
Early events of neural development
Goals:
1) to discuss the origins of cells in the nervous system
2) to discuss how neural stem cells generate diverse cell types in the nervous system

The next four lectures will cover:
Induction (Jan 22)...emergence of the nervous system
Regionalization (Jan 24)...acquisition of positional information of neural cells
Discussion of a journal article (Jan 26)

Neuronal fate specification (Jan 29)
Cell division and cell lineage (Jan 31)
Discussion of a journal article (Feb 2)

We will deal with glia later in the course!
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Some basic concepts

Romanes, 1901

Fundamental mechanisms of neural development are 
conserved among species.

-Important concepts were first discovered in diverse 
model systems including invertebrates.
-What makes human brains different from others?

Neural development does not occur in isolation; it 
occurs in concert with development of other organ 
systems. 

-Molecular mechanisms are also conserved across 
systems.

Intrinsic vs extrinsic mechanisms

A relatively small number of molecular pathways are 
used over and over again in different events across 
life span. 
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Origins of cells in the nervous system
-Neurons and “macroglia” (astrocytes and 
oligodendrocytes) in the central nervous system (CNS) 
are derived from neural stem cells, which originate from 
the neural plate (neural ectoderm).

-Microglia are resident immune cells and are derived 
from the yolk sac (mesodermal origin).

-Cells forming blood vessels are also from the 
mesoderm.

http://sm.stanford.edu/archive/stanmed/2009fall/article6.html

-Neurons and glia in the peripheral nervous system 
(PNS) are derived from the neural crest and cranial 
placodes.
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Neural induction causes the ectoderm to 
form the neural ectoderm

Embryological studies in 1920s found that a specialized, mesoderm-derived tissue (organizer) in 
amphibian embryos acts on ectodermal cells and make them form the neural ectoderm.

Responsible molecules derived from the organizer tissue were identified in 1990s.
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First steps of animal development
Egg cytoplasm is asymmetric before fertilization (sperm 
entry)...animal vs vegetal poles

Sperm enters on the animal hemisphere. 

Outer layer of the cytoplasm rotates toward the side of sperm 
entry. 

This rotation creates a visible band called the grey crescent, 
resulting in the formation of the dorsal-ventral axis.

sperm
entry 
point

DorsalVentral
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Formation of blastula

A fertilized egg quickly undergoes divisions (cleavage) and forms a blastula in ~6 hours. An inner 
cavity (blastocoel) is formed.

This process is shared among reptiles, amphibians, fish, birds and mammals, although the shape 
of blastula differs between species.

http://www.youtube.com/watch?v=IjyemX7C_8U
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Gastrulation generates three germ layers
-An indentation (blastopore) forms on the surface 
of the blastula (where grey crescent was) (A).

-A portion of the embryo begins to invaginate (B). 
Cells that go inside form the endoderm.
The outer layer becomes the ectoderm.
The intermediate layer called the mesoderm is 
also formed.

The blastocoel is obliterated as the primitive gut 
(also callee archenteron) forms (C,D).
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Gastrulation in birds

-Accessibility of embryos in ovo has made avians a good model of early development.
-In birds, invagination of cells of blastula occurs along the primitive streak.  
-Hansen’s node is a deeper pit at the anterior end of the primitive streak, and corresponds to the 
amphibian blastopore.
-Gastrulation of mammalian embryos is generally similar to that in birds.

-In all animal species, gastrulation results in:
1) formation of three germ layers; ectoderm, mesoderm (muscle, bone, blood, etc.) and endoderm 
(digestive organs, lung, etc.)
2) formation of front and back (posterior end: blastopore or Hansen’s node) and bilateral symmetry

anterior

posterior
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Neurulation
-During the next stage, the embryo is called the 
neurula due to the conspicuous appearance of the 
nervous system.
  
-The neural groove forms near the blastopore and 
extends anteriorly in the ectoderm.

-The ectoderm lateral to the neural groove widens 
and forms a flattened structure called the neural 
plate on the dorsal surface of the embryo (A).

-The ridge of the neural plate (neural folds) thickens 
and bends towards the midline (B), where they meet 
and fuse (C). This process is called neurulation and 
gives rise to the neural tube.

-Some mesodermal structures are also formed 
during neurulation, including the notochord 
(midline; axial mesoderm) and somites (lateral; 
paraxial mesoderm). 

-Neural crest arises from the neural plate but 
separates from it at the lateral border of the neural 
folds.
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Mechanisms of neural induction

Hans Spemann (1869-1941) studied cell-cell interactions during early 
embryogenesis. 

1. lens induction by underlying optic vesicle

2. separation of blastomeres 

two normal embryos

It was necessary to include 
the grey crescent (future 
position of the dorsal lip of 
the blastopore) for the entire 
embryo to form. 

one normal embryo

dorsal lip
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Mangold/Spemann’s transplantation 
experiments

Hilde Proescholdt (Mangold) transplanted various parts of newt embryos into the host at early 
gastrula stage:

-Most pieces adopted the fate of the host tissue.
-An exception was the dorsal lip transplant. The dorsal lip did not adopt the host fate and 
induced a variety of unexpected tissues like the neural plate, notochord and somites.
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Neural induction by the dorsal lip
3322

Tracing normal Xenopus development
In their 1983 study, Smith and Slack decided to repeat the organizer
graft experiments of Spemann and Mangold in Xenopus laevis,
rather than in newts, using HRP as the lineage tracer. It had
previously been established that HRP rapidly fills the cell it is
injected into, so all of the progeny of the cell are labeled; at the same
time, the tracer remains confined to that cell. Smith and Slack also
established that cells do not take up HRP from the surrounding
medium (where it might be released by dying cells). Thus, by all
criteria, this tracer was ideal for the organizer grafting experiments
they wanted to perform.
As a prelude to these experiments, it was important to know the

normal fates of tissues in Xenopus laevis embryos. Therefore,
they first used the tracer to monitor the normal fates of the dorsal
and ventral marginal zones (the marginal zone is the region near
the equator of the embryo, where the animal and vegetal
hemispheres meet), by grafting pieces from HRP-filled embryos
to the same (orthotopic) location of an unlabelled host. The results
of these HRP grafting experiments supported an earlier analysis
by Ray Keller in which vital dyes were used (Keller, 1976).
Moreover, the clarity of the histochemical stain illustrated
beautifully that the dorsal marginal zone populates a narrow strip
of dorsal mesoderm – the prechordal plate and notochord – over
the entire craniocaudal extent of the embryo, in addition to the
anterior endoderm. Importantly for the experiments that followed,
the dorsal marginal zone was not seen to contribute to the nervous
system.
In contrast to the fate of the dorsal marginal zone, the small piece

of orthotopically grafted ventral marginal zone spread considerably
and populated the posterior lateral plate and endoderm. The latter
point has been revisited lately, with some authors arguing that the
prospective posterior fate of the ‘ventral’ marginal zone should
prompt a different term to be used for this region of the embryo, and,
together with the findings of other experiments, for the axes of the
blastula to be renamed (reviewed by Lane and Sheets, 2006).
However, there is little question that the dorsal marginal zone is both
dorsally specified and dorsally fated, so there also remains a good
rationale to adhere to the nomenclature used by Smith and Slack
(reviewed by Harland, 2004). In any case, the main motivation of

Smith and Slack’s fate-mapping experiments was to rule out the
possibility that a grafted dorsal marginal zone might contain any
neural tissue, and, although they may not have provided a
comprehensive fate map of the whole gastrula, this important point
was resolved.

Signaling from the organizer
Fate mapping aside, the most important experiments in the Smith
and Slack JEEM paper addressed the signaling activities of the
organizer, and the response of the ventral marginal zone to an
organizer graft. Indeed, the results of the dorsal marginal zone
graft showed that neural induction had occurred, such that the
neural tube of the secondary axis was composed of host cells, and
not of self-differentiating cells of the graft. Therefore, the neural
tissue of the host’s secondary axis must have been derived from
an inductive interaction. The results presented were extremely
clear, and, together with those of Gimlich and Cooke, published
in the same year (Gimlich and Cooke, 1983), reinforced the
importance of the dorsal marginal zone as an organizing center
that can recruit ectoderm into a secondary neural tube. The idea
that the nervous system was already fully specified in the blastula
(Jacobson, 1982) was effectively laid to rest.
After disposing of the controversy related to neural induction,

the paper then focused on dorsalization of the mesoderm: the
process that respecifies prospective ventral tissue, such as blood
and mesenchyme, to more dorsal fates, such as muscle. This
phenomenon had previously been recognized, but because so
much attention had been devoted to neural induction, it had
received less attention. Furthermore, experiments on mesoderm
induction by Nieuwkoop had suggested that the pattern of the
mesoderm was already induced by graded signals from the
vegetal endoderm (Boterenbrood and Nieuwkoop, 1973). The
ability of organizers, or indeed of chemicals (Yamada, 1950),
to dorsalize mesoderm had been described, but one of the
strengths of Smith and Slack’s paper is that it clearly states the
distinction between the organizer’s role in dorsalizing the
mesoderm and the process of mesoderm induction. Thus, the
paper laid out a clear sequential signaling process: mesoderm
induction in the blastula is followed by dorsalization of the

JEEM CLASSIC Development 135 (20)

Fig. 1. Organizer grafts result in induction of a
secondary axis. (A)Schematic of the organizer graft
created by Spemann and Mangold, using a light-gray newt
donor (Triturus cristatus) grafted into a dark-gray host
(Triturus taeniatus). The gastrulae are shown in hemisection
for illustrative purposes only (dorsal is towards the right,
and the dimensions of these embryos are more Xenopus-
like than Triturus-like). (B)The famous result of an optimal
grafting experiment (Spemann and Mangold, 1924),
showing a section through the trunk of a twinned embryo.
The light-gray graft has contributed to the notochord,
medial somite and floor plate of the secondary axis. The
graft has an induced neural tube, somites, a pronephros
and a secondary archenteron cavity. (C,D)Contemporary
organizer grafts from Andrea E. Wills (UC Berkeley, CA,
USA). (C)The section shows a rafted organizer labeled with
lacZ mRNA and stained with Red-Gal; the section is taken
through the trunk of a stage 28 Xenopus laevis embryo,
where the axial tissues are also stained with Tor70 antibody.
(D)Twinned Xenopus embryo, resulting from an organizer
graft carried out at stage 10.
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The use of pigmented donor and unpigmented host allowed the 
identification of the origin of the new tissues.

Notochord: donor-derived

Neural tissue: host-derived

Conclusion:
The dorsal lip of the blastopore (they called it the organizer) induced 
the formation of neural tissues from the ectoderm that would have 
otherwise become epidermis.

This experiment demonstrated that cell and tissue fate can be 
determined by signals received from other cells (embryonic 
induction).

Hans Spemann was awarded with the Nobel Prize in 1935 on his work on 
embryonic induction.

Soon after Mangold/Spemann’s findings, Waddington showed that the 
rostral tip of the primitive streak (=Hansen’s node) has similar properties to 
Spemann’s organizer (1930, 1934).

Harland (2008)
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What are the molecular substances of 
the Spemann organizer?

1) isolated ectoderm explants (animal caps) differentiated into 
epidermal tissue in vitro when the tissue was kept undissociated.

2) when isolated animal cap cells are kept dissociated, they 
differentiated into neural cells

Does the organizer secrete soluble molecules that instruct the ectodermal cells to 
take on the neural fate instead of epidermal fate? 

No one could identify such molecules until the 1990s.

In vitro experiments suggested a “default model” of neural induction.

NODAL

A ligand of the transforming
growth factor-β family, secreted
by the organizer, that signals
through the Smad signal-
transduction pathway.

MESENDODERM

Embryonic tissue that gives rise
both to mesoderm and
endoderm.

GASTRULATION

The process by which the
embryo becomes regionalized
into three layers: ectoderm,
mesoderm and endoderm.

272 |  APRIL 2002 | VOLUME 3 www.nature.com/reviews/neuro
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of the organizer/node for neural induction.However, in
most cases, expression of several BMP antagonists persists
even in the absence of the node. For instance, in zebrafish
embryos that lack NODAL signalling22,23, MESENDODERM and
organizer formation is severely impaired. In these
embryos, neural tissue forms. However, chordin
expression persists, indicating that some dorsal gene
expression can occur. Similarly, although the amniote
node has neural-inducing abilities24, mouse embryos
that lack the transcription factor HNF3-β develop some
nervous tissue, although they lack a morphologically
recognizable node24–26.

In the chick embryo, the endogenous role of
secreted BMP inhibitors in neural induction has been
called into question27,28, because the acquisition of
neural-inducing properties by the node does not seem
to coincide with the onset of BMP inhibitor expres-
sion.However, in Xenopus, BMP inhibitors are expressed
in the prospective neural ectoderm before GASTRULATION,
and this expression persists in UV-ventralized embryos
that lack the organizer and a nervous system29. So, it
seems that neural induction might take place in some
contexts in the absence of a morphological node; what
remains to be determined is whether the molecular
events that are normally initiated by the node also
function in these experimental paradigms to induce
neural development.

One must bear in mind that, in addition to the
secreted BMP inhibitors, multiple cell-autonomous
inhibitors of the BMP pathway with ubiquitous expres-
sion in the gastrula embryo have been identified,
although their potential role in regulating BMP sig-
nalling in the context of ectodermal fate specification has
not been sufficiently accounted for30–36. Similarly, several
secreted BMP inhibitors are expressed in the prospective
neural territory before gastrulation in Xenopus29, indicat-
ing that the earliest events that modulate the onset of
neural induction might take place before gastrulation29,37.
We suggest that these events are likely to set the stage
within the ectoderm for neural development to take
place during gastrulation.

In this review, we will present evidence that supports
the default model of neural induction, including recent
findings in mouse and human embryonic stem (ES)
cells that support this model in mammalian embryos.
We will also discuss recent work that challenges the
default model and the requirement for BMP inhibition
during neural induction, and evidence that the Wnt and
fibroblast growth factor (FGF) pathways regulate ecto-
dermal fate specification. For more extensive discussions
of neural induction, please refer to recent reviews by
Harland38 and Wilson and Edlund39.

Challenges to the default model
The role of the BMP pathway in the determination of
ectodermal cell fates has been clearly established (see
REFS 38–40). The issue that remains to be shown conclu-
sively is whether BMP inhibition is required for neural
induction,or whether other pathways act concomitantly
with,or separately from, BMP inhibition in this process.
At present, the evidence indicates that FGFs and Wnts

in the extracellular space9,16–20, led to the now accepted
— although heavily debated — ‘default model’ of
neural induction. The model proposes that neural
induction occurs as a result of the inhibition of BMP
signalling in the embryonic ectoderm, and that in the
absence of cell–cell signalling, ectodermal cells will
adopt a neural fate.

Initially, the commonly held view was that secreted
molecules from the organizer would induce the nervous
system. The expression and activity of the secreted BMP
inhibitors strongly indicated that these molecules were
endogenous neural inducers.However, recent evidence
indicates that the transcriptional regulation of BMP
gene expression also has a crucial role in neural induc-
tion. In Xenopus embryos, the origin of neural-fate-
inducing signals is the Spemann organizer21.The Xenopus
organizer expresses the secreted BMP inhibitors noggin,
chordin, follistatin and cerberus, and these molecules
are thought to act in the overlying ectoderm to induce
neural tissue (FIG. 2a). In amniotes, the equivalent struc-
ture of the organizer is the node. Recent evidence from
various species has called into question the requirement

Intact

Dissociated

>5 h Anterior neural

+ BMPs Epidermal

Cement glandBrief

Posterior neuralBrief + FGFs

Epidermal

Anterior neural
+ dominant-
negative activin
receptor

Figure 1 | The default model of neural induction in
Xenopus laevis. The acquisition of a neural identity by
ectodermal cells in the absence of instructive signalling forms
the basis of the ‘neural default’ model, in which the inhibition of
an inhibitor (bone morphogenetic protein, BMP) leads to
neuralization of the ectoderm. The animal cap region of a
blastula-stage (stage 9) Xenopus ectoderm gives rise to
epidermis when cultured in isolation. By contrast, dissociated
ectodermal explants that are cultured for >5 h in the absence
of serum or exogenous factors become neural. Similarly, whole
explants that are exposed to a dominant-negative activin
receptor, or to another BMP signalling inhibitor, adopt a neural
fate. BMP signalling can restore epidermal fates to the
dissociated explants. Explants that have been briefly
dissociated (or exposed to low levels of BMP inhibition) adopt
a cement gland fate, which can be transformed to a neural fate
by exposure to fibroblast growth factors (FGFs).

animal cap

(-) cell-cell interactions

(+) cell-cell interactions
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Identification of endogenous 
neural inducers

mRNAs that encode neural-inducing molecules should be 
expressed in the organizer. How can you get a tissue that is 
enriched in such mRNAs?

Richard Harland’s group used “expression cloning” strategy to 
isolate noggin as a neural inducer expressed in the organizer 
region (1993). Other groups found follistatin and chordin.

-These molecules induced the neural plate without requiring the 
presence of mesoderm.
-They were expressed in the dorsal lip and the notochord 
(=derivative of the dorsal lip).

Later experiments indicated that they do not act in an instructive 
manner to induce the neural tissue; instead, they act indirectly by 
inhibiting the bone morphogenic protein (BMP) pathway.
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Type I and type II receptors form a heterotetramer.

Binding of BMP to receptors is inhibited by extracellular 
antagonists like noggin, chordin, etc. 

Binding of BMP to the receptors results in phosphorylation 
of type I receptors

Phosphorylated type I receptors activate transcription 
factors (Smad1, 5, 8 or ”R-Smads”) by phosphorylating 
them. 

Phosphorylated R-Smads move to the nucleus.

Together with co-Smad (Smad4), R-Smads activate the 
transcription of various epidermal genes.

BMP signaling pathway
extracellular 
antagonists

(noggin, 
chordin 

follistatin)
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Inhibiting BMP signaling induces 
the neural tissue

Advanced Review wires.wiley.com/devbio

(a) (b)

FIGURE 3 | Schematic of graded BMP activity in the gastrula and neurula ectoderm. (a) A schematic fate map of the early gastrula shows the
approximate positions of the future neural plate (NP), border region, and epidermis, viewed from the dorsal side. The cement gland (CG) and sensory
placodes form in the anterior border region mid-dorsally, whereas the neural crest arises more laterally. Diffusible antagonists produced in the
organizer region of the mesoderm, including noggin, chordin, and follistatin, result in a graded distribution of BMP signaling in the neighboring
ectoderm. The relative position of epidermis (EP), NP, organizer (O, in blue), CG, and neural crest (NC) is shown. Sensory placodes form at various
positions in the border region but are not shown here for simplicity. (b) Correlation with neurula fate map shown in Figure 1.

Evolutionary Conservation of Molecular
Circuitry Underlying Neural Induction
Inhibition of ongoing TGFβ signaling to delineate
neural and non-neural ectoderm has been conserved
evolutionarily. In the fruit fly Drosophila for example,
short gastrulation (sog) is a homolog of the organizer-
specific BMP inhibitor chordin. Sog was identified
in a systematic screen for genes involved in pattern-
ing the Drosophila embryo along the D–V axis.90 As
in vertebrates, the dorsal and ventral regions of the
ectoderm of the Drosophila embryos generate differ-
ent fates. However, as the embryonic axis is flipped
in Arthropods compared to Chordates, the epider-
mis forms in the dorsal regions, whereas the neural
tissue arises from a ventral position. Nonetheless,
the molecular circuitry involving inhibition of BMP
in segregating dorsal from ventral ectoderm operates
in precisely the same manner as in vertebrates.91,92

Drosophila counterparts of the BMP signaling branch
of the TGFβ pathway, including ligands, receptors,
and inhibitors such as Sog, generate an activity gradi-
ent of Dpp, a BMP-like ligand, from high dorsal to low
ventral, thus specifying epidermal and neural tissue,
respectively.93 Indeed, Sog has been shown to directly
promote neuroectoderm specification in blastoderm
drosophila embryos by inhibiting the anti-neurogenic
and dorsalizing activity of Dpp.94 This activity of
Sog is also shared by other annelids, such as spider
and beetles.95 Similarly, inhibition of HrBMPb, the
ascidian homolog of BMP, is required for induction of
rostral neural lineages in sea squirts (urochordates),
and its overexpression results in a fate switch of the
presumptive neural cells to epidermal lineages.96 A
notable exception to this rule is found in Acorn worms
(hemichordates), which lack both, an organized CNS

as well as segregation of the ectoderm into neuro-
genic and epidermal territories. Exposure of these
embryos to exogenous BMPs does not repress neural
markers, and conversely, BMP knockdown does not
promote neuralization, even though it has a role in
D–V patterning in these embryos.97 Taken together,
these observations perhaps suggest that D–V pattern-
ing by the BMP pathway is an ancient mechanism
that evolved early in metazoans and was subsequently
utilized by many metazoans that have a CNS as a
means of establishing different ectodermal fates in the
early embryo.95 The conservation of this neural induc-
tion mechanism has also been observed in mammalian
embryos and has now been demonstrated in human
embryonic stem cells (hESCs) as well (see below).

MOLECULAR REDUNDANCY
IN NEURAL INDUCTION
As with most signaling pathways, the BMP patterning
system that underlies neural induction in vertebrates is
notable for extensive redundancy in gene function that
has made loss-of-function approaches problematic
(Table 1). Thus, genetic tests of the putative neural
inducers in other species were initially unimpressive
because mutations that eliminate only one of these
inhibitors tend to have relatively mild phenotypes on
their own. For example, a loss-of-function mutation
in Zebrafish chordin (the chordino mutant) causes
only a reduction in the size of the neural plate,
while mouse embryos that lack just one of the
BMP antagonists, chordin or noggin, by knockout
mutations have a relatively normal nervous system.
However, the full potential of these antagonists
becomes apparent when several of them are removed

484 © 2012 Wiley Per iodica ls, Inc. Volume 2, Ju ly/August 2013

animal cap assay (in vitro) in vivo model 

[Default model of neural induction]
Cells within the ectoderm layer of the frog gastrula have 
an autonomous tendency to differentiate into neural tissue, 
which is inhibited by BMPs.
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Conserved mechanisms of neural 
induction

M267, March 2003  Lecture 5 

Eddy De Robertis  Page 9 

signals (emanating from the mesoderm) were analyzed.  The early β-catenin signal that takes 

place in the future CNS predetermines the position of the CNS.  Signals from the mesoderm 

(Chordin, Noggin and Cerberus), that are also required, explain the vertical induction 

discovered by organizer grafts.  I will show a few additional slides to demonstrate this. 

 

 

 

 

 

 

 

 

 

 

 

 

5. Short-gastrulation antagonizes dpp. 
 

In Drosophila there are several zygotic genes involved in dorso-ventral patterning.  

They are controlled by the maternal morphogen dorsal. 

 
A breakthrough came when Xenopus chd and Drosophila sog were found to be similar, 

and to functionally substitute for each other. 

 

 

 

 

 

 

 

 

 

 

 The amino acid sequences of Xenopus chd and Drosophila short-gastrulation share 

similarities.  Both proteins have a secretory signal sequence, or hydrophobic segment, at the 

amino (NH2) end (dark box), several putative N-glycosylation sites (vertical lines) and four 

cysteine-rich repeats.  The first repeat (R1) of chd is more similar to R1 of sog than to any of 

 

Embryonic axis is flipped in arthropods (epidermis forms in dorsal ectoderm and neural tissues arises from the 
ventral ectoderm), but antagonism between BMP (=Dpp in flies) and Chordin (=Sog in flies) is the same in neural 
induction.  
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Molecular redundancy in neural 
inductionM267, March 2003  Lecture 5 

Eddy De Robertis  Page 6 

The strongest one, dino, was found to be a loss of function of chordin and renamed chordino.  
At the gastrula stage chordino embryos have less neural plate (marked by forked-head 3), less 
dorsal mesoderm (marked by sonic hedgehog) and more ventral mesoderm (marked by eve-1, 
a homeobox gene).  At later stages the fish recover somewhat.  The lethality can be rescued by 
injecting chordin (or noggin or DN-BMPR) mRNA into the embryo. 

 
 These studies validate the view that a single gene can pattern the ectoderm and the 
mesoderm. Other zebrafish mutations (at least 6) have a dorsalized phenotype (more 
notochord, somites, less blood). The strongest one of these, called swirl, is a mutation in BMP-
2. (Mutation of BMP-2 secondarily also reduces expression of BMP-4 in ventral regions of the 
gastrula). Double mutants swirl-/-; chordino-/- have a swirl phenotype (i.e., swirl is epistatic to 
dino). This indicates that the function of chordin is to antagonize BMPs.  Other zebrafish 
dorsalized mutations have been mapped to BMP-7, Smad5, a BMP receptor and Tolloid. 
 
 

 
4. In Xenopus Chordin is required for 

Spemann’s organizer phenomenon. 
 

In Xenopus, antisense 
morpholinos produce a moderately 
ventralized phenotype very similar to 
Chordino. 

 
 

 
 

 
 
 
 
However, by experimentally manipulating the 
embryo, much stronger requirements are seen.  
For example, the LiCl effect has an absolute 
requirement for Chordin. 
 
 
 

 

Neural induction in vivo depends on multiple ligands and inhibitors.
Chordin mutants in zebrafish still have the neural plate, although it was smaller. When all three 
neural inducers are knocked down, a complete loss of neural tissue is observed.

Head is almost absent in double mutants of Chordin and Noggin in mice, but mutating only one of the two genes 
does not cause severe defects.

wild-type Chordin KO Chordin/Noggin KO

At least three of the four BMPs (BMP2/4/7) need to be disrupted in Xenopus embryos to expand the neural plate.
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FGF signaling and neural induction
Factors other than BMP inhibitors could play a role to alter the competence of the ectoderm to become neural.

-Blocking FGF (fibroblast growth factor) signaling prevented BMP antagonists to induce neural tissues in embryos.
-In chick, FGF can induce a neural tissue with a caudal character.

(1) MAPK phosphorylates linker domain of 
RSmads (receptor-regulated Smads, Smad1/5/8) 
and inhibit their activity.

tant physiological implications. In vivo, Smad1 tran-
scription factor activity results not only from BMP sig-
naling through BMPR as currently thought, but from a
combination of high BMPR activity and low RTK/MAPK
signaling. In the case of ectodermal differentiation, the
antineural effects of Smad1 will manifest themselves in
regions of low BMP antagonists, high BMP, and low lev-
els of signals that activate RTKs and act through MAPK.
Presumably it takes multiple signals to achieve the low
levels of Smad1 activity required to form the neural plate
in embryonic ectoderm.

The demonstration that FGF and IGF can induce an
inhibitory phosphorylation of Smad1 in vivo may also
shed light on other aspects of vertebrate development.
During organogenesis there are many instances in which
the activities of the FGF and BMP pathways have oppos-
ing effects. These include FGF4 and BMP2 in the limb
bud (Niswander and Martin 1993), FGF10 and BMP4 in
lung morphogenesis (Weaver et al. 2000), FGF2 and
BMP4 in cranial suture fusion (Warren et al. 2003), and
FGF8 and BMP4 in the initiation of tooth development
(Thesleff and Mikkola 2002). These developmental pro-
cesses may also involve signal integration at the level of
Smad1 by the molecular mechanism proposed in the pres-
ent study on neural induction.

Materials and methods
DNA constructs, morpholino oligonucleotides, and synthetic mRNAs
For mRNA injections we subcloned the amino-terminal Flag-tag and

open reading frame of human Smad1 into pCS2, using pCMV5/Flag-
Smad1, pCMV5/Flag-Smad1-4SP/AP, and pCMV5/Flag-Smad1-4SP/AP-
AAVA (an invaluable gift from J. Massagué, Sloan Kettering Cancer Cen-
ter, New York) to generate WT-Smad1, LM-Smad1, and DM-Smad1, re-
spectively. The fact that the biochemical properties of these proteins had
been fully characterized (Kretzschmar et al. 1997) was essential for the
execution of this study. CM-Smad1 was generated by exchanging an
EcoRI/XbaI restriction fragment from DM-Smad1 into WT-Smad1. The
antisense IGFR morpholino oligonucleotide (Gene Tools) was described
in Richard-Parpaillon et al. (2002). To prepare sense mRNA, pCS2 con-
structs of WT-Smad1, LM-Smad1, DM-Smad1, CM-Smad1, chordin,
xIGF2, xFGF8 (gift from J. Slack, University of Bath, UK), BMP7, and
DN-IGFR were linearized with NotI and transcribed with SP6 RNA poly-
merase. DN-FGFR4a mRNA was synthesized from pSP64T (SalI diges-
tion and SP6 transcription, gift from H. Okamoto, AIST Institute, Japan)
and nlacZ mRNA from pXEX!gal (XbaI digestion and T7 transcription,
gift from R. Harland, University of California, Berkeley).

Figure 5. Model of the integration of multiple signaling pathways
at the level of Smad1 phosphorylation in neural induction. MH1 and
MH2 are evolutionarily conserved Mad-homology domains. Dia-
gram modified from Kretzschmar et al. (1997).

Figure 4. FGF8 and IGF2 induce linker phosphorylation of Smad1 via MAPK in vivo. Proteins in cell lysates were analyzed by Western blot
with antibodies against Flag (for Smad1) and Erk1/2. (A) FGF8 shifts the electrophoretic mobility of WT-Smad1 (lane 4), but not of LM-Smad1
(lane 6). NIH3T3 cells were transfected with Flag-tagged Smad1 constructs, serum-starved for 6 h, and recombinant mouse FGF8b protein (100
ng/mL) added for 10 min. (B) Pre-incubation of NIH3T3 cells with the MEK1 inhibitor U0126 (20 µM) 1 h before the addition of FGF8 suppresses
the phosphorylation of Smad1 and Erk1/2 (lane 4). (C) in vivo 32P incorporation into the linker MAPK sites of Smad1 in Xenopus. Animal caps
from uninjected embryos, injected with CM-Smad1 or DM-Smad1 were explanted at late blastula stage and incubated with 2 mCi/mL 32P
orthophosphate for 45 min. (D) Xenopus embryos injected first with 400 pg Smad1 mRNA into each animal blastomere at the 8-cell stage, then
with 40 nl FGF8 protein (1.4 ng) into the blastocoele at stage 8 and lysed 30 min later. FGF8 induces phosphorylation of Erk2 and WT-Smad1,
but not of LM-Smad1 (lanes 3,5). Erk1 is not expressed in the early Xenopus embryo (Chesnel et al. 1997). (E) Xenopus oocytes at stages V–VI
were injected with 4 ng Smad1 mRNA and 12 h later exposed to 18 ng/mL recombinant human IGF2 protein for 14 h. IGF2 induced
phosphorylation of WT-Smad1 and Erk2. (F) Endogenous signals phosphorylate Smad1 linker region in Xenopus embryos. Equal numbers of
Smad1 mRNA-injected embryos were lysed at mid-blastula (stage 8), early gastrula (stage 10.5), and late gastrula (stage 12.5), and protein
extracts were analyzed by Western blot with antibodies against Erk, phosphorylated Erk (pErk), and Flag (for Smad1). Note the mobility shift
of WT-Smad1 (lanes 2,3) but not LM-Smad1 (lanes 5,6) in samples with high levels of phosphorylated Erk.

Smad1 regulation by IGF, FGF, and BMP
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(2) FGF signaling regulates Ca2+ entry, 
which activates the serine-threonine 
phosphatase Calcineurin (CN)

et al., 1995). However, a number of findings have suggested that
the default model might be too simple and that other signaling
pathways, most notably FGF and Ca2+ signaling, have a modu-
lating and/or instructive role during neural induction (Lamb and
Harland, 1995; Sheng et al., 2003; Stern, 2005; Webb et al.,
2005), which prompted us to study the mechanistic basis of
signal integration during neural induction.
Most of the research on the role of Ca2+ signaling in neural in-

duction has been done in amphibians. It was shown that during
gastrulation, [Ca2+]i levels rise in dorsal, but not ventral, ecto-
derm and that Ca2+ entry via L-type Ca2+ channels and Trp
channels might be critical for neural induction (Leclerc et al.,
2011). Other studies described that at the onset of gastrulation,
there is an increase in IP3 levels in the presumptive neuroecto-
derm pointing toward activation of IP3/Ca

2+ signaling (Kume
et al., 1997). It has also been shown that inhibition of IP3R
signaling results in stage-specific changes in body-axis
patterning. When signaling was blocked at the gastrula stage,
frog embryos showed increased ventralization and a reduction
of anterior structures (Yamaguchi and Shinagawa, 1989). The
observed reduction of anterior structures is reminiscent of
the findings in the CnB1 mutant mice. In addition, activation
of CaN/NFATc signaling by IP3/Ca

2+ has been shown to be
a negative regulator of canonical Wnt signaling, thereby pro-
moting ventral cell fates (Saneyoshi et al., 2002). However, our
studies in mouse embryos, mESCs, and hESCs show that
during mammalian neural induction, CaN integrates FGF-Ca2+

signaling at the level of C-terminal phosphorylation of Smad1/
5 rather than working through the NFATc family of transcription
factors.
Mice mutant for CnB1 and mice in which CaN function was

blocked during gastrulation by pharmacologic inhibition with
CsA display defects in anterior neuroectoderm induction (Fig-
ure 1). In addition, inhibition of CaN activity during the differenti-
ation of ESCs completely blocks neural induction (Figure 2). The
in vivo as well as the in vitro inhibition of CaN with CsA indicates
that CaN activity is required during a defined time window

Figure 7. Modulation of BMP Signaling by
FGF/Ca2+/CaN Signaling
Model depicting the proposed mechanism for in-

hibition of BMP signaling by CaN. FGF signaling

triggers an increase of intracellular Ca2+, which

activates the CaN phosphatase complex con-

sisting of CnA, CnB, and CaM. Activated CaN

specifically dephosphorylates pSmad1/5C-term,

thereby opposing BMP signaling. A lack of CaN

activity results in an increase of nuclear pSmad1/

5C-term and an enhanced or ectopic activation

of BMP-regulated transcription. BMPR, BMP re-

ceptor; CnA, calcineurin subunit A; CnB, calci-

neurin subunit B; FGFR, FGF receptor; TRPC,

canonical transient receptor potential.

of development, which precedes the
initial specification of neuroectoderm.
The observed defects could reflect either
an intrinsic requirement for CaN activity in
neuroectodermal progenitors or a failure

of surrounding cells to secrete a factor required for neural differ-
entiation. Our finding that CaN directly modulates the strength
of BMP signaling favors a cell-autonomous role of CaN during
neural induction.
This is further supported by the observation that CaN activity

is required for FGF8 to enhance neural induction of ESCs (Fig-
ure 3). Interestingly, anterior defects, including reduction of
the prosencephalon, eyes, olfactory placodes, and frontonasal
structures, which resemble the phenotype of CnB1 mutant
embryos, have also been associated with a reduction of FGF8
expression (Meyers et al., 1998). However, these findings do
not exclude the possibility of additional roles for CaN in sur-
rounding tissues, such as the nascent mesoderm and definitive
endoderm.

Calcineurin Modulates the Strength of BMP Signaling
Precise regulation of the intensity and duration of BMP
signaling, which is subject to modulation by other signaling
pathways, is critical for specific gene expression patterns
underlying developmental decisions. The results presented in
this manuscript shed new light on how Ca2+ signaling intersects
with the BMP pathway. Our in vitro and in vivo studies indicate
that in the absence of CaN activity, the expression of BMP-
regulated genes is increased, which suggests that CaN modu-
lates either the intensity or the duration of BMP signaling.
Both the intensity and duration of BMP signaling can be
controlled through phosphorylation of Smad proteins. Phos-
phorylation of the linker region by MAPK and GSK3 enhances
degradation of Smad1 and reduces the duration of BMP
signaling (Kretzschmar et al., 1997; Kuroda et al., 2005; Sapkota
et al., 2007). Phosphorylation of the C terminus of R-Smads by
the type I receptor determines the intensity of BMP signaling,
but little is known about how other signaling pathways might
intersect with the BMP pathway to regulate its signal intensity.
We found that CaN reduces the intensity of BMP signaling
by direct dephosphorylation of R-SmadC-term. Our genetic
and pharmacologic data show that CaN dephosphorylates

Neuron

Calcineurin Signaling Antagonizes the BMP Pathway

Neuron 82, 109–124, April 2, 2014 ª2014 Elsevier Inc. 121

Cho et al. 2014 

Possible molecular interactions between FGF and BMP pathways:
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Neural induction in mouse ES cells
Xenopus animal caps and mouse ESCs share signaling mechanisms for neural induction.

Munoz-Sanjuan and Brivanlou (2008)
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Summary 1 (up to neural induction)

-first steps of embryonic development
fertilization, cleavage, gastrulation

-Gastrulation causes formation of three germ layers.
-Neural induction causes ectoderm to form the neural tissue.

mesoderm-derived organizer tissue produces BMP inhibitors.

-Neurulation results in the formation of the neural tube.

-Overall, these early processes are conserved across many species. 
Even the Drosophila uses BMP inhibition for neural induction.
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Regional organization of the adult brain

Cerebellum

Neocortex

Thalamus

Hypothalamus

Midbrain

Striatum

Pons Medulla

Olfactory bulb

Allen Brain Atlas
http://www.brain-map.org/

forebrain midbrain

hindbrain

How is the regional difference of neural tissue established?
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Position of early neural cells determines 
their later fate

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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I. INDUCTION AND PATTERNING OF THE CNS AND PNS

Puelles (2013)

forebrain

midbrain

hindbrain

spinal cord

-Fate mapping studies (mainly on chick embryos) 
generated the regional correspondence between 
neural plate and the mature brain.

-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.

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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Linking neural induction with 
regionalization

The transplanted organizer induced ectopic nervous system from cells not fated to form a neural plate.

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

-Does BMP inhibition not only induce the 
neural tissue but also pattern the induced 
neural tissue?

-Are other signaling mechanisms involved in 
neural patterning?
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The dorsal lip later becomes distinct 
axial mesodermal tissues

upon gastrulation,
-Early dorsal lip (dc: deep cells of the organizer) becomes prechordal mesoderm (PME) that underlies the anterior neural 
plate (an)
-Late dorsal lip becomes the notochord (cm: chordamesoderm) that underlies the posterior neural plate
(prechordal mesoderm and notochord are collectively called axial mesoderm because they are located in the midline)

-”Leading edge cells” (shown in yellow) becomes the anterior endoderm (ae))

Like the dorsal lip itself, both prechordal mesoderm and notochord can also induce the neural tissue.

If neural induction occurs largely via vertical signaling between the axial mesoderm and the overlying ectoderm, prechordal 
mesoderm and notochord may differentially induce rostral vs caudal neural tissue. 

Niehrs, 2004

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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Temporal specificity of neural induction

Young (early) dorsal lip 
induces a secondary head.

Older (late) dorsal lip induces 
a secondary trunk.
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Regional specificity of neural 
induction

Mangold proposed that distinct organizers 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 archenteron roof (future axial and 
paraxial mesoderm) into early gastrula

 

induced tissue

balancers and oral apparatus

head structures (forebrain and 
midbrain)

hindbrain

spinal cord
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Niewkoop’s activation-transformation 
model

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

-The proximal part of the graft 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 (1 is the most rostral, 4 is the most 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)

Activation-transformation model: 
Activation: induction of anterior neural tissue
Transformation: dose-dependent caudalization of the neural 
tissue

neural tissue
head head head trunk tailhead

neural inducer caudalizing factor

Activation Transformation

+
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Molecular basis for the activation-
transformation model

Activation (neural induction): 
BMP antagonists 
-produced by the organizer and its descendants 

Transformation (caudalization)
Wnt, fibroblast growth factors (FGFs) and 
retinoic acid (RA) 
-produced by the paraxial mesoderm (somites), 
not by the axial mesoderm (descendants of the 
organizer).

Gilbert, 2002

The RA-synthesizing enzyme, 
ALDH1A2, is expressed in somites.

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).

Retinoids and Spinal Cord Development 729

Journal of Neurobiology. DOI 10.1002/neu
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Wnt signaling pathways
-evolutionarily conserved secreted proteins
-19 Wnt genes in human genome
-multiple signaling pathways depending on the cellular context and receptors
-More than 15 Wnt receptors or co-receptors (including Frizzled (Fz) and LRP5/6 for β-catenin-
dependent pathway)
-In the absence of Wnt binding, β-catenin is phosphorylated by the kinase GSK3, and undergoes 
degradation.
-With Wnt binding to Fz/LRP co-receptors, the destruction complex is inactivated and β-catenin is free  
to be transported to the nucleus, where it binds to TCF/LEF transcription factors and activates 
transcription of downstream genes.
-Wnt signaling is also inhibited by extracellular antagonists such as Dkk1.

Cadigan and Liu, 2006
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Transforming Wnt activity is antagonized 
in the rostral neural tissue

Wnt antagonists (Cerberus, Frzb, Dickkopf, etc.) prevent the neural tissue from becoming 
caudal 
-These antagonists are expressed in the rostral, non-neural tissue (anterior endoderm; ae) 
and prechordal mesoderm (PME).

Niehrs, 2004

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.

Over-expression of Cerberus generates 
an ectopic head.

31



Activation-transformation model in 
mammalian embryos

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 side. ps is equivalent to the 
amphibian blastopore, and produces Fgf and Wnts. 

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

AVE cannot induce neural tissue by itself, but inhibits caudalization of the neural tissue by blocking the Wnt 
pathway.
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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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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.

Xenopus

Mouse

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

R E V I EW S

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.

Dkk1 (mouse homolog of 
Dickkopf) mutant mice lack the 
head.

anterior neural characteristics of the neuroectoderm and the
formation of the head structures (figure 3).

4.2. Balancing the signalling activity
Morphogenetic signals must be delivered at the right time,
place and strength to elicit proper lineage differentiation
and morphogenesis of the head progenitor tissues. The com-
plex mechanisms that localize, constrain and refine Nodal
signals at the onset of gastrulation have been reviewed else-
where [17]. Similarly, complex mechanisms are employed to
balance the WNT signals that permit the early events of
head formation [43]. In the embryo at gastrulation, the
expression domain of Wnt3 in the posterior region juxtaposes
that of Dkk1, which separates the Wnt3 domain from the Fzd8
receptor domain in the anterior region. The Dkk1 and Fzd8
domains together shadow the domain of brain and cranial
mesoderm progenitors in the ectoderm and mesoderm,
respectively (figure 4). These molecular annotations of the
fate map point to a plausible scenario in which Wnt3 signal
emanating from the posterior epiblast and the primitive
streak is dampened by the Dkk1 antagonist such that a
reduced level of signalling activity is perceived by the recep-
tive head progenitor tissues. While other WNT antagonists
are expressed at this stage of embryonic development, the
loss of Dkk1 alone can cause a major disruption of head
development. This finding suggests that the function of
Dkk1 cannot be replaced by other antagonists, which display
no changes in their expression in the Dkk1-null mutant
embryo. When Wnt3 activity is reduced (by genetically silen-
cing one Wnt3 allele) on the Dkk1-null background, head
development is partially restored. This indicates that the pri-
mary target of Dkk1 is the Wnt3-mediated signalling cascade
and that other WNT factors (which do not change their
expression significantly in the Wnt3 and Dkk1 mutants)
might play a lesser role in head development [43].

Wnt3 is a canonical WNT signalling molecule and these
experiments therefore also imply that Dkk1 exerts its influ-
ence by modulation of canonical WNT signalling [44]. This
has been confirmed by the demonstration that different
permutations of mutations of the antagonist (Dkk1), the
co-receptor (Lrp6) and transcription co-activator (b-catenin)
produce phenocopies of the head defects associated with

excessive canonical signalling activity. Furthermore, the
different degrees of elevation of WNT signalling activity
caused by the three mutated genes correlate with the severity
of the head defects, with the tissues of the anterior brain
region being more sensitive to changes in the signalling
activity than those of the posterior regions. Therefore, Dkk1
acts by controlling the level of canonical signalling activity
perceived by the target tissue, and a stringent control of the
signal strength at different locations in the anterior–posterior
plane is critical for the development of specific brain parts.
Wnt3 is expressed in a relatively narrow window of embryo-
nic development, first in the proximal visceral endoderm and
then progressively confined to the posterior visceral

paraxial
mesoderm

forebrain midbrain and hindbrain

anterior
definitive
endoderm prechordal plate anterior notochord node

(a) (b)

Figure 3. Inductive interaction between the germ layer derivatives during head formation. (a) A schematic diagram of the right-hand half of the late-streak embryo
showing the domains of brain progenitors in the ectoderm and the opposing paraxial mesoderm, endoderm and the axial mesendoderm ( prechordal plate and
anterior notochord, derived from the node). The boxed area of (a) is shown in (b), which depicts the planar (inductive and suppressive) interaction between the
prechordal plate and the anterior notochord, the induction by the prechordal plate to maintain the anterior definitive endoderm, and the vertical (i.e. between germ
layers) induction of the neural primordium by the endoderm and the axial mesendoderm.
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Figure 4. Specification of the brain progenitors is facilitated by WNT
signalling activity. (a) The regionalized activity of signalling components sets
up a signalling landscape with (b) reduced WNT signal activity (low reporter
expression) in (c) the domain of brain progenitor (marked by Otx2
expression). Source of figures: (a) fig. 9, Fossat et al. [44]; (b) fig. 1c, Lewis
et al. [43] ( permission for use by authors under copyright agreement with
Development, Company of Biologists Ltd).
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Distinct developmental origins of posterior 
and anterior neural tissues

passaged to some extent, and establishment of in vitro derivation
protocols has facilitated their characterisation, allowing genome-
scale analyses and their ready manipulation. Indeed, NMps derived
from a critical mass of ESC-derived epiblast-like cells can form a
‘gastruloid’ that produces both a neural and an emerging
mesodermal cell population (Turner et al., 2014a,b; van den Brink
et al., 2014), lending support to the idea that NMps persist during
body axis elongation, providing new neural and mesodermal tissues
over an extended period.
Clearly, the existence of NMps challenges traditional notions of

the formation of three germ layers (ectoderm, mesoderm and
endoderm) and subsequent neural cell fate assignment from within
the ectoderm. In the prevailing view of neural induction, NMps are
derived from the anterior neural plate, and the setting aside of these
cells from within this neuroepithelium might then be considered a
patterning event dependent on prior formation of anterior neural
tissue (Fig. 2A). An alternative hypothesis proposed here (Fig. 2B)
is that the induction of NMps close to and within the primitive streak
involves a distinct step that is independent of the formation of
anterior neural tissue.
Here, we review the evidence for NMps, focusing largely on data

from amniote embryos, and consider their molecular characteristics

and the signals that induce them in vivo and in vitro. We also
evaluate experiments in the embryo, which suggest that anterior and
posterior neural tissue can form independently. Finally, we review
lineage data and gene regulatory interactions to speculate on the
point at which anterior-posterior pattern and neural fate are
established in the early epiblast and how this relates to the
induction of NMps.

Evidence for NMps
The most compelling evidence for dual-fated NMps comes from a
retrospective clonal lineage analysis carried out in the elongating
mouse embryo (Tzouanacou et al., 2009). This study exploited the
random labelling of single cells that takes place when a mutant
laacZ transgene reverts at low frequency to a functional lacZ gene,
the expression of which marks the single revertant cell and all its
progeny (constituting a clone) (Bonnerot and Nicolas, 1993). The
analysis of labelled clones revealed the existence of cell lineages
that contribute to both paraxial mesoderm and the spinal cord, and
that also include cells located in the E10.5 chordoneural hinge, the
only tailbud cell population with self-renewing properties (Cambray
and Wilson, 2007; McGrew et al., 2008). This suggests that
individual cells (NMps) are retained posteriorly (in the tailbud) and
generate cells that can contribute to neural or mesodermal lineages
as the body axis extends. However, some other clones containing
neural and mesodermal cells lacked labelled cells in the
chordoneural hinge. This indicates that NMps have a tendency to
differentiate and, for this reason, these cells may be most accurately
referred to as long-term NMps rather than neuromesodermal or axial
stem cells (Tzouanacou et al., 2009). Indeed, the number of neural/
mesodermal clones found in embryos assessed at different stages of
development (gastrulation, organogenesis and tailbud stages)
varied, with more clones at the organogenesis stage (E8.5), when
the trunk is being generated (Tzouanacou et al., 2009). One
interpretation of these findings is that NMps are an evolving cell
population that arises early in development and which increases and
then decreases during the generation of the body axis.

Retrospective clonal analysis does not directly indicate the
location of NMps in the embryo. However, fate-mapping studies in
which small groups of cells were labelled have helped to identify
regions where NMps may reside in the embryo. In the chick, dye
labelling of groups of one to three cells in the CLE identified a
region close to the primitive streak that is able to contribute to both
neural and mesodermal lineages at early somite stages (Brown
and Storey, 2000). Labelling cells in a similar position by
electroporation of plasmids driving fluorescent protein expression
in chick embryos confirmed this finding (Iimura and Pourquié,
2006). In the mouse embryo, grafting GFP-expressing cells of the
NSB to the same position in wild-type embryos further confirmed
this region of the primitive streak, as well as the CLE, as a site
containing cells that are able to contribute to neural and mesodermal
lineages (Cambray andWilson, 2007). However, NSB-derived cells
additionally contributed to notochord, and studies of both mouse
and chick embryos in which single cells were dye labelled in the
node have demonstrated that individual cells can contribute to
multiple lineages, including to paraxial mesoderm and neural tissue
or to paraxial mesoderm and notochord, as well as to notochord
alone (Selleck and Stern, 1991; Forlani et al., 2003; Wilson
et al., 2009). The mouse NSB therefore appears to be a more
heterogeneous population than the CLE.

Further persuasive evidence for the existence of NMps comes
from the ability to derive cells with these characteristics from
pluripotent stem cells via the approach of in vitro differentiation
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Fig. 1. Key features of the developing CNS and neuromesodermal
progenitors in the embryo. Schematics of E7.5 (A) and E8.5 (B) mouse
embryos indicating cell populations that give rise to the CNS. At E7.5, the
anterior neural plate (ANP) consists of prospective forebrain (FB), midbrain
(MB), hindbrain (HB) and some anterior spinal cord (aSC) progenitors; more
posterior spinal cord arises from neuromesodermal progenitors (NMps; red/
green), which are located in the node-streak border (NSB) in the anterior
primitive streak (PS; brown) and in the adjacent caudal lateral epiblast (CLE;
light grey). At E8.5, NMps have given rise to new neural progenitors (Np;
green), which contribute to the CLE (light grey) and then the preneural tube
(PNT; dark grey), and to new mesoderm progenitors (Mp; red), which
contribute to presomitic mesoderm (PSM; brown). The rostralmost position
reported for Nps generated by NMps is the ventral region of the anterior spinal
cord approximately at the level of somite 6 (S6).
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-Clonal analysis of cell lineage indicated that many spinal cord cells have a close lineage relationship to somite-forming 
paraxial mesoderm.

-Cells expressing both mesodermal (Brachyury or Bra) and neural (Sox2) markers (neuromesodermal progenitor cells 
(NMPs)) persist near the primitive streak long after the gastrulation is completed. 

-NMPs give rise to both the spinal cord and presomitic mesoderm (source of somites).

genes, including Nkx1.2 (Sax1) (Spann et al., 1994; Schubert et al.,
1995; Delfino-Machin et al., 2005) and the chick achaete-scute gene
homologue Cash4 (Henrique et al., 1997; Akai et al., 2005) are also
expressed across the CLE and into the preneural tube (PNT) (Fig. 1)
and thus may identify both NMps and recently generated neural
progenitors. A population of cells co-expressing Bra/Sox2 has also
been identified at late stages in the tailbud of chick and human
embryos (Olivera-Martinez et al., 2012). Dye labelling of this late
cell group in the chick demonstrated that it also contributes to the
neural tube and paraxial mesoderm (Olivera-Martinez et al., 2012).
This is consistent with the continued activity of NMps duringmouse
axis elongation deduced by Tzouanacou et al. (2009).

Signals directing NMp generation
Taken together, the findings above strongly suggest that NMps in
the embryo co-express Sox2 and Bra. In recent years, a number of
in vivo and in vitro studies have revealed how the expression of these
transcription factors is regulated by the Wnt, FGF and BMP
signalling pathways. These studies have also uncovered regulatory
links between these pathways and further key transcription factors
involved in the generation and patterning of the posterior body.
Overall, a complex gene regulatory network involving cross-
regulation of transcription factors and signalling pathway components
appears to define the NMp cell state (Fig. 4).

Insights from the embryo
Wnt and FGF signalling have long been known to promote posterior
neural character in vertebrate embryos (e.g. Cox and Hemmati-
Brivanlou, 1995; Lamb and Harland, 1995; Storey et al., 1998;
Kiecker and Niehrs, 2001; Nordström et al., 2002) and it is therefore
not surprising that these signals are associated with NMp formation.
Inputs from both FGF and Wnt signalling are required to promote

Sox2 N1 enhancer activity in the CLE (Takemoto et al., 2006).
Candidate molecules include Fgf4, Fgf8, Wnt3a and Wnt8a/c,
which are provided locally by cells in the anterior primitive streak
and adjacent epiblast.

Wnt3a is also known to promote Bra expression (Yamaguchi
et al., 1999; Martin and Kimelman, 2008; Savory et al., 2009) and to
orchestrate the genetic network controlling paraxial mesoderm
formation (Nowotschin et al., 2012; Chalamalasetty et al., 2014).
Loss of this ligand has dramatic effects on the assignment of
mesodermal versus neural cell fates, both in mouse (Takada et al.,
1994; Yoshikawa et al., 1997; van de Ven et al., 2011) and zebrafish
(Martin and Kimelman, 2012) embryos, causing the formation of
ectopic neural tissue and loss of posterior mesodermal structures.
By contrast, excess Wnt activity due to the expression of an
activated form of β-catenin in zebrafish embryos causes the opposite
phenotype, promoting mesodermal over neural fate. This led to a
model in which Wnt signalling regulates fate choices of bipotent
NMps, repressing neural fates and promoting mesodermal
development (Martin and Kimelman, 2012).

However, in Tbx6 mouse mutants, in which prospective
mesoderm cells ingress but form ectopic neural tubes, Wnt3a
expression persists despite the failure to make mesoderm; this
condition indicates that Wnt signalling does not inhibit neural fate.
Instead, these results suggest that the primary role of Wnt3a is to
maintain NMps, which then form neural tissue when mesoderm
differentiation fails (Takemoto et al., 2011). This interpretation is
supported by a recent analysis of transgenic mice in which
constitutive Wnt signalling was achieved by overexpression of
dominant stabilised β-catenin directed by a Bra-Cre driver (Garriock
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Sox2 BMP4
Hox
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Fig. 4. Key signals and transcriptional networks regulating NMps. FGF
and Wnt signals provided by the primitive streak and CLE induce the
expression of Bra and the Sox2 (N1) enhancer, and Bra in turn promotes Wnt
signalling. FGF signalling also promotes expression of Nkx1.2 (Sax1), and this
transcription factor in turn induces Fgf8 transcription; it also indirectly promotes
Wnt signalling by inhibiting expression of the repressor Tcf3 [indicated with a
dotted line as evidence comes from P19 cells (Tamashiro et al., 2012)]. Wnt
signalling induces the expression of Cdx genes, which act both to promoteWnt
signalling and to regulate caudal Hox gene expression. Sox2 transcription is
also repressed by BMP signalling delivered by epiblast cells posterior and
lateral to the CLE and so defines the domain within which NMps can arise. The
co-expression of Sox2 and Bra is a central feature of NMps and there is some
evidence that they are mutually repressive (indicated by dotted inhibition
symbols). For example, Sox2mRNA expression is high in Bramutant NMps in
which Wnt is activated (Gouti et al., 2014); in the frog, T-box genes directly
repress Sox2 (Gentsch et al., 2013); and in the mouse the presomitic
mesoderm gene Tbx6 represses Sox2 via the N1 enhancer (Li and Storey,
2011; Takemoto et al., 2011). Conversely, Sox2 N1 loss (in a Sox3 null
background) increases the ingression of cells to form presomitic mesoderm
(Yoshida et al., 2014), suggesting that Sox2 normally restrains this Bra-
induced activity; Sox2 also binds the Bra promoter in ESC-derived neural
progenitors and Sox2 overexpression represses Bra in a Wnt-driven
mesodermal differentiation assay (Zhao et al., 2004; Thomson et al., 2011).
This mutual repression between Sox2 and Bra might underpin the creation of a
state in which cells are poised to adopt either neural or mesodermal cell fate.
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Fig. 3. Sox2 and brachyury co-expressing cells in the CLE and primitive
streak. (A) Confocal maximum intensity projection of the posterior end of an
E8.5 (6-somite, S6) mouse embryo labelled with antibodies against Sox2
(green) and brachyury (Bra; red). Note the double-labelled cells in the CLE
(white dashed lines) and NSB. (B-F) Transverse sections at the levels
indicated in A. Note the double-labelled cells in the primitive streak and
adjacent CLE (between the arrowheads). Sox2 is also detected in large,
ventrally located migrating germ cells.
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SC: spinal cord
PNT: preneural tube
NSB: node-streak border
CLE: caudal lateral epiblast
PS: primitive streak
PSM: presomitic mesoderm
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Proposed mechanisms for the generation of 
neural cells in the spinal cord

-The posterior gradients of FGF and Wnts oppose the activity of RA (retinoic acid). 

-FGF induces formation of preneural tube and RA causes them to transition into neural progenitor cells.

-Unlike the brain, much of the spinal cord appears to be generated without going through the “ectoderm-anterior neural” path.

Gouti et al., 2015

extrinsic signals regulate their transcriptional network
remain elusive.

Downstream of Wnt3a and Fgf8, several transcription
factors have been implicated in specifying NMP identity

[4]. Wnt3a and Fgf8 induce Bra [32] and Sox2 [33]. Wnt
signaling is also required for the upregulation of Cdx 1, 2,
and 4, Nkx1.2, and for the induction of posterior Hox genes
[34–38]. Both Bra and Cdx mouse mutants have severe
defects in axis elongation [36,39,40]. Reciprocally, Cdx
genes have been proposed to stimulate Wnt3a transcrip-
tion (Figure 3) [41]. In Cdx null embryos, Wnt3a is down-
regulated and Bra expression is no longer maintained
[42]. Studies in zebrafish further demonstrate that Bra
promotes Wnt signaling, thereby establishing a positive
feedback loop important for axis elongation [43]. Strikingly,
some of the axis elongation defects of the Cdx mutants are
rescued by the expression of trunk Hox genes [44]. More-
over, Cdx2 induction clears the repressive chromatin mark
H3K27me3 from the regions of chromatin encoding the
Hox genes [34], emphasizing the role of Cdx genes in
inducing posterior Hox gene expression. Together the data
suggest that the induction of Cdx genes promotes both
posterior Hox gene and Bra expression and the elongation
of the body axis.

Although the regulatory links between extrinsic signals
and downstream TFs require further investigation, posi-
tive feedback loops between Cdx, Bra, and Wnt/Fgf signals
are likely to play an important role in the maintenance as
well as the induction of NMP identity (Figure 3). These
feedbacks need to be interrupted for a cell to exit an NMP
state and differentiate into either neural or mesodermal
tissue. Retinoic acid (RA) is implicated in this process. A
rise in RA signaling and attenuation of Wnt and Fgf
signaling, mediated at least in part by the induction of
posterior Hox genes, is associated with the cessation of
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Figure 1. Overview of cell lineage relationships during spinal cord development.
During early embryonic development epiblast (Epi) cells choose between an anterior
neural ectoderm (NEct), mesendoderm (ME) and neuromesodermal progenitor
(NMP) lineages. NMP cells expressing Bra, Sox2, and Nkx1-2 have the potential to
become either presomitic mesoderm (PSM), which will express Msgn1 and Tbx6, or
preneural tube (PNT) cells that will express Nkx1-2 and Sox2. PNT cells respond to
the ventral signal Shh, emanating from the notochord, and dorsal Bmp signals,
emanating from the roof plate, to generate floor plate (FP) and neural crest cells
(NCCs), respectively. Retinoic acid signaling, emanating from the somites, promotes
the transition of preneural tube cells to a neural progenitor (NP) state. Progenitors
that form the ventral spinal cord are divided into five distinct progenitor domains
(p0–p3, pMN) in response to Shh, whereas the dorsal spinal cord is divided into six
interneuron domains (dI1–dI6) in response to Wnt and Bmp signaling.
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Figure 2. Progressive differentiation of neuromesodermal progenitors during
development of the CNS. (A) Schematic of a wild type embryo, looking down onto
the surface of the posterior end of the embryo. The posterior gradients of Wnt and
Fgf signals (red), emanating from the caudal lateral epiblast (CLE), oppose the
activity of retinoic acid (RA, green) which is produced by the developing somites.
Neuromesodermal progenitor (NMP) cells (orange dots) located in the CLE transit
either through a preneural tube (PNT) stage (blue dots) to spinal cord progenitors
(green dots), or through a presomitic mesoderm stage (PSM) to form the somites
(red cells). Green and red arrows show the distinct developmental paths of NMP
cells. (B) Timely activation of Wnt/Fgf signaling in mouse and human
differentiating ES cells results in the generation of NMP cells expressing
Brachyury (Bra) and Sox2 protein [29], equivalent to those found in the CLE
region of the embryo.

Box 1. The mechanism(s) of neural induction and

regionalization

The induction of neural tissue is a defining event in embryogenesis
that has long been used as an experimental model of embryonic fate
decisions. Seminal studies by Spemann and Mangold using
amphibian embryos showed that the generation of a properly
patterned nervous system from naı̈ve ectodermal cells involved an
inductive signal from the organizer, located in the dorsal lip of the
blastopore [94–96]. Further studies in Xenopus led to the suggestion
that, initially, cells fated to become neural acquire an anterior
identity (activation), and that over time these cells transform into
more-posterior neural fates in response to a gradient of extrinsic
‘posteriorizing’ signals emitted from the organizer region
[97,98]. This has become known as the activation transformation
hypothesis [99].

In the search for signals responsible for inducing neural fate, Bmp
antagonists were isolated as secreted factors from the organizer and
were shown to act as neural fate inducers (reviewed in [5]).
However, several other signaling pathways, including Wnt and
Fgf, have also been shown to play a role in neural induction. These
differ in their capacity to promote anterior versus posterior neural
cell identities [21,60], and challenge the notion that neural fate
acquisition depends on a single inducing event [5].

One possibility is that the reported differences in the identity of
neural-inducing signals might be a consequence of the distinct
ontogenies of the anterior and posterior nervous system. Genetic
cell labeling studies in mice have demonstrated that the lineage of
cells residing in the spinal cord arises in close association with
paraxial mesoderm [7,8]. Thus, neural progenitors may arise in
more than one way. In this view, distinct mechanisms involving
different extrinsic and intrinsic factors could be responsible for
anterior and posterior neural induction. Knowledge of the cell
intrinsic transcriptional networks, as well as the extrinsic signals
that drive neural fate induction, will address this issue.
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Summary (early rostro-caudal patterning)

-Activation-transformation model appears to be conserved in different animal 
species from Xenopus to chick and mouse.

activation: neural induction by inhibition of BMP signaling 
transformation: caudalization by Wnts, RA, FGF

-The above model appears to apply only to the rostral (anterior) nervous 
system.

-For most of the spinal cord, neural cells are derived from neuromesodermal 
progenitor cells (NMPs). Sequential actions of FGF and RA cause NMPs to 
become neural progenitor cells.
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