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Nervous system development in Vertebrates

• The ectoderm gives rise to the columnar

epithelium of the neural plate
(the precursor of the CNS)

• The neural crest cells originate at the 

dorsalmost region of the neural tube àPNS 

+ many different cell types…

• Ectodermal cells at the most anterior edge

of the neural–epidermal boundary give rise 

to placodes that will form sensory organs

as well as cranial sensory ganglia

EM

(chick neural tube)

By OpenStax College - Anatomy & Physiology, Connexions Web site. http://cnx.org/content/col11496/1.6/, Jun 19, 

2013., CC BY 3.0, https://commons.wikimedia.org/w/index.php?curid=30148601
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Neural Induction

When and How embryonic tissue

becomes committed to the neural fate? 
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Neural Induction

When

At the gastrula stage (or earlier?)

How

Signals from a cluster of cells (the organizer) 
trigger neural development

in the dorsal ectoderm
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The first demonstration: 
Spemann and Mangold experiment (1924)

Nobel Prize to Hans Spemann (1935)

• Newt embryos (white Triturus cristatus and
the dark T. taeniatus or T. alpestris)

• Gastrulation stage 

• Transplantation of the dorsal lip of the blastopore
(The Spemann organizer)

First demonstration that cell and tissue fate can be determined

by signals received from other cells
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X. laevis embryos

E. De Robertis

Transplanted organizer cells:

• Follow their own developmental
program (midline mesoderm tissue:
notochord and somites)

• Induce host cells to change their fate 
forming a second embryonic axis

à neuralization
à dorsalization

cells can adopt their
developmental fate according to 
their position when instructed by 

other cells

video
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Evolutionary conservation of the organizer

Transplantation experiments reproduced in fish, chick and mouse embryos…
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The Animal Cap Explant Assay Experimental approach:  
isolation and culture of 
tissue fragments of the 
animal pole at different
stages of development
(Amphibian embryos)

Results:  cell types
differentiate depending
on the stage and co-
culture tissue

A
V
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1° Hypothesis on Neural Induction: 
• the ectoderm forms epidermis as a default state 
• the organizer and resulting notochord, through secreted soluble

molecules, instruct the ectoderm to form neural tissue

à What is the molecular nature of the neural inducer?
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1° Hypothesis on Neural Induction: 
• the ectoderm forms epidermis as a default state 
• the organizer and resulting notochord, through secreted soluble

molecules, instruct the ectoderm to form neural tissue

à What is the molecular nature of the neural inducer?

1924à ‘80s 

Embryologists in search for the candidate molecule….

Try to extract the active factor
from the dorsal blastopore cells Try candidate molecules

for inductive activities
Test other tissues for inductive activites
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1° Hypothesis on Neural Induction: 
• the ectoderm forms epidermis as a default state 
• the organizer and resulting notochord, through secreted soluble

molecules, instruct the ectoderm to form neural tissue

à What is the molecular nature of the neural inducer?

1924à ‘80s 

Embryologists in search for the candidate molecule….

BUT …the animal cap had the capacity to non-specifically convert to neural fate

in response to a variety of materials …
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Cell dissociated and maintained in 
suspension (1-5 hrs) before
reaggregation à neural tissue

?
? ?
?
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The absence, not the presence, of an 
intercellular signal is necessary for 

neural differentiation

Neural fate can be derived from 
competent ectoderm in the absence of 

signals from the organizers
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The default fate of ectodermal cells is neural differentiation

This fate is prevented by signals from neighboring cells

The inducer is a de-repressor of neural fate 

à What signals repress neural differentiation?

à What does organizer tissue provide to overcome the effects of the repressor?

The default model
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The need to distinguish direct versus indirect Neural Induction
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At the blastula stage activin can promote
formation of neural tissue

At the gastrula stage activin is ineffective at
promoting the formation of neural tissue

(the gastrula ectoderm loses competence to 
form mesoderm in response to activin)

Activin In the Xenopus blastula, the cells in the middle 
of the embryo become mesodermal by 
responding to activin (or an activin-like
compound) produced in the vegetal hemisphere.

Activin promotes formation of neural tissue through an indirect effect by the dorsal
mesoderm (which is induced by activin)
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Main criteria for an authentic neural inducer

• It should be able to induce neural tissue from animal cap ectoderm in 
the absence of dorsal mesoderm à direct induction

• Competent ectoderm should be responsive to the neural inducer at the 
gastrula stage  (when dorsal mesoderm can still induce neural tissue)

• It must be present at the right time and place to account for normal
neural development

• Elimination of its activity should block normal neural development
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Mechanistic demonstrations

• …be at the right place at the right time à LOCATION

• …when signal is blocked – no response à NECESSITY

• ….be able induce the response peraphs ectopically à SUFFICIENCY

An authentic Neural Inducer should …
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Science. 1993 Oct 29;262(5134):713-8.

https://www.ncbi.nlm.nih.gov/pubmed/8235591
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Analysis of specific markers (neural and mesoderm)

NCAM
Beta-tubulin (isoform expressed in hindbrain and spinal cord)
XIF3 (neurally expressed intermediate filament gene)

Muscle actin
Goosecoid (early mesoderm marker)
Brachyury (Xbra) (early mesoderm marker)

Noggin added to blastula animal caps induces the expression of neural tissue
specific genes (NCAM, XIF3, Beta-tubulin)  in the absence of mesoderm

+ Noggin

Same results at the gastrula stage… 
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Nogging
Chordin

?

At this point possible direct neural inducers identified…
still no clues on how they may work!!!
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Truncated Activin type II receptor
(dominant negative*)
promotes neuralization

An activin-like molecule
(TGF-β family) inhibitor of 

neuralization

*inhibits several TGFb related factors
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Nogging
Chordin

Activin
receptor

Neural Induction

?

?
?

?
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Follistatin= Key regulator in adult reproductive system à by inhibition of Activin

Follistatin
Activin-like

(TGF-b) ?
Neural

Induction
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Sog Chordin

Decapentaplegic (dpp)  
(TGF-β family)

BMP-4

?
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Chordin BMP-4
Neural

Induction



28

Evolutionary conservation of molecular circuitry
underlying Neural Induction
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BMP Antagonists Expressed in Spemann’s Organizer

midblastula

late blastula

early gastrula

midgastrula

Dorsal is to the right with the animal pole toward the top of the figure

Xnr3=Xenopus
nodal-related-3 
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Chordin

Noggin

Follistatin

….

BMP-4/2/7
Neural

Induction

All potent extracellular inhibitors of TGFb family signaling bind with high affinity to the ligands
and prevent them from activating their cognate receptors
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WIREs Dev Biol 2013, 2:479–498. doi: 10.1002/wdev.90
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Epidermal

Neural

Epidermal

Neural

Epidermal

Neural

Epidermal

Neural
or?
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Mechanistic demonstrations

• …be at the right place at the right time à LOCATION

• …when signal is blocked – no response à NECESSITY

• ….be able induce the response peraphs ectopically à SUFFICIENCY

An authentic Neural Inducer should …
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Sox2 expression in neurula (st 14–15) embryo

Loss of function assay with Morpholino oligonucleotides

F=Follistatin, C=Chordin, N=Noggin, UC=uninjected sibling control embryos, MO=morphant, and 
MO + R=morphant rescued with pufferfish noggin mRNA.

Khokha et al….R. Harland, Developmental Cell 2005
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Deletion of 3 BMP antagonists from Spemann’s organizer leads to a chatastrophic loss of dorsal

structure: lack a morphological neural plate at the neural stage  and dorsal mesoderm structures

à Conclusive in vivo evidence that BMP inhibitors

are essential for neural induction

Khokha et al., Developmental Cell 2005

Ne
ur
al

pl
at
e Beta-catenin MO –

prevent formation of the 

Speman organizer

Molecular redundancy
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Molecular redundancy

WT Nog KO Nog/Chd KO

Bachiller et al., 2000

Genetic redundancy

to be taken into account in programming LOF approaches

What functional meaning?
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Is BMPs inhibition sufficient for neural induction?

Several evidences from different species indicate that the default model  
may be too simplistic to describe neural induction…

• Blocking BMP signalling cell autonomously by electroporating SMAD6 is not sufficient to 
induce Sox3 expression in competent chick epiblasts

• Data from fish – frog – chick… indicate FGF signaling restricts BMP gene expression and 
is required for expression of BMP inhibitors

• In the urochordate Ciona intestinalis, FGF is an important neural inducing signal
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Beyond the default model

FGF signaling

Inhibition of BMP signaling Instructive role ?

Neural Induction
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(1) is required for the expression of Noggin, 
which acts outside the cell to bind and inhibit
the activity of BMP ligands

(2) results in the phosphorylation of SMAD1, 
5, 8 in a central domain, which inhibits its
ability to move to the nucleus and activate
the transcription of BMP target genes

(3) FGF signalling can directly activate the 
transcription of a set of neural genes

(4) FGF can inhibit the expression of genes
coding for BMP ligands

How can FGF signalling impact on neural induction?
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• The Zic family of zinc-finger proteins plays a crucial role in 
neural development - They act as transcriptional regulators and 
control the initial phase during which ectoderm differentiates into
neuroectoderm

Article to read
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• Validation of the default model of neural
induction

• Neural induction by BMP inhibition depends on 
the presence of FGF activity

• FGF is downstream of BMP inhibition to initiate
the neural program

• BMP inhibition and FGF signaling are both
important and act sequentially

• FGF signaling plays an instructive role in neural
induction

• Both Zic1 and Zic3 are required to initiate the 
neural program (they act redundantly)

Marchal et al., PNAS 2009
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Neural induction in mammalian ESCs

Mouse ESCs derived from the inner cell

mass of the blastocyst of preimplantation

embryos

ESCs: an in vitro platform

to test hypoteses and 

investigate mechanisms

controlling embryonic fate 

determination

ESCs=embryonic stem cells

1981 Gail Martin
Martin Evans and Matthew Kaufman

Self-renewal

Pluripotency

Express embryonic TFs

(i.e. Oct-4; Sox2; Nanog)
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Mouse ES cell culture Feeder layer was crucial for isolation of ES from blastocyst

addition of leukemia inhibitory factor (LIF) replaces the need
for a feeder (LIF is required for maintenance in undifferentiated
state)

LIF withdrawal and growth of ES cells in suspension
result in embryoid bodies and differentiation
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Science-1998
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Human ES cells do not come from aborted
fetuses but derive from leftover in vitro 
fertilization (IVF) embryos
(around 5 days after fertilization – no tissue
differentiation)

One blastocyst may produce a number of cell
lines that can be kept in culture for years. 

Important to know!

Cells adapted to proliferate in tissue culture represent only a proxy
for the in vivo situation (properties of cells in the embryo)
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mESCs represent an early stage of development compared to hESCs

Needs LIF, BMP, and WNTs
to maintein a naïve (or ‘ground’)
state of pluripotency

Needs FGF and Activin/Nodal for 
maintenance of pluripotency

mESCs mEpiSCs =
FGFs or WNT inhibitors

MOUSE

HUMANhESCs

miPSCs

hiPSCs

Self-renewal
Pluripotency

(Oct-4; Sox2; Nanog)

Epiblast stem cells

Similarities and differences (mouse vs human ESCs)

= =

from the inner cell mass of 
preimplantation blastocysts

Self-renew and are in a phase of 
“primed”pluripotency acquire the gene 
expression signature of postimplantation
epiblast cells



Neural Induction in Mouse ESCs

Conversion into nestin expressing neural precursors (enhanced by inhibition of BMP signaling with Noggin or 

Cerberus and Smad4 KO ESCs )

Chemically defined serum-free, feeder layer-free, low-density culture conditions are sufficient for neural

differentiation of ES cells

Neuron 2001



Is there a Role for FGF Signaling in Neural Induction in Mouse ESCs ?

FGF signaling manipulations on mESCs suggest a role for FGF…

BUT:
• mESCs require FGF signaling to progress to a primed state of pluripotency before

they acquire the competence for neural induction
• FGF signaling has been shown to inhibit rather than promote neural induction in 

EpiSCs
• Inhibition of the TGFβ/BMP signaling promotes neural commitment from EpiSCs

FGF signaling possibly regulates the competence of mESCs for germ layer differentiation, 
rather than neural induction per se



Neural Induction in Human ESCs/iPSCs and the Role of FGF Signaling

In the absence of exogenous morphogens, hESC colonies take on a neural fate in line 
with the default model

FGF?

• small-molecule inhibitors of FGF signaling reduce the number of cells expressing
PAX6 (but FGF inhibitors were not added in the initial 4 days of differentiation)

• FGF increases the size of neural colonies without changing the efficiency of neural
induction

• neuralized hESCs displayed low levels of BMP-SMAD1/5/8 signaling, presumably
because of the high-level expression of several soluble BMP antagonists

FGF à survival and/or proliferative role in the early neuroepithelium


