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Regionalization generates diversity 
in cell types in the nervous system

Cells in early neural tissue acquire identity that is appropriate for their location 
(“positional identity”). This process is called regionalization. 

Positional identity contributes to the generation of different types of neurons 
and glial cells. 

Key molecular mechanisms of regionalization in the nervous system are: 
-shared throughout evolution 

almost all molecules identified first by fly genetics 
-used over and over throughout brain development as well as in the adult 
brain. 



The neural plate  
is a two-dimensional structure
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Medial-lateral axis becomes ventral-
dorsal axis after neural tube closure
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Fate map of the neural plate

the terminal wall of the forebrain has to be regarded as a
dorsoventrally organized part of the neural wall, like the
lateral walls, though it is singular in occupying the mid-
line (Puelles, 1995, 2001; Puelles et al., 2012a,b), whereas
the floor plate is a longitudinally organized brain zone.

Kingsbury (1922) was the first author who proposed
that the neural floor plate does not reach the anterior
neural ridge (Figure 10.2; Puelles, 1995; Shimamura
et al., 1995). On the basis of the peculiar histologic
appearance of the hindbrain floor, which displays a
median astroglial raphe that seemed to end rostrally at
the isthmic fossa, he held that the floor plate ends at
the prospective isthmus (at the midbrain–hindbrain bor-
der; Figure 10.1). However, Johnston (1923) corrected
this analysis, drawing attention to a less obvious but

analogous floor plate glial specialization found along
the ventral midline of midbrain and diencephalon,
which ends roughly at the mamillary pouch (see also
Kuhlenbeck, 1973; Puelles, 1995; Puelles et al., 1987a).
Johnston’s (1923) descriptionwas corroborated by obser-
vation of an early epichordal strip of midbrain and dien-
cephalic median floor cells that differentially express
acetylcholinesterase (AChE; Puelles et al., 1987a). A
handful of floor plate gene markers (e.g., Shh, Ntn1,
Lmx1b, Nr4a2) have become known subsequently that
clearly stop rostrally at mamillary level, jointly with
the primary rostral end of the notochord (Puelles et al.,
2012a; see the Allen Developing Mouse Brain Atlas).
Note that a direct contact of the notochord with the neu-
ral floor is observed only at very early embryonic stages,
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FIGURE 10.2 Model of neural plate topology of
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are colored for contrast. The spinal cord is shortened
for simplicity.
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Subdivisions at later stages

the terminal wall of the forebrain has to be regarded as a
dorsoventrally organized part of the neural wall, like the
lateral walls, though it is singular in occupying the mid-
line (Puelles, 1995, 2001; Puelles et al., 2012a,b), whereas
the floor plate is a longitudinally organized brain zone.

Kingsbury (1922) was the first author who proposed
that the neural floor plate does not reach the anterior
neural ridge (Figure 10.2; Puelles, 1995; Shimamura
et al., 1995). On the basis of the peculiar histologic
appearance of the hindbrain floor, which displays a
median astroglial raphe that seemed to end rostrally at
the isthmic fossa, he held that the floor plate ends at
the prospective isthmus (at the midbrain–hindbrain bor-
der; Figure 10.1). However, Johnston (1923) corrected
this analysis, drawing attention to a less obvious but

analogous floor plate glial specialization found along
the ventral midline of midbrain and diencephalon,
which ends roughly at the mamillary pouch (see also
Kuhlenbeck, 1973; Puelles, 1995; Puelles et al., 1987a).
Johnston’s (1923) descriptionwas corroborated by obser-
vation of an early epichordal strip of midbrain and dien-
cephalic median floor cells that differentially express
acetylcholinesterase (AChE; Puelles et al., 1987a). A
handful of floor plate gene markers (e.g., Shh, Ntn1,
Lmx1b, Nr4a2) have become known subsequently that
clearly stop rostrally at mamillary level, jointly with
the primary rostral end of the notochord (Puelles et al.,
2012a; see the Allen Developing Mouse Brain Atlas).
Note that a direct contact of the notochord with the neu-
ral floor is observed only at very early embryonic stages,
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for simplicity.
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since the neural primordium elongates massively, while
the notochord hardly elongates at all, which soon causes
their physical separation. The cephalic, pontine, and cervi-
cal flexuresof theneural tube formasa result (Figure10.3).

Sanchez-Arrones et al. (2009) observed that various
genes expressed primarily across the neural plate midline
in the chick suddenly become downregulated precisely
along the portion of the midline that ends rostrally in
the prospectivemamillary floor. The floor plate, like other
longitudinal zones, thus seems to start emerging as a mo-
lecularly distinct domain at neural plate stages.

These diverse lines of evidence accordingly support
the conclusion that the prospective floor plate, one of the
fundamental DV landmarks, ends rostrally at themolecu-
larly distinct midline that separates the mamillary bodies
(the latter are currently assigned to the basal plate; see
Figures 10.1–10.3). The floor plate is primarily coextensive
with its inducer, the notochord, a relationship known as
being ‘epichordal.’ This viewpoint, recently incorporated
into the prosomeric model (Puelles et al., 2012a), impor-
tantly implies that the entire forebrain including the
hypothalamus and the telencephalon is fundamentally

epichordal. This hadnot been recognizedorpostulatedpre-
viously. Note that the entire primordial brain vesicle is
likewise epichordal in amphioxus. This affects how the
morphologic organization of the hypothalamus is pres-
ently conceived. (Puelles et al., 2011a,b; see below).

As was pointed out by Kingsbury (1922), Johnston
(1923), Ariens Kappers (1947), and Kuhlenbeck (1973),
if the floor plate does not occupy all the midline of the
neural plate, the remaining portion must be occupied
by the basal and alar plates meeting front to front correl-
atively with the bilateral structure of primary longitudi-
nal neural clones described above. Various longitudinal
gene patterns have been found that support this idea
since they are continuous from left to right across the ter-
minal wall, both at neural plate stages and in the neural
tube (Puelles, 1995, 2001; Shimamura et al., 1995). This
portion of themidline is thus best understood as a singu-
lar transversal landmark at the terminal midline, extend-
ing topologically from ventral (floor) to dorsal (roof). Its
diverse prospective subregions within the hypothala-
mus therefore can be interpreted conveniently, even if
paradoxically, as being all equally rostralmost, akin to
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Outline of lectures

Regionalization 1 (9/18/15) 
neural induction and early regionalization along anterior-posterior (AP) axis 
AP patterning in Drosophila embryos as a model of regionalization 

Regionalization 2 (9/20/15) 
AP patterning by secondary organizers  
dorsoventral (DV) patterning 

Research talk (10/2/15) 
patterning, cell division and cell fate regulation in the mouse thalamus



Key concept 1

Early regionalization is linked to neural induction

-BMP inhibition induces anterior neural tissue. 

-Posterior identity is induced independently of BMP inhibition.



Neural induction and 
regionalization in early embryos

In Mangold/Spemann experiments, the 
transplanted organizer induced ectopic nervous 
system from cells not fated to form a neural 
plate.

The induced nervous system is appropriately 
patterned along its rostro-caudal (anterior-
posterior) and dorso-ventral axes.

How are neural induction and regionalization 
mechanistically related?



Spemann organizer sequentially 
gives rise to axial mesoderm 

underneath the future neural tissue

Sanes, 2011

-Dorsal lip cells involute and form the axial mesoderm that underlie 
the presumptive neural plate. 

•prechordal mesoderm: rostral, originated from early dorsal lip 
•notochordal mesoderm (notochord): caudal, originated from late 
dorsal lip 

-Like the dorsal lip itself, axial mesoderm can also induce neural 
tissue in amphibians, which led to an assumption that neural induction 
occurs largely via vertical signaling between the mesoderm and the 
overlying ectoderm. 

-Do rostral and caudal axial mesoderm cells have different activity of 
inducing rostral vs caudal neural tissue?  



Temporal specificity of induction

Young (early) dorsal lip 
induces a secondary head. 

Older (late) dorsal lip induces 
a secondary trunk. 



Regional specificity of induction

This led Mangold to propose that there are distinct organizers that induce different regions 
of the neural tissue separately (“head-trunk-tail organizer model”)

Neural regional specificity arises from the organizer 

-Induces balancers 
and oral apparatus

-Induction of head 
structures 
(forebrain, midbrain)

-Induction of 
hindbrain

-Induction of spinal 
cord

(1933)
Grafts of 4 anterior-posterior mesoderm portions that emerged from 
organizer gives 4 different outcomes:

Otto Mangold (1933)

transplantation of different rostral-caudal parts of the archienteron roof into early gastrula

induced tissue

balancers and oral apparatus

head structures (forebrain and 
midbrain)

hindbrain

spinal cord



Activation-transformation model

Grafts of early ectodermal tissues were transplanted into different 
parts of the future neural tissue. 

The proximal part included neural tissue, whereas the distal part 
included non-neural tissue 

Within the induced neural tissue, the more distal part was always 
rostral whereas the more proximal part was always caudal 

The level of the graft in the host always determined the 
regional character of the most caudal neural tissue in the graft.

CMLS 53 (1997), Birkhäuser Verlag, CH-4010 Basel/Switzerland 323Reviews

response. Holtfreter proposed that a ‘subcytolytic ef-
fect’ was responsible for this autoneuralization, pre-
sumably releasing the proposed evocator from slightly
damaged cells and permitting it to act as a neuralizing
agent in ectodermal cells which would not normally
utilize such a mechanism
As we will discuss in the following section, the latter
findings represented a major setback in the analysis of
neural induction, since they did not lead as expected to
a clearcut biochemical mechanism that might explain
induction in both normal and abnormal situations. The
data imply that a neural response is very readily acti-
vated in gastrula ectoderm and, using recent terminol-
ogy, that the response may be a ‘default’ state of this
tissue. However, as will be discussed shortly, in light of
more recent progress concerning mechanisms of induc-
tion and signal transduction in general, alternative ex-
planations are possible for this outcome as well.

Building models for neural patterning
During the period when the search for neural-inducing
factors was underway, other investigators were attempt-
ing to define the tissue interactions responsible for neu-
ral regionalization. Based upon reports that regionally
specified dorsal mesoderm taken from neurulae often
induced structures which were more anterior to the
structures expected in neural-competent ectoderm [17]
and because of studies suggesting the ability of the
presumptive neuroectoderm to self-differentiate into
anterior neural structures, Nieuwkoop devised a strat-
egy to examine possible interactions within the neu-
roectoderm itself [40–42]. He felt that such intraecto-
dermal signals may be involved in the fine tuning of the
neural patterning signals received from the dorsal meso-
derm. His strategy was to implant folds of competent
ectoderm perpendicularly into the neuroectoderm of
late gastrulae and early neurulae in order to observe the
local activity of neural-inducing and regionalizing sig-
nals along the A-P axis of the host neuroectoderm
(fig. 2A). Nieuwkoop found that implants grafted into
the neuroectoderm were neuralized, and in addition,
that they contained regionalized neural structures with
the bases reflecting the axial character of the host at
the level of implantation and more distal regions resem-
bling more anterior structures in the host CNS (fig.
2B). Examination of the amount of neural tissue, and
the A-P pattern present within the implants, led
Nieuwkoop to propose a two-signal or two-gradient
model of neural axis formation (fig. 2C). The first
signal, which leads to neural activation, is derived in the
dorsal mesoderm and is present along the entire A-P
axis with a maximal value near the anterior end of the
notochord. In the absence of any further signals neural
tissue assumes an anterior character. A second mesoder-
mally-derived signal was suggested to be responsible for

Figure 2. Nieuwkoop implant system and basis for his two-signal
model of neural induction and patterning. (A) Heterotypic grafts
were made by placing folds of neural-competent ectoderm perpen-
dicularly into late gastrula or early neurula hosts. (B) A summary
of Nieuwkoop’s observations of these implants. Patterned neural
tissue formed in these implants in predictable ways such that
tissue at the base of the implant reflected the axial character of the
host at the site of implantation, while more distal regions of the
implant contained progressively more anterior structures. In this
case the anterior is represented by axial character 1, and the
posterior by level 4. These observations can be summarized by a
simple rule that states that neural structures will be equal to or
anterior to that of the host at the site of implantation. (C) The
two-signal, or two-gradient model of neural induction and pat-
terning along the A-P axis. Nieuwkoop observed that implants
placed just posterior to the prechordal/chordal boundary con-
tained quantitatively more neural tissue than implants placed
elsewhere along the axis. He proposed that this is indicative of the
level of a neural-activating principle present in the underlying
dorsal mesoderm. A second principle was proposed to be respon-
sible for transforming anterior neural tissue into more posterior
structures, present in a posterior to anterior gradient leading to
the smooth generation of positional values along the A-P axis.
That this principle was highest in the posterior was suggested by
implants placed far posteriorly, which often lacked anterior-most
structures at their distal ends.

transforming anterior neural tissue into more posterior
neural structures. This factor, or activity, Nieuwkoop
surmised, must be most active in the posterior and be
effectively absent in the anterior with a gradient of
values between these extremes setting up the range of
A-P values present in the embryo. The proposed distri-
bution of these two activities within the archenteron
roof were later confirmed by Sala [18] in a series of

ectoderm 
implants

Niewkoop (1952)

Niewkoop and others proposed that the neural tissue is patterned by a gradient of a 
transformer that travels within the plane of the neural plate and induces different neural 
fate in a dose-dependent manner such that forebrain, midbrain, hindbrain and spinal cord 
form at increasing levels of this transformer (activation-transformation model).



Activation-transformation model

Stern et al. 2006

What is the molecular basis for this classic model? 
-We now know that “activation” occurs via inhibition of BMP signaling. 
  
-Dissociated animal cap cells will generate neural cells with anterior identity (in the 
absence of exogenous BMP). Is this the default positional identity? If so, what 
molecules are responsible for “transformation”? Where are they expressed? 

-Are there endogenous inhibitors of transformer activities that counteract such 
activities? If so, where are they expressed? 

-Molecules responsible for caudalizing activity include Wnts, fibroblast growth factors 
(FGFs) and retinoic acid (RA).



Wnt signaling pathway
Wnts: evolutionarily conserved secreted proteins 
-19 Wnt genes in human genome 
-multiple signaling pathways depending on the cellular context and receptors

“canonical” pathway

•𝛽-catenin is targeted for degradation 
by a destruction complex.

•Binding of Wnt to Frizzled and LRP6 leads to 
inhibition of 𝛽-catenin degradation. 
•Stabilized 𝛽-catenin translocates to the 
nucleus and interacts with TCF/Lef1 family of 
HMG-box containing transcription factors to 
activate target gene transcription.

Wnt signaling OFF
Wnt signaling ON Wnt signaling OFF:

Wnt signaling ON:

http://wormbook.org/chapters/www_wntsignaling.2/wntsignal.html

http://wormbook.org/chapters/www_wntsignaling.2/wntsignal.html


Tissues underlying the anterior 
brain express Wnt inhibitors

Dickkopf
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anterior 
endoderm 

(ae)

prechordal 
mesoderm 

(PME)

notochord 
(cm)

Anterior Posterior

GASTRULATION 

A morphogenetic process that
leads to the formation of the
germ layers and the body plan.

BONE MORPHOGENETIC

PROTEINS 

(BMPs). A subfamily of the
transforming growth factor 
β-superfamily.

NODALS 

A subfamily of the transforming
growth factor β-superfamily.

SECONDARY EMBRYONIC AXIS 

A twin embryo that is induced
by transplantation of the
Spemann–Mangold organizer 
or by manipulation of organizer
effectors.

NEURULA

The embryonic stage when the
central nervous system forms
the neural tube.

ANIMAL POLE 

In amphibians and zebrafish, the
top-most pole of the embryo.

ANTERIOR ENDODERM 

An embryonic tissue that is
derived from the
Spemann–Mangold
organizer/Hensen’s node, which
will form the foregut and
pharynx.

EPIBLAST 

The outer layer of the
blastoderm in the chicken; the
epiblast gives rise to the
definitive embryonic tissues.

HYPOBLAST 

The inner layer of the
blastoderm in the chicken,
which covers the yolk; the
hypoblast gives rise to
extraembryonic tissues.

PRIMITIVE STREAK 

An elongated structure that is
formed by an accumulation of
cells, through which cells
gastrulate.

ECTODERM, MESODERM AND

ENDODERM 

The three germ layers that give
rise to all somatic tissues in
animals.

GASTRULA 

The embryonic stage when the
germ layers aquire the final
position relative to each other
through a complex process of
morphogenetic movements.
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— anterior–posterior (AP), dorsal–ventral (DV) and
left–right (LR) — in all germ layers (ECTODERM, MESODERM

AND ENDODERM). The most prominent feature of the AP
axis is the pattern of the CNS, forebrain, midbrain, hind-
brain and spinal cord. The DV mesodermal axis is pat-
terned to form axial (notochord), paraxial (somite),
intermediate and lateral plate mesoderm. The first evi-
dence for organizer subdivision came from Spemann
himself, who found that transplantation of the early GAS-

TRULA lip (PRESUMPTIVE PRECHORDAL MESENDODERM, PME)
into the BLASTOCOEL of host embryos resulted in the for-
mation of secondary heads. By contrast, late gastrula lips
(PRESUMPTIVE CHORDAMESODERM) induced secondary trunks.

Tissues that correspond to the Spemann–Mangold
organizer have been identified in the chick and mouse as
HENSEN’S NODE and in fish as the shield. As in the frog, dis-
tinct head, trunk and tail organizers have been recognized
in other vertebrates9–18 (FIG. 1).

Regionally specific induction
The Spemann–Mangold organizer is the region where
gastrulation movements originate. The first organizer
cells to migrate end up anteriorly whereas the last ones
will localize to the posterior end of the embryo.
Therefore, the organizer is not a homogenous tissue
but a dynamic structure; while cells migrate during gas-
trulation, they acquire different fates, inducing proper-
ties and gene-expression profiles16,19. Prospective PME
cells are among the first to gastrulate and they are fated
for foregut and head mesenchyme. Transplantation
experiments in all vertebrate model systems that have
been tested indicate that these cells have the most
potent head-inducing activity20. The homeobox gene
gsc is a marker for PME. The chordamesodermal cells
are the next to involute, they give rise to notochord,
have trunk- and tail-inducing activity and express the
marker Xnot/flh.

In contrast to these contiguous tissues, the mouse
anterior visceral endoderm (AVE) and chicken anterior
hypoblast are never part of the node, although they are
essential for anterior neural induction. Mouse AVE and
chick anterior hypoblast are considered to be equivalent
and they give rise to extraembryonic structures. The
anteriorly migrating prospective PME displaces the AVE
during gastrulation (FIG. 1). Both tissues express com-
mon markers and secreted growth-factor antagonists
(for example, Cerb-l and Dkk1), which might regulate
the adjacent neuroectoderm. Removal of the AVE or
PME in early gastrulae inhibits the expression of fore-
brain markers. Chimeric mice, in which developmental
regulatory genes are specifically deleted in the AVE,
characteristically show anterior CNS deficiencies21.
However, in transplantation experiments, the inducing
ability of the AVE/anterior hypoblast/anterior endo-
derm is poor in all vertebrates22–24. An exception is the
rabbit AVE, which can induce forebrain markers, albeit
in heterologous transplantations to the chick epiblast14.
It was therefore proposed that rather than being an
important neural-inducing tissue, the AVE and its
equivalent in other vertebrates might prime the neu-
roectoderm for neural induction25, protect the forebrain
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Figure 1 | Comparative diagram of Spemann–Mangold
organizer development in (a) Xenopus laevis, (b)
zebrafish, (c) chick and (d) mouse gastrulae. Left side,
early gastrulae; right side, late gastrulae/early NEURULAE. Sagittal
views are shown. The early gastrulae in a and b are shown with
the ANIMAL POLE to the top, dorsal to the right. In all other panels,
anterior points to the left, dorsal to the top. a | In X. laevis, the
organizer is located in the upper dorsal blastopore lip. Its different
cell populations are the leading edge cells, which give rise to
ANTERIOR ENDODERM (ae; yellow). Prechordal mesendoderm
(PME; brown) is derived from the deep cells (dc; brown) of the
Spemann–Mangold organizer and underlies the anterior neural
plate (an; purple) in the late gastrula. The last cells to involute
are chordamesodermal cells (cm; green). b | In zebrafish, the
organizer is located in the shield (sh), which contains the
indicated cell populations. c | The chick embryo is a bilayered
structure that is composed of the EPIBLAST (ep; blue) and the
extraembryonic HYPOBLAST (hb; flesh coloured). At the onset
of gastrulation, a full-length PRIMITIVE STREAK (ps) with
Hensen’s node (hn; the chick organizer; orange) at its tip has
formed. Both contain precursors of PME and chordamesoderm.
During gastrulation, cells ingress through the node, form the
PME and chordamesoderm and displace the hypoblast
anteriorly. d | In the mouse, the equivalent of the
Spemann–Mangold organizer is located in the primitive streak
and Hensen’s node. A supporting signalling centre resides in
the anterior visceral endoderm (AVE; yellow), which juxtaposes
the prospective anterior neural plate. The primitive streak with
the node (n; the mouse organizer; orange) forms at the
posterior end of the embryo. Similar to the chick, both streak
and node contain precursors of PME and chordamesoderm.
The streak elongates during gastrulation while cells emigrate
through the node and form the axial mesendoderm that
displaces the AVE. At the end of gastrulation, the PME
underlies the anterior neural plate and is followed posteriorly by
chordamesoderm. Modified with permission from REF. 20 ©
(2001) Elsevier Science Ltd.
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 The inibition of BMP and Wnt signaling can be sufficient for the formation of head 
organizer, whereas BMP inhibition is required for trunk organizer.  The work on Cerberus 
suggests that inhibiting Nodal is also an important step for the formation of the head field. 
 
12.  Head induction III:  Cerberus and head development 

 
Cerberus, a factor with head-inducing activities is a secreted inhibitor that antagonizes 

simultaenously Nodal, BMP-4 and Xwnt-8.   
 

 
 
 Cerberus is expressed in the anterior-most endoderm, and provided the first suggestion 
that anterior endoderm is involved in head induction.  

 

Over-expression of Cerberus 
generates an ectopic head

428 | JUNE 2004 | VOLUME 5 www.nature.com/reviews/genetics
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Tail organizer
The tail organizer was long neglected and frequently
grouped together with the trunk organizer as the
‘trunk/tail’ organizer. One reason for this is that experi-
mental manipulations often lead to the induction of
trunks and tails with similar frequency, an observation
that was first made in Spemann’s transplantation exper-
iments. It was therefore assumed that the organizer
induces a field that might become either the trunk or
the tail. Both the trunk and the tail contain the same
axial organs (spinal cord, notochord and somites) and
the tail develops from the tailbud relatively late in
embryogenesis, so a separate tail inducer at the gas-
trula stage was not considered. Rather, tail develop-
ment was thought to be a continuation of gastrulation
and trunk induction that was regulated by a late-acting
trunk organizer of weaker potency. Molecular support
for this mechanism was that Activin, a relative of Nodal,
induces tails at a lower dose than it induces trunks40. On
the other hand, there are qualitative differences between
trunk and tail induction. For example, activation of
the FGF pathway characteristically induces tail-like
structures but not trunks in X. laevis and chick41–43.
Moreover, tail-organizer activity resides in tailbuds both
in X. laevis 44 and chick45. Slack and colleagues have
extensively investigated tail formation in X. laevis and
their conclusion was that the tailbud arises at the neurula
stage as the result of interactions between the neural
plate and a posterior mesodermal territory17. They also
showed that Wnt, Notch46 and BMP47 signalling are all
required for tail formation.

As the consensus was that the earliest time when a
distinct tail organizer can be distinguished is around
the TAILBUD STAGE, it came as a surprise that in zebrafish,
the ventral margin of the late BLASTULA stage can induce
ectopic tails when transplanted to the animal pole of
host embryos18. However, not only the timing but also
the location of the tail organizer discovered in this study
were unexpected: the ventral margin is a tissue that does
not become part of the ‘shield’, which is considered to be
the fish equivalent of the Spemann–Mangold organizer.
Furthermore, inactivation of the fish organizer does not
affect ‘ectopic’ tail formation, which implies that the two
organizers are indeed independent. However, the
induced tails are always incomplete as they lack a noto-
chord and a floor plate. Therefore, it seems that the tail
organizer in zebrafish develops from an interaction of
the dorsal margin, which harbours the trunk organizer,
and the ventral margin, which specifies the tail-like char-
acteristic of the outgrowth as well as the somitic compo-
nent. Indeed, ventral and dorsal marginal zone cells meet
at the end of epiboly, at which point they can interact.
However, one important caveat in these experiments is
that they did not show that tail formation requires the
ventral margin because the margin regenerates readily
after ablation.

The Thisse laboratory also showed that Wnt, BMP
and Nodal signalling are involved in this tail-organizer
activity. All three signals were known to be required for
tail development in zebrafish, X. laevis and mouse
(TABLE 1). The interesting finding was that misexpressing

BMPs and Wnts induces a notochord38,39. As mentioned
above, Nodals have a pivotal role in mesoderm induc-
tion and patterning, including the induction of secreted
organizer effectors. The evidence that the trunk orga-
nizer requires Wnt and Nodal signalling but inhibition
of BMPs is summarized in TABLE 1.

TAILBUD STAGE 

The embryonic stage when
neurulation is completed and
tail formation begins, visible by
an emerging tail primordium.

BLASTULA

An early-stage embryo that is
composed of a hollow ball of
cells.
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Figure 3 | Genetics of the role of Wnt/ββ-catenin signalling
in the head organizer. Zebrafish and mouse mutants, as
well as antisense/antibody-treated Xenopus laevis embryos,
helped to reveal the requirement for active inhibition of Wnt/
β-catenin signalling in the head organizer. a | In zebrafish
headless (hdl), the transcriptional repressor tcf3 is mutated94

(see scheme in c). The mutant embryos (lower embryo) show
loss of forebrain and upper jaw. b | In Dkk1 knockout mice, the
anterior part of the head fails to develop111. c | Schematized
Wnt/β-catenin signalling pathway. Components in red are the
products of genes for which loss-of-function studies have
provided direct evidence for a role in the head organizer: 
Dkk1 (REFS 92,111), Krm (REF. 101), wnt8 (REFS 80,81), Lrp6
(REF. 115), axin (REFS 95,96), β-catenin (REF. 119), tcf3 (REF. 94),
Six3 (REF. 112). For clarity, some components of the pathway
have been omitted. Part a reproduced with permission from
REF. 94 © (2000) Macmillan Magazines Ltd. Part b reproduced
with permission from REF. 111 © (2001) Cell Press. Part c
modified with permission from REF. 101 © (2002) The
Company of Biologists Ltd.
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increasing dose (Itoh and Sokol, 1997). Furthermore, we show
by titrations with Wnt antagonists that different doses of Wnt
signalling are required for AP neural patterning during
gastrulation.

Soluble XWnt8 protein specifies forebrain, midbrain and
hindbrain fates with increasing concentrations in animal cap
cells neuralized by dissociation (Fig. 1). These inductions
occur at 2-20 nM concentrations, which is consistent with the
binding constant (~9 nM) of Wnt8 for Frizzled receptors
(Bhanot et al., 1996; Hsieh et al., 1999b). To our knowledge,
this is the first demonstration of dose-dependent Wnt signalling
effects with any Wnt protein. It should be noted, however, that
neural induction of animal cap cells by dissociation may not
be comparable with neural induction in the embryo, which may
involve instructive FGF and early Wnt/β-catenin signalling

(Baker et al., 1999; Harland, 2000; Streit et al., 2000; Wilson
et al., 2000; Wilson et al., 2001). Yet, similar to mammalian
stem cells, dissociated animal cap cells may provide a powerful
system to reconstitute neural differentiation in vitro by
applying recombinant Wnt protein in combination with other
growth factors.

Thresholds to different doses of Wnt/β-catenin signalling are
also suggested by animal cap conjugate experiments (Fig. 2),
where an organized AP pattern is induced as a function of the
Xwnt3A mRNA dose and of the distance from the Wnt source.

C. Kiecker and C. Niehrs

Fig. 6. Long-range patterning of
neuroectoderm by XWnt3A is
direct. (A) Titration of Xwnt3A
and Xβcat* mRNAs. For every
mRNA concentration (in pg/nl),
15 embryos were injected at
four- to eight-cell stages
vegetally into two opposite
blastomeres (2.5 nl/blastomere),
cultured until tailbud stage and
scored for the induction of
secondary body axes.
Comparable results were
obtained in four independent
experiments. (B) RT-PCR
analysis of expression of the
indicated marker genes at (a)
early gastrula stage (stage 10+)
and (b) neural plate stage (stage
15) in whole embryos (we) and
animal caps cut from embryos
injected at the eight-cell stage
into the four animal blastomeres
with no (co), 0.25 ng/blastomere Xwnt3A or 2.5 ng/blastomere Xβcat* mRNAs. H4, histone4 for normalization; –RT, negative control without
reverse transcriptase. (C) Pigmented donors uninjected (co) or injected with 0.25 ng/blastomere Xwnt3A or 2.5 ng/ blastomere Xβcat* mRNA
were grafted as depicted in Fig. 5A into the presumptive host anterior neural plate. Embryos were analysed at neural plate stage (stage 15) for
expression of Bf1, En2 and Krox20. Frontal views are shown (dorsofrontal in b′′,c′′). Between 21 and 63 embryos were analysed for every type
of transplant in six independent experiments. Note that Xβcat*-expressing grafts do not induce changes in host marker gene expression unlike
Xwnt3A (arrows), even at 5 ng/blastomere (not shown).

Fig. 7. An endogenous AP gradient of Wnt/β-catenin signalling in
the late Xenopus gastrula. (A) Eight-cell stage embryos were injected
into the four animal blastomeres with 25 pg/blastomere TOP-Flash
or FOP-Flash (firefly luciferase) and 5 pg/blastomere pRL (Renilla
luciferase) plasmids, cultured until early neurula stage (stage 13) and
cut into four AP slices. Slices from three embryos per measurement
were pooled, extracted and a double luciferase assay was performed.
Firefly luciferase activity was normalized to Renilla luciferase
activity. Relative TOP/FOP-Flash reporter activation is shown on the
right. Note increasing AP activation for TOP- but not for FOP-Flash.
(B) Eight-cell stage embryos were injected into the four animal
blastomeres with 25 pg/blastomere TOP-Flash and 25 pg/blastomere
pRL plasmids, cultured until early neurula stage (stage 13) and four
AP slices of neuroectoderm were explanted from each embryo.
Explants were extracted and a double luciferase assay was
performed. Mean reporter activations are shown for three
independent experiments (every column represents 90 ectodermal
explants).

-Late Xenopus gastrula shows an 
AP gradient of Wnt/β-catenin 
signaling

Kiecker and Niehrs (2001)
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XWnt3A and XWnt8 are both able to posteriorize neural fates
in these conjugates at long range, suggesting that a variety of
type I Wnts signalling via β-catenin (Wodarz and Nusse, 1998)
are able to elicit these effects.

In vivo, we show that the presumptive neural plate of the
late gastrula embryo is under control of a Wnt signalling
gradient between future forebrain and spinal cord. This
gradient is detected (1) by the pattern with which marker gene
expression reacts after injection of Wnt antagonists and XWnt8
(Fig. 3), (2) by the graded activation of a Wnt-responsive
reporter (Fig. 7), and (3) by the graded nuclear accumulation
of β-catenin (Fig. 8). The orientation of the gradient, with peak
levels in the posterior and lowest levels in the anterior, is
consistent with the predicted properties of a transformer

gradient proposed by Nieuwkoop and colleagues. In the late
gastrula, the gradient appears to specify rather crude AP levels,
because Gbx2 and HoxD1 are co-repressed at high XDkk1
doses. This crude pattern is refined at neurula stage when two
Wnt thresholds for Krox20 expression in rhombomeres 3 and
5 can be detected. A similar refinement of an initially crude
response to a morphogen, which gives rise to distinct
thresholds at later stages, has been described for Activin
(Green et al., 1994; Wilson and Melton, 1994) and may depend
on secondary cell-cell communication.

Fig. 8. An AP gradient of nuclear β-catenin in the
presumptive neural plate during gastrulation. (A) Mid-
gastrula embryos were cut sagittally and left and right halves
were analysed by in situ hybridization for Gbx2 expression
and by immunostaining for β-catenin, respectively. Eight
consecutive regions of the presumptive neuroectoderm of
immunostained halves were selected from posterior to
anterior positions, according to the gastrula fate map.
Corresponding windows are shown in B for one
representative embryo. Note prominent nuclear staining in
windows 1 and 2, and absence of nuclear staining in 7 and 8.
The AP axis is indicated (P→A) and the approximate
position of the Gbx2 expression domain is given in relation to
the windows. Data in C represent mean normalized densities
of the nuclear regions of all cells within a window.

Fig. 9. Expression of various Wnts and Wnt antagonists establishes a
Wnt activity gradient in the gastrulating Xenopus embryo.
(A) Expression of Xanf1, Xwnt8 (a) in whole-mount and Xwnt3A (b)
in sagittal section at late gastrula stage by in situ hybridization. Black
arrowheads, dorsal blastopore lip; red arrowheads, leading edge.
Note expression of Xwnt8 in proximity to presumptive posterior
neuroectoderm (compare with fate map in Fig. 8A). Xwnt3A is
expressed in chordamesoderm and in a ring surrounding the
blastopore (not visible). (B) Expression domains in the late Xenopus
gastrula of Wnts (a) and Wnt antagonists (b). Only ectodermal
expressions are shown in a. The circumblastoporal expression of
Xwnt3A is not depicted for simplicity. Note expression of Wnt
antagonists in the anterior of the gastrulating embryo. (C) Simplified
model for AP patterning of neuroectoderm by a Wnt activity gradient
in Xenopus. Wnts (red) and Wnt antagonists (green) are expressed in
the mesendoderm (ME, ochre) underlying the neuroectoderm (NE,
blue). The expression of Wnts and Wnt antagonist in the
neuroectoderm is not shown for simplicity (see B). Their combined
activities result in the formation of a Wnt signalling gradient (dark
orange) that patterns the AP neuraxis. The AP axis is indicated
(A→P). Formation of the posterior nervous system also requires
other factors (FGFs, RA) which are not shown here. (D) The AP and
DV axes in the gastrulating Xenopus embryo are patterned by
gradients of Wnts and BMPs, respectively (a). The Drosophila wing
imaginal disc is patterned by gradients of Wingless (Wg) and
Decapentaplegic (Dpp), which are secreted along the DV and AP
compartment boundaries, respectively (b).

-Wnt antagonists are expressed 
in the anterior part of the gastrula

-In vivo and in vitro Wnt over-expression 
in Xenopus, zebrafish, chick and mouse 
results in caudalizatoin of the neural 
tissue.
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with a low XWnt3A dose were used as
Wnt source, Bf1 expression was typically
restricted to the distal portion of the
responding cap and was completely
repressed at high XWnt3A dose (Fig. 2B,
c,d). This was paralleled by induction of
En2 and Krox20. Importantly, double in
situ hybridization revealed that the
posterior marker Krox20 was always
expressed closer to the XWnt3A source
than the more anterior marker En2, as
would be expected if their expression
requires different Wnt concentrations
(Fig. 2B, c′′,d′′). Comparable results were
obtained with injected Xwnt8 DNA (Fig.
2C) and mRNA (not shown). The results
indicate that a local Wnt source can
induce different AP neural fates at long range as a function of
the distance in solid tissue.

Next we tested the requirement for Wnt signalling during
AP neural patterning in vivo. To modulate Wnt signalling,
embryos were injected either with low or high doses of Xdkk1
mRNA, encoding a secreted Wnt antagonist (Glinka et al.,
1998), or with the plasmid pCSKA-Xwnt8 (Christian and
Moon, 1993) to drive Wnt expression after the midblastula
transition (MBT; Fig. 3A). Early neural marker gene
expression, including Xanf1 (presumptive forebrain) (Zaraisky
et al., 1992), Otx2 (presumptive fore- and midbrain), Gbx2
(presumptive hindbrain and anterior spinal cord) (von Bubnoff
et al., 1996) and HoxD1 (presumptive posterior hindbrain

and spinal cord) (Kolm and Sive, 1997), was analysed at late
gastrula stage when AP neural patterning is already overt.
Expression of a low XDkk1 dose shifted the expression of
HoxD1 and Gbx2 posteriorly, and expanded Otx2 and Xanf1
ventroposteriorly (Fig. 3A, compare b-b’’’ with c-c’’’). At high
XDkk1 doses, HoxD1 and Gbx2 became repressed, Otx2
remained expanded while Xanf1 showed further ventral
expansion (Fig. 3A, d-d’’’). Comparable results were obtained
with the secreted Wnt antagonist NXFz8 (Deardorff et al.,
1998; not shown). Conversely, injection of pCSKA-Xwnt8 left
HoxD1 unchanged, expanded Gbx2, restricted Otx2 anteriorly
and repressed Xanf1. These results (summarized in Fig. 3B)
show (1) that Wnt signalling is required for expression of

C. Kiecker and C. Niehrs

Fig. 2. Localized expression of Wnts induces
a polar AP neural pattern at long range in
animal caps. (A) Experimental design: at the
eight-cell stage, albino embryos were injected
with 0.25 ng/blastomere noggin mRNA and
pigmented embryos were injected with
Xwnt3A mRNA (B) or pCSKA-Xwnt8
(C) into the four animal blastomeres. Animal
caps were explanted at late blastula stage and
sandwiched to yield pigmented/unpigmented
conjugates. The conjugates were cultured
until control siblings reached stage 15 and
marker gene expression was analysed by in
situ hybridization. Between 12-40 conjugates
were analysed in B,C, of which representative
samples are shown with albino halves of the
conjugates always pointing to the top.
(B) Animal cap conjugates from uninjected or
Noggin-injected albino embryos and
pigmented embryos injected with nil, 0.1 (+)
or 1 ng/blastomere (++) Xwnt3A mRNA were
analysed for the expression of Bf1, En2 and
Krox20 as indicated. Note that in d′′ an
organized AP pattern is generated with the
more posterior Krox20 closer to the
pigmented cap than En2. (C) Animal cap
conjugates from uninjected or Noggin-
injected albino embryos and pigmented
embryos which were uninjected or injected
with 0.05 ng/blastomere pCSKA-Xwnt8 were
analysed for the expression of Bf1 and En2 by
in situ hybridization.

Transcription factors are differentially 
expressed in rostral and caudal neural tissue.
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Conclusions
Growth-factor antagonists that are secreted by the
Spemann–Mangold organizer are at the heart of a
three-dimensional coordinate system of positional
information that functions during axial patterning in
the vertebrate gastrula. The Nodal signalling gradient(s)
is crucial to set this process in motion by inducing both
Wnt and BMP growth factors as well as their antago-
nists at different doses (FIG. 5). A modernized double-
gradient model can therefore be proposed78, in which
orthogonal BMP and Wnt gradients pattern the DV and
AP axis (FIG. 6). In the classical models that were put for-
ward for amphibian embryos, the AP-graded factor was
proposed to be both mesoderm-inducing as well as
posteriorizing2. The two processes were indistinguish-
able because mesoderm induction is accompanied by
induction of posteriorizing factors. Today, mesoderm
induction and posteriorization can be uncoupled,
with Nodals inducing mesoderm, and Wnts, FGF and
retinoic acid acting as posteriorizing agents. Gastru-
lation elaborates the DV–AV Nodal gradient into two
orthogonal gradients of BMP and Wnt. BMP antagonists
are expressed in all organizer derivatives, particularly in
the chordamesoderm, which undergoes convergent
extension movements and therefore spans the entire AP
axis. By contrast, Wnt antagonists are expressed pre-
dominantly in the anterior mesendoderm, which leads
gastrulating cells anteriorly and ends up in a rostral
position. A similar double-gradient model was pro-
posed for induction and patterning of the neural crest,
with BMP and Wnt signalling regulating DV and AP
patterning, respectively85. Orthogonal morphogen gra-
dients also operate during Drosophila melanogaster
embryogenesis, in which wingless and the BMP homo-
logue decapentaplegic specify DV and AP compartment
boundaries in the wing, respectively86.

An important feature of this patterning system is
that Nodal, BMP and Wnt signals cross-regulate each
other. Nodals induce other Nodals, Wnts and BMPs,
as well their antagonists, as discussed above. Simi-
larly, Xwnt8 expression requires BMP signalling87,88.
Furthermore, head and trunk organizers mutually regu-
late each other both positively and negatively and
thereby stabilize their domains. With regard to positive
regulation, in mice that are double-mutant for chordin
and noggin, the expression of head-organizer markers in
AVE is affected, even though both genes are not expressed
there but in the primitive streak and node31. On the other
hand, overexpression of the head-promoting genes cer-
berus and Blimp1 blocks trunk-organizer formation28,89.
Conversely, X. laevis Admp, which encodes a BMP that is
expressed in the trunk organizer, is required to repress
ectopic head-organizer gene expression90. It is probable
that these positive and negative interactions are impor-
tant for coordinating regulation of the embryonic axes
and might account for the observed regeneration of the
organizer19,91.

Cross-regulation of Wnt and BMPs is also one
explanation for why BMP signalling not only regulates
DV patterning, but is also essential for head and tail
formation — that is, AP patterning. However, another

AP patterning by Wnts is best characterized in neu-
roectoderm in which, as first shown in X. laevis, Wnts
directly posteriorize cell fate77. In X. laevis neuralized ani-
mal caps, different doses of Wnt3a induce different AP
markers, and in whole embryos, overexpression of antag-
onists progressively inhibits posterior markers78. An
endogenous AP gradient of Wnt/β-catenin signalling is
detected in the presumptive neural plate of the X. laevis
gastrula78. In the chick, Wnts also act directly and in a
graded manner on anterior neural cells to induce their
progressive differentiation into caudal forebrain, mid-
brain and hindbrain cells79. Conversely, increasing doses
of Wnt8 morpholino oligonucleotides in zebrafish pro-
gressively delete posterior neural fates80,81. In the mouse,
allelic combinations of mutants for Wnt3a and Vestigial
tail (a hypomorphic mutation of Wnt3a) show dose-
dependent posterior truncations, which indicates that
a Wnt signalling gradient might specify AP fates82.
This effect on the entire trunk–tail highlights that
Wnt-regulated AP patterning is not restricted to neu-
roectoderm but, similar to BMP signalling, affects all
germ layers in a coordinate fashion. For example, noto-
chord and heart formation also require Wnt inhibi-
tion39,83, and both tissues originate from precursor cells
that are part of, or close to, the organizer. Similarly,
expression of the anterior endodermal markers Hex and
Blimp1 is inhibited in X. laevis embryos that are injected
with inhibitory anti-Dkk1 antibodies84. So, data from all
vertebrates studied so far support the view that a poste-
riorizing Wnt activity gradient is operative in vertebrate
AP patterning during gastrulation (TABLE 1).

Wnt BMP

Figure 6 | Double-gradient model of embryonic axis
formation. The model shows how perpendicular activity
gradients of Wnts and bone morphogenetic proteins (BMPs)
regulate head-to-tail and dorsal–ventral patterning. The colour
scales of the arrows indicate the signalling gradients; arrows
indicate the spreading of the signals. Patterning begins at
gastrula stages, but for clarity, it is depicted in an early
amphibian neurula. The formation of head, trunk and tail
requires increasing Wnt activity. Note that Nodal signals 
are not included here, because their effects on the
anterior–posterior patterning of ectoderm are indirect.
Modified with permission from REF. 78 © (2001) The Company
of Biologists Ltd.

Caudalizing factors (Wnts, RA, FGFs) are generally 
produced by paraxial mesoderm (somites), not 
axial mesoderm (descendants of the organizer), 
and they do not induce neural tissue on their own.

gin, and follistatin, the whole neural plate does not
form, only forebrain tissue as reflected in the ex-
pression of Otx2 and often En2 as well (Lamb and
Harland, 1995; Hemmati-Brivanlou et al., 1994; Cox
and Hemmati-Brivanlou, 1995). The transformation
step is required next to generate the remaining domains
from forebrain tissue and there are three molecules
involved in this process, Wnts, RA, and FGFs, which
are produced by the newly generated mesoderm after
gastrulation. Each of these factors can induce poste-
rior neural gene expression from this activated, ante-
rior neural tissue. Thus, FGFs induce posterior neural
gene expression (Krox20 and Hoxb8) in a concentra-
tion-dependent fashion (Lamb and Harland, 1995;
Kengaku and Okamoto, 1995; Cox and Hemmati-Bri-
vanlou, 1995; Pownall et al., 1996) and are required
throughout the neural plate for posterior tissue speci-
fication. Wnts induce posterior genes and suppress
anterior genes leading to posteriorization of the neu-
ral tissue (Kiecker and Niehrs, 2001). The specific
parts of the nervous system that Wnts (most likely
Wnt8c and Wnt11) are responsible for specifying are
the caudal forebrain, midbrain, and anterior hindbrain
(Nordstrom et al., 2002). RA induces posterior genes
(Krox20, Hox genes) and down-regulates anterior
genes (Otx2) in noggin-induced ectoderm (Papalo-
pulu and Kintner, 1996) and in the chick neural plate
(Muhr et al., 1999), in accordance with the well-
established observations of the anterior induction of
posterior Hox genes in embryos (Conlon and Rossant,
1992). The specific parts of the nervous system that
RA is responsible for specifying are the posterior
hindbrain and cervical spinal cord [Fig. 1(D)].

WHERE IS THE RA AND WHAT
DOES IT DO?

RA is generated from gastrulation stages onwards
by RALDH2 expressed in the paraxial mesoderm
(Fig. 2). It is easy to imagine how RA from the meso-
derm could signal to the overlying neural plate
[arrows in Fig. 2(B)] and later how RA could signal
from the somites into the adjacent developing spinal
cord [arrows in Fig. 2(D)]. There are no RA-synthe-
sizing enzymes within the early neural tube (although
see Mic et al., 2002;Niederreither et al., 2002). How-
ever, several studies have identified retinoids within
the neural tube itself. It can be detected at high levels
in the presumptive spinal cord part of the early neural
tube in both the chick embryo (Maden et al., 1998)
and mouse embryo (Horton and Maden, 1995) with
an on/off border at the level of the first somite. Later
in the d11–12 mouse spinal cord, retinol and tRA

(but not 9-cis-RA) are found throughout the cord with
peak levels (four to five times higher) in the brachial
and lumbar regions (Ulven et al., 2001). These re-
gions correspond to the ‘‘hot spots’’ of RA synthetic
activity detected by zymography (McCaffery and
Drager, 1994), which may be generated by the ap-
pearance of RALDH2 within the developing motor
neurons themselves (see below). The RARE-lacZ re-
porter mouse shows good lacZ staining in the early
neural tube as well as in the somites (Mendelsohn
et al., 1991; Molotkova et al., 2005; Reynolds et al.,
1991; Rossant et al., 1991; Shen et al., 1992; Sirbu
et al., 2005), and later peaks of activity are detected
in the limb-forming regions of the neural tube
(Colbert et al., 1993; Solomin et al., 1998; Mata de
Urquiza et al., 1999), although in the dorsal part of
the cord rather than the ventral where the RALDH
þve motor neurons are developing (see below). Thus
at early stages the strong RALDH2 expression in the
immediately adjacent paraxial mesoderm must be re-
sponsible for generating RA, which then diffuses into
the neural tube.

There are several reasons for thinking that this
paracrine action of RA is likely to be the case. Firstly,
systemically administered low levels of RA enter the
neural tube in preference to other embryonic tissues
as revealed by the RARE-lacZ transgenic reporter
mouse (Molotkova et al., 2005). Thus, this paracrine
activity of paraxial mesoderm is perfectly feasible

Figure 2 (A) Expression of Raldh2 in the stage 4/5 chick
embryo revealed by in situ hybridization showing expres-
sion in the mesoderm posterior to the node (n), either side
of the primitive streak. (B) Transverse section through a
stage 6 chick embryo stained with an antibody to RALDH2
showing expression in the mesoderm below the open neural
plate where RA signaling occurs (arrows). (C) Expression
of Raldh2 in the stage 10 chick embryo revealed by in situ
hybridization showing expression in the somites and not in
the neural tube (central clear area). (D) Transverse section
through a stage 10 chick embryo stained with an antibody
to RALDH2 showing expression in the somites adjacent to
the neural tube where RA signaling occurs (arrows).
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expression of RA-synthesizing 
enzyme, Radlh2 in chick somites

Figure 1 (A,B) Drawings of the neural plate stages of frog (A) and chick (B) embryos to show
the presumptive regions. The neural plate is the colored area. In (A) the neural plate is surrounded
by the neural folds and in (B) the node (black dot) is still regressing posteriorly through the pre-
sumptive spinal cord region. fb ¼ forebrain ¼ red; mb ¼ midbrain ¼ yellow; hb ¼ hindbrain ¼
blue; sc ¼ spinal cord ¼ purple. (C) The gene probes and their expression domains marked on a
chick embryo that are used to identify regions of the neural plate that differentiate after various
treatments. Red ¼ Otx2 ¼ forebrain marker; yellow ¼ En1 ¼ midbrain/hindbrain border; blue ¼
Krox20 ¼ rhombomeres 3 and 5 of the hindbrain; purple ¼ Hoxb9 ¼ spinal cord. (D) The regions
of the nervous system that Wnts, RA, and Fgf are responsible for generating.
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Different caudalizing factors  
are responsible for patterning 
at different AP levels in the 
nervous system



Mechanisms for early regionalization 
are similar in different vertebrate 

species

Cylinder-shaped mouse embryo becomes 
asymmetric by the formation of anterior visceral 
endoderm (AVE). Like the amphibian anterior 
endoderm, AVE produces Cerberus, a Wnt inhibitor. 

Formation of AVE triggers the formation of primitive 
streak (ps) on the opposite (caudal) side. The 
primitive streak is equivalent to the amphibian 
blastopore, and produces Fgf, Wnt and Nodal.  

Node (or Hansen’s node) is formed at the anterior 
end of primitive streak. Node is equivalent to the 
amphibian organizer, and produces chordin. 
Derivatives of the node (cm and PME) also produce 
BMP inhibitors like chordin. 

AVE cannot induce neural tissue by itself, but inhibits 
caudalization of the neural tissue by blocking Wnt, 
BMP and Nodal pathways.

GASTRULATION 

A morphogenetic process that
leads to the formation of the
germ layers and the body plan.

BONE MORPHOGENETIC

PROTEINS 

(BMPs). A subfamily of the
transforming growth factor 
β-superfamily.

NODALS 

A subfamily of the transforming
growth factor β-superfamily.

SECONDARY EMBRYONIC AXIS 

A twin embryo that is induced
by transplantation of the
Spemann–Mangold organizer 
or by manipulation of organizer
effectors.

NEURULA

The embryonic stage when the
central nervous system forms
the neural tube.

ANIMAL POLE 

In amphibians and zebrafish, the
top-most pole of the embryo.

ANTERIOR ENDODERM 

An embryonic tissue that is
derived from the
Spemann–Mangold
organizer/Hensen’s node, which
will form the foregut and
pharynx.

EPIBLAST 

The outer layer of the
blastoderm in the chicken; the
epiblast gives rise to the
definitive embryonic tissues.

HYPOBLAST 

The inner layer of the
blastoderm in the chicken,
which covers the yolk; the
hypoblast gives rise to
extraembryonic tissues.

PRIMITIVE STREAK 

An elongated structure that is
formed by an accumulation of
cells, through which cells
gastrulate.

ECTODERM, MESODERM AND

ENDODERM 

The three germ layers that give
rise to all somatic tissues in
animals.

GASTRULA 

The embryonic stage when the
germ layers aquire the final
position relative to each other
through a complex process of
morphogenetic movements.
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— anterior–posterior (AP), dorsal–ventral (DV) and
left–right (LR) — in all germ layers (ECTODERM, MESODERM

AND ENDODERM). The most prominent feature of the AP
axis is the pattern of the CNS, forebrain, midbrain, hind-
brain and spinal cord. The DV mesodermal axis is pat-
terned to form axial (notochord), paraxial (somite),
intermediate and lateral plate mesoderm. The first evi-
dence for organizer subdivision came from Spemann
himself, who found that transplantation of the early GAS-

TRULA lip (PRESUMPTIVE PRECHORDAL MESENDODERM, PME)
into the BLASTOCOEL of host embryos resulted in the for-
mation of secondary heads. By contrast, late gastrula lips
(PRESUMPTIVE CHORDAMESODERM) induced secondary trunks.

Tissues that correspond to the Spemann–Mangold
organizer have been identified in the chick and mouse as
HENSEN’S NODE and in fish as the shield. As in the frog, dis-
tinct head, trunk and tail organizers have been recognized
in other vertebrates9–18 (FIG. 1).

Regionally specific induction
The Spemann–Mangold organizer is the region where
gastrulation movements originate. The first organizer
cells to migrate end up anteriorly whereas the last ones
will localize to the posterior end of the embryo.
Therefore, the organizer is not a homogenous tissue
but a dynamic structure; while cells migrate during gas-
trulation, they acquire different fates, inducing proper-
ties and gene-expression profiles16,19. Prospective PME
cells are among the first to gastrulate and they are fated
for foregut and head mesenchyme. Transplantation
experiments in all vertebrate model systems that have
been tested indicate that these cells have the most
potent head-inducing activity20. The homeobox gene
gsc is a marker for PME. The chordamesodermal cells
are the next to involute, they give rise to notochord,
have trunk- and tail-inducing activity and express the
marker Xnot/flh.

In contrast to these contiguous tissues, the mouse
anterior visceral endoderm (AVE) and chicken anterior
hypoblast are never part of the node, although they are
essential for anterior neural induction. Mouse AVE and
chick anterior hypoblast are considered to be equivalent
and they give rise to extraembryonic structures. The
anteriorly migrating prospective PME displaces the AVE
during gastrulation (FIG. 1). Both tissues express com-
mon markers and secreted growth-factor antagonists
(for example, Cerb-l and Dkk1), which might regulate
the adjacent neuroectoderm. Removal of the AVE or
PME in early gastrulae inhibits the expression of fore-
brain markers. Chimeric mice, in which developmental
regulatory genes are specifically deleted in the AVE,
characteristically show anterior CNS deficiencies21.
However, in transplantation experiments, the inducing
ability of the AVE/anterior hypoblast/anterior endo-
derm is poor in all vertebrates22–24. An exception is the
rabbit AVE, which can induce forebrain markers, albeit
in heterologous transplantations to the chick epiblast14.
It was therefore proposed that rather than being an
important neural-inducing tissue, the AVE and its
equivalent in other vertebrates might prime the neu-
roectoderm for neural induction25, protect the forebrain
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Figure 1 | Comparative diagram of Spemann–Mangold
organizer development in (a) Xenopus laevis, (b)
zebrafish, (c) chick and (d) mouse gastrulae. Left side,
early gastrulae; right side, late gastrulae/early NEURULAE. Sagittal
views are shown. The early gastrulae in a and b are shown with
the ANIMAL POLE to the top, dorsal to the right. In all other panels,
anterior points to the left, dorsal to the top. a | In X. laevis, the
organizer is located in the upper dorsal blastopore lip. Its different
cell populations are the leading edge cells, which give rise to
ANTERIOR ENDODERM (ae; yellow). Prechordal mesendoderm
(PME; brown) is derived from the deep cells (dc; brown) of the
Spemann–Mangold organizer and underlies the anterior neural
plate (an; purple) in the late gastrula. The last cells to involute
are chordamesodermal cells (cm; green). b | In zebrafish, the
organizer is located in the shield (sh), which contains the
indicated cell populations. c | The chick embryo is a bilayered
structure that is composed of the EPIBLAST (ep; blue) and the
extraembryonic HYPOBLAST (hb; flesh coloured). At the onset
of gastrulation, a full-length PRIMITIVE STREAK (ps) with
Hensen’s node (hn; the chick organizer; orange) at its tip has
formed. Both contain precursors of PME and chordamesoderm.
During gastrulation, cells ingress through the node, form the
PME and chordamesoderm and displace the hypoblast
anteriorly. d | In the mouse, the equivalent of the
Spemann–Mangold organizer is located in the primitive streak
and Hensen’s node. A supporting signalling centre resides in
the anterior visceral endoderm (AVE; yellow), which juxtaposes
the prospective anterior neural plate. The primitive streak with
the node (n; the mouse organizer; orange) forms at the
posterior end of the embryo. Similar to the chick, both streak
and node contain precursors of PME and chordamesoderm.
The streak elongates during gastrulation while cells emigrate
through the node and form the axial mesendoderm that
displaces the AVE. At the end of gastrulation, the PME
underlies the anterior neural plate and is followed posteriorly by
chordamesoderm. Modified with permission from REF. 20 ©
(2001) Elsevier Science Ltd.
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The embryonic stage when the
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position relative to each other
through a complex process of
morphogenetic movements.

426 | JUNE 2004 | VOLUME 5 www.nature.com/reviews/genetics

R E V I EW S

— anterior–posterior (AP), dorsal–ventral (DV) and
left–right (LR) — in all germ layers (ECTODERM, MESODERM

AND ENDODERM). The most prominent feature of the AP
axis is the pattern of the CNS, forebrain, midbrain, hind-
brain and spinal cord. The DV mesodermal axis is pat-
terned to form axial (notochord), paraxial (somite),
intermediate and lateral plate mesoderm. The first evi-
dence for organizer subdivision came from Spemann
himself, who found that transplantation of the early GAS-
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into the BLASTOCOEL of host embryos resulted in the for-
mation of secondary heads. By contrast, late gastrula lips
(PRESUMPTIVE CHORDAMESODERM) induced secondary trunks.

Tissues that correspond to the Spemann–Mangold
organizer have been identified in the chick and mouse as
HENSEN’S NODE and in fish as the shield. As in the frog, dis-
tinct head, trunk and tail organizers have been recognized
in other vertebrates9–18 (FIG. 1).
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The Spemann–Mangold organizer is the region where
gastrulation movements originate. The first organizer
cells to migrate end up anteriorly whereas the last ones
will localize to the posterior end of the embryo.
Therefore, the organizer is not a homogenous tissue
but a dynamic structure; while cells migrate during gas-
trulation, they acquire different fates, inducing proper-
ties and gene-expression profiles16,19. Prospective PME
cells are among the first to gastrulate and they are fated
for foregut and head mesenchyme. Transplantation
experiments in all vertebrate model systems that have
been tested indicate that these cells have the most
potent head-inducing activity20. The homeobox gene
gsc is a marker for PME. The chordamesodermal cells
are the next to involute, they give rise to notochord,
have trunk- and tail-inducing activity and express the
marker Xnot/flh.

In contrast to these contiguous tissues, the mouse
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hypoblast are never part of the node, although they are
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chick anterior hypoblast are considered to be equivalent
and they give rise to extraembryonic structures. The
anteriorly migrating prospective PME displaces the AVE
during gastrulation (FIG. 1). Both tissues express com-
mon markers and secreted growth-factor antagonists
(for example, Cerb-l and Dkk1), which might regulate
the adjacent neuroectoderm. Removal of the AVE or
PME in early gastrulae inhibits the expression of fore-
brain markers. Chimeric mice, in which developmental
regulatory genes are specifically deleted in the AVE,
characteristically show anterior CNS deficiencies21.
However, in transplantation experiments, the inducing
ability of the AVE/anterior hypoblast/anterior endo-
derm is poor in all vertebrates22–24. An exception is the
rabbit AVE, which can induce forebrain markers, albeit
in heterologous transplantations to the chick epiblast14.
It was therefore proposed that rather than being an
important neural-inducing tissue, the AVE and its
equivalent in other vertebrates might prime the neu-
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Figure 1 | Comparative diagram of Spemann–Mangold
organizer development in (a) Xenopus laevis, (b)
zebrafish, (c) chick and (d) mouse gastrulae. Left side,
early gastrulae; right side, late gastrulae/early NEURULAE. Sagittal
views are shown. The early gastrulae in a and b are shown with
the ANIMAL POLE to the top, dorsal to the right. In all other panels,
anterior points to the left, dorsal to the top. a | In X. laevis, the
organizer is located in the upper dorsal blastopore lip. Its different
cell populations are the leading edge cells, which give rise to
ANTERIOR ENDODERM (ae; yellow). Prechordal mesendoderm
(PME; brown) is derived from the deep cells (dc; brown) of the
Spemann–Mangold organizer and underlies the anterior neural
plate (an; purple) in the late gastrula. The last cells to involute
are chordamesodermal cells (cm; green). b | In zebrafish, the
organizer is located in the shield (sh), which contains the
indicated cell populations. c | The chick embryo is a bilayered
structure that is composed of the EPIBLAST (ep; blue) and the
extraembryonic HYPOBLAST (hb; flesh coloured). At the onset
of gastrulation, a full-length PRIMITIVE STREAK (ps) with
Hensen’s node (hn; the chick organizer; orange) at its tip has
formed. Both contain precursors of PME and chordamesoderm.
During gastrulation, cells ingress through the node, form the
PME and chordamesoderm and displace the hypoblast
anteriorly. d | In the mouse, the equivalent of the
Spemann–Mangold organizer is located in the primitive streak
and Hensen’s node. A supporting signalling centre resides in
the anterior visceral endoderm (AVE; yellow), which juxtaposes
the prospective anterior neural plate. The primitive streak with
the node (n; the mouse organizer; orange) forms at the
posterior end of the embryo. Similar to the chick, both streak
and node contain precursors of PME and chordamesoderm.
The streak elongates during gastrulation while cells emigrate
through the node and form the axial mesendoderm that
displaces the AVE. At the end of gastrulation, the PME
underlies the anterior neural plate and is followed posteriorly by
chordamesoderm. Modified with permission from REF. 20 ©
(2001) Elsevier Science Ltd.
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Summary of part 1

Early regionalization is linked to neural induction

-BMP inhibition induces anterior neural tissue (default neural fate). 

-Posterior identity is induced independently of BMP inhibition. 
•caudalizing (transforming) activity: Wnts, FGFs, RA 
•Inhibitors of Wnt proteins are expressed underneath the anterior neural 
tissue and prevent the neural tissue from becoming caudalized. 

-Mechanisms of early regionalization are similar between vertebrate species.



Key concept 2
Signaling pathways and molecules involved in 
regionalization of the vertebrate nervous system were 
initially discovered in fly genetics 

-Signaling pathway 
•cascade of gene regulation 
•graded expression of transcription factors forms discrete boundaries within 
embryos 

-Molecules 
•Hox genes (encodes a family of transcription factors) are involved in 
identity of specific body segments. 
•secreted signaling molecules and their receptors



Embryonic AP patterning in 
Drosophila melanogaster

The fly consists of a head (with mouth, 
eyes, antennae), three thoracic segments 
(T1-3) and 8-9 abdominal segments (A1-9) 

The segmentation starts to develop in early 
embryos



Genetic mutant screening identified many genes 
involved in AP patterning in fly embryos

-Genetic screens pioneered by Nüsslein-
Volhard and Wiechaus in the 1980s 
identified a hierarchy of genes that establish 
anterior-posterior polarity of Drosophila 
embryos and divide the embryo into a 
specific number of segments with different 
identities.  

-Basic ideas of the identified gene 
regulatory cascade apply to many other 
aspects of animal development, including 
the regionalization of the vertebrate nervous 
system. 

-Many genes identified in this screen have 
vertebrate homologs that are important in 
the patterning of the neural tissue.



Polarization starts in unfertilized 
oocytes

bicoid and nanos mRNAs are near the 
anterior and posterior end of the oocyte, 
respectively (egg-polarity genes) 

Bicoid protein diffuses and forms a 
concentration gradient, regulating the 
graded expression of Hunchback 

Hunchback, Krüppel and Giant are products 
of the gap genes, which mark out coarse 
subdivisions of the embryo



Pair-rule genes are required for 
alternative body segments

•Expression of even-skipped (eve) and fushi 
tarazu (ftz) are under the combinatorial 
regulation of gap genes. 
•Discrete domains of gene expression are 
formed by a combination of upstream 
regulatory mechanisms.

eve expression



Segment polarity genes organize the 
AP pattern of individual segment

Segment polarity genes stabilize boundary 
between segments. 

Genes encoding two secreted proteins, 
Wingless and Hedgehog, are segment 
polarity genes. They promote each other’s 
expression as well as a transcription factor 
Engrailed. 



Homeotic selector genes are required 
for the identity of each segment

Antennapedia 

Ultrabithorax 

extra pair of  
wings 

legs sprout from the 
head instead of 

antennae

Mutations that transform parts of the body 
into structures appropriate for other 
positions are called homeotic mutations



Homeotic selector genes code for 
DNA-binding proteins

These proteins contain 60 amino acids of a conserved DNA-binding domain called the 
homeodomain. 

These genes are located in two clusters (Antennapedia complex and Bithorax complex) on 
chromosome 3  

The order of genes on the chromosome corresponds almost entirely to the order in which 
they are expressed along the AP axis of the body (co-lineality)



A-P axis in vertebrates is also 
controlled by Hox genes

In the mouse, there are four complexes, HoxA, 
HoxB, HoxC and HoxD complexes, each on 
different chromosomes. 

Each of the four complexes is the equivalent of the 
Drosophila set. 

Members of each complex are expressed in a 
head-to-tail series along the AP axis, just as in 
Drosophila (the pattern is most clearly seen in the 
neural tube, from the hindbrain to the spinal cord, 
but is visible in other tissues such as the 
mesoderm). 

Regulation and functions of the Hox genes in 
vertebrate nervous system will be discussed later.



Hox genes ≠ Homeobox genes

Homeobox: 180 nucleotide DNA sequence 
(encoding 60 amino acid of the conserved 
DNA-binding domain called the homeodomain

Homeobox genes: genes containing a 
homeobox

Hox genes: genes on the Hox cluster on 
Drosophila chromosome or the Hox A-D 
clusters in the vertebrates (some vertebrates 
have fewer than four clusters). They only 
comprise a small portion of homeobox genes. 

In the vertebrate brain, Hox genes are not 
expressed rostral to the hindbrain. Many 
homeobox genes that are not Hox genes are 
expressed in the midbrain and forebrain.  

“Homeotic”: functional term that describes the 
homeotic transformation (not the same as 
homeobox)



Summary of part 2
Signaling pathways and molecules involved in 
regionalization of the vertebrate nervous system were 
initially discovered in fly genetics 
-Signaling pathway 

•cascade of gene regulation 
egg polarity genes, gap genes, segment polarity genes, homeotic selector genes 
(transcription factors, signaling pathways of secreted molecules) 

•graded expression of transcription factors forms discrete boundaries within embryos 

-Molecules 
•Hox genes (encodes a family of transcription factors) are involved in identity of specific 
body segments. 

-Hox genes and other homeobox genes encode homeodomain-containing transcription 
factors. 
-co-lineality (Hox genes are not expressed in rostral neural tissue) 
-conserved in vertebrates 

•secreted signaling molecules and their receptors  
Wingless (≃Wnt in vertebrates) 
Hedgehog (≃Shh in vertebrates)




