Otx2 expression whilst negative signals
from posterior mesendoderm can actively repress Otx2 expres-
sion in the explants (Ang et al., 1994). Likewise, anterior
mesendoderm induces the expression of Engrailed genes in
explant cultures (Ang and Rossant, 1993). Chimeric analysis has
provided genetic evidence for an essential role of the AME in brain
formation. These studies have demonstrated the necessity of
Lim1 in the AME to maintain anterior character in the overlying
neurectoderm (Shawlot et al., 1999). The severe AME defects
observed in the Otx2”- mutants also suggest an important role of
this gene in the AME for normal brain formation (Acampora et al.,
1998; Rhinn et al., 1998). Analysis of the Hex null mutant mouse
has allowed us to dissect further the function of the ADE in anterior
patterning (Martinez-Barbera et al., 2000a).

Hex is expressed in the AVE of prestreak embryos and, as
gastrulation proceeds, expression appears in a second domain of
definitive endoderm cells at the distal tip of the elongating streak
(Fig. 2 A-D; Thomas et al., 1998). Hex”- embryos exhibit varying
degrees of anterior truncation ranging from none to a severe lack
of forebrain tissue (Fig. 3 A-C). Interestingly, even in the most
severely affected Hex”’" mutants, the brain truncations are re-
stricted to the forebrain tissue rostral to the zona limitans
intrathalamica (ZLI), the boundary between dorsal and ventral
thalamus (Rubenstein et al., 1998). Analysis of Hesx1 and Six3
expression during neurulation revealed that the presumptive
forebrain region was correctly patterned at 7.5 dpc as expression
of these neural markers in the anterior neural ectoderm was
indistinguishable from wild-type littermates. However by the 3-5
somite stage Hex” mutants showed a significant reduction of
Hesx1 and Six3 expression in the anterior neural tissue (Fig. 4 A-
D). Therefore, the Hex”- embryos show anterior defects that are
clearly different to those in the Hnf3p3, Otx2 and Lim1 mutants
regarding the extent and the onset of brain deletions.

These differences suggest that the mechanisms responsible for
the anterior defects in the Hex mutants are different to those in the



Hnf3B, Otx2 and Lim1 mutants, where the AVE is incorrectly pat-
terned and/or fails to move from the distal tip of the early embryo. This
leads to a failure in the induction of the forebrain and midbrain at 7.5
dpc (Dufort et al., 1998; Rhinn et al., 1998; Acampora et al., 1998;
Shawlot et al., 1999). In contrast, in the 7.5 dpc Hex”” mutants, the
expression of the AVE markers Cerrl, Lim1 and Mrg1/Cited2 was
normal (Fig. 5 A-D; data not shown), and the forebrain and midbrain
regions were unaffected inthe 7.5 dpc Hex”- mutants. Therefore, Hex
is most likely not required in the AVE for normal forebrain formation.

What then is causing the forebrain defects in the Hex mutants?
At midstreak stages Hex is expressed at the distal tip of the
primitive streak, in the ectoderm and endoderm layers immediately
adjacent to the prospective node region (Fig. 2A; Thomas et al.,
1998; Lawson et al., 1991). As gastrulation proceeds, this Hex
expression domain in definitive endodermal cells extends rostrally
from the presumptive node to merge with the AVE and displace it
towards the extraembryonic region (Fig. 2B; Thomas and
Beddington, 1996; Thomas et al., 1998). In the Hex”-embryos the
definitive endoderm was not properly patterned as Cerrl expres-
sion domain was absent in this tissue (Fig. 5 A,B). Moreover,
injection of Hex” ES cells into wild-type blastocysts produced
chimeric embryos with forebrain defects similar to those observed
in the Hex”~ mutants (Fig. 6 A,B). Since injected ES cells give rise
predominantly to epiblast derived tissues (Beddington and
Robertson, 1989), these chimeric studies indicate that Hex is
required in the ADE for normal forebrain development. In agree-
ment with this, removal of anterior foregut endoderm in chick
embryos results in similar forebrain deletions to those observed in
the Hex”- mutants (Withington et al., 2000).

Defects in the AME in the Hex mutants were apparent from the
lack of Cerrlexpression notonly in the definitive endoderm, butalso
in the prechordal and notochordal plates. In addition, Hnf33 and
Lim1 expression was reduced in the AME of late-streak Hex”
embryos, and this reduction coincided with an expansion of the
Hnf3p and Lim1 expression domain in the node, thus suggesting
a failure in AME cells to exit the node region and move anteriorly
(Fig. 5 C,D). However, Hnf3( expression was found to be normal
in Hex”’- mutants at later stages of development. Therefore, it is
possible that only the most rostral part of the AME, possibly the
ADE and prechordal plate, are affected in the Hex mutants.
Interestingly, the boundary between the notochord and the pre-
chordal plate appears to coincide with the ZLI, which is the caudal
limit of the forebrain truncations in the Hex mutants (Rubenstein et
al., 1998). In summary, the analysis of the Hex mutants has
provided genetic evidence for the requirement of the ADE for
normal forebrain formation.

The expansion of the forebrain requires the establish-
ment of an Fgf8 signalling centre in the ANR

How do defects in the ADE lead to the forebrain truncations
observed in the Hex mutants? At the moment this is not known.
However, it is possible that disturbances in vertical signalling from
the ADE and/or prechordal plate to the overlying anterior neural
ectoderm might impair the formation of signalling centres in the
forebrain responsible for its further expansion and maturation
(Rubenstein et al., 1998). One of these local inductive sources in
the forebrain is the ANR, the junction between the most anterior
neural plate and the non-neural ectoderm at the early somite stage
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Fig. 6. Hex and Hesx1 are required in epiblast derived tissues for
normal forebrain formation. Chimeric embryos were generated by
injecting either Hex ” (A,B) or Hesx1 7 (C, D) ES cells into Rosa26
blastocysts (Hex”<=>Hex**and Hesx17<=>Hesx1** chimeras respec-
tively). Rosa26 mice carry a gene trap insertion that leads to ubiquitous lacZ
expression in the mouse embryo (Zambrowicz et al., 1997). The extent of
contribution of the ES cell progeny in the chimeric embryos was estimated
by X-gal staining. (A) Non-chimeric embryo at 10.0 dpc. (B) Hex” <=>Hex*
* chimera showing shortening of the forebrain with small telencephalic and
optic vesicles. Chimerism was demonstrated by subsequent X-gal stain-
ing. (C) Non-chimeric embryo at 9.0 dpc. (D) Evident reduction of forebrain
tissue in a Hesx1 7<=>Hesx1 */* chimeric embryo. Bar, 190 um.

(Shimamura and Rubenstein, 1997). Ablation of the ANR and
tissue recombination experiments in mouse and rat suggest that
the ANR is required for the induction and/or maintenance of Bf1
expression in the anterolateral neural plate, a gene essential for
normal growth and differentiation of the telencephalon, and for the
specification of dopaminergic neurons in the rostral forebrain
(Xuan et al., 1995; Shimamura and Rubenstein, 1997; Ye et al.,
1998). Interestingly, Fgf8, a secreted factor expressed in the ANR,
can substitute for the ANR in both these respects (Shimamura and
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Fig. 7. Fgf8 expression in the ANR is disturbed in the Hex and Hesx1
mutants. Whole-mount in situ hybridisation to Fgf8. (A) Wild-type 9.0 dpc
embryo showing Fgf8 expression in the commissural plate (arrow) and
isthmus (arrowhead). (B) Severely affected Hex * embryo lacks the Fgf8
expression domain in the commissural plate, but Fgf8 is normally ex-
pressed in the isthmus. (C,D) At 8.5 dpc, Fgf8 is expressed in the ANR of
wild-type embryos (C) but it is absent in Hex mutants (D). (E,F) Likewise,
Fgf8 expression in the commissural plate is diminished in the Hesx1 7
embryo (F) when compared with a wild-type littermate (E). Bar, 170 um.

Hesx1 embryos

Rubenstein, 1997; Ye et al., 1998). In Hex” mutants, Fgf8 expres-
sion in the ANR is absent or significantly reduced by the 8-10
somite stage (Fig. 7 A-D). Therefore, the forebrain truncations in
the Hex”- mutants might be due to compromising the formation of
the ANR. As described below, results obtained from the analysis of
the Hesx1 null mutant mouse support this interpretation (Martinez-
Barbera et al., 2000b).

Hesx1 (also known as Rpx) is a member of the paired-like class
of homeobox genes that is expressed in the rostral region of the
embryo during gastrulation and neurulation. In mouse, Hesx1
transcripts are first detected in the AVE coincident with the onset
of gastrulation at 6.5 dpc. One day later, its expression is observed
in the presumptive forebrain ectoderm and in the AME underlying
it. At8.5dpc, Hesx1is stillexpressed in the rostral neural ectoderm,
and is also detected in the oral ectoderm and anterior foregut.
Later, Hesx1 expression becomes restricted to Rathke’s pouch

(Fig. 2 E-H; Hermesz et al., 1996; Thomas and Beddington, 1996).
Hesx1 deficient embryos show forebrain truncations that are very
similar if not identical to those observed in the Hex” mutants (Fig.
3 D-F; Dattani et al., 1998). The forebrain defects in the Hesx1”
mutants appear to have a caudal limit in the ZLI, which has been
suggested to be the posterior boundary of the Hesx1 expression
domain in the anterior neural plate of the early somite mouse
embryo (Inoue et al., 2000). The onset of the forebrain defects also
occurs atthe early somite stage, when the Six3expression domain
in prospective forebrain becomes reduced (Fig. 4 E-H). However,
Cerrl expression in the AVE, ADE, prechordal and anterior noto-
chordal plate is unperturbed in Hesx1”- embryos (Fig. 5 E,F; data
not shown). Likewise, Lim1 and Shh expression in the AME is
unaffectedinthe Hesx1 mutants (Martinez-Barbera et al., 2000b).
Chimeric analysis has shown that Hesx1 is required in an epiblast
derived tissue, most likely the anterior neural ectoderm, for
normal forebrain formation (Fig. 6 C,D). Interestingly, Fgf8 ex-
pression in the ANR is reduced in the Hesx1 mutants (Fig. 7 E,F;
Dattani et al., 1998).

The extent and timing of the forebrain defects in Hex” and
Hesx1”- embryos appear to fit with a disturbance of Fgf8 expres-
sion in the ANR and the variability of the rostral defects in these
mutants may reflect the amount of Fgf8 signalling that persists.
Certainly, embryos carrying an Fgf8 hypomorphic allele display
variable forebrain defects, including small telencephalic vesicles
and absence, or reduction, of the dorsal midline septum of the
telencephalon (Meyers et al., 1998). Likewise, Oto mutants show
forebrain defects associated with a reduction of Fgf8 expression in
the ANR (Zoltewicz et al., 1999). Therefore, these data suggest that
either the lack of Hex in the ADE or Hesx1 in the anterior neural
ectoderm severely impairs the formation of the Fgf8 signalling centre
inthe ANR, which results in variable degrees of forebrain truncation.

Therefore, the sequence of inductive steps required to make
forebrain may be the following: The AVE, in synergy with the early
node organizer, initiates the induction and patterning of the forebrain,
while the AME emanating later from the node maintains and refines
this initial pattern (Ang et al., 1994; Thomas and Beddington, 1996;
Acampora et al., 1998; Tam and Steiner, 1999; Shawlot et al.,
1999; Liu et al., 1999). Subsequently, local signalling centres (like
the ANR) are established in the forebrain region to complete the
growth and differentiation of the forebrain anlage (Rubenstein et
al., 1998).
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