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Key concepts for part 1-secondary 
organizers

-Early AP patterning of vertebrate neural tissue is closely linked to neural induction 

-There are four major steps in regionalization of the brain: 
1. Ectodermal cells acquire neural identity (neural induction) 

BMP inhibition results in the formation of anterior neural tissue. 

2. Adoption of crude positional character (anterior vs posterior) 
Opposition between caudalizing factors and their inhibitors (especially Wnts and Wnt 
inhibitors) establish crude AP patterning. 

3. Formation of cell populations (“secondary organizers”) within the neural tissue that 
secretes signaling molecules (morphogens) 

4. These secondary organizers modulate and refine initial regional patterning such that 
the differential gene expression subdivides the neural plate into discrete territories that 
prefigure the various structures of the mature CNS. 

-Same molecular pathways (Wnt, BMP, FGF, RA, Shh, etc.) play a role in more than one 
steps at different times and places.
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Activation-transformation results in 
coarse AP patterning

Puelles 2015

Garda et al., 2001
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-Initially, almost the entire brain is dominated by expression of the transcription factor Otx2.  
-”Transformation” results in expansion of the expression domain of Gbx2, a transcription 
factor expressed in the caudal brain.  
-Expression of Otx2 and Gbx2 overlaps, which results in the formation of the border between 
the midbrain and the hindbrain.

Otx2

Gbx2



Secondary organizers are formed 
within the neural tissue

Otx2 Gbx2

ANR: anterior neural ridge 
ZLI: zona limitans intrathalamica 
IsO: isthmic organizer

Vieira et al., 2010

-At the border between Otx2 and Gbx2 
domains, a new domain forms that expresses 
a secreted protein FGF8. 
  
-This domain is called the isthmic organizer 
(IsO) and later becomes the cerebellum. 

-At the front end of the brain, another domain 
forms that also expresses FGF8.  

-This domain is called the anterior neural 
ridge (ANR). 

-Within the diencephalon, a third domain is 
formed that expresses Sonic hedgehog 
(Shh). 

-This domain is called the zona limitans 
intrathalamica (ZLI).



Anterior neural ridge (ANR)

Vieira et al., 2010

-formed at the junction between most anterior 
neural tissue (anterior commissure later forms 
here) and non-neural ectoderm 

-requires anterior visceral endoderm (AVE) for its 
formation 

-expresses FGF8 

-ectopic FGF8 induces rostral forebrain phenotypes 
in more caudal tissue 

-FGF8 is required for the telencephalic identity 

-FGF8 also regulate the AP polarity of the cerebral 
cortex.



ANR polarizes the cerebral cortex 
later in development

FGF8 is expressed in the ANR, 
which is located at the anterior 
pole of the future cerebral cortex 
in mammals.  

Sanes Fig.2.29 Sanes Fig.2.28

Areas in the mature cortex 
M: motor area 
S: somatosensory area 
A: auditory area 
V: visual area 



Primary somatosensory area of 
rodents can be identified 

histologically

Li and Crair (2011)



Ectopic expression of FGF8 changes areal 
organization of the cerebral cortex

Sanes Fig.2.29

rostrally

C: Increasing FGF8 expression in the anterior cortex by in vivo electroporation results 
in the expansion of anterior cortical areas, such as the motor area (red) 
D: Ectopic FGF8 expression by in vivo electroporation in the caudal cortex causes the 
formation of duplicated, mirror image of the somatosensory map.

Wp1: original somatosensory map 
Wp2: new somatosensory map

Wp1

Wp2
anterior

posterior

lateralmedial



FGF8 controls differential gene 
expression in cortical progenitor cells

FGF8 suppresses the 
expression of Emx2 and 
Coup-TF1, two transcription 
factors expressed in anterior-
low, posterior-high gradients 
in the immature cortex in 
mice. 

Decreasing the expression of 
FGF8 results in increased 
expression of Emx2 and 
Coup-TF1 

O’Leary et al. (2007) Neuron 56: 252-269



Vieira et al., 2010

-formed at the junction between midbrain and 
hindbrain 

-expresses FGF8 

-controls the regionalization of the midbrain and 
anterior hindbrain 

-requires repressive interaction between 
transcription factors Otx2 and Gbx2 for its formation  

Isthmic organizer (IsO)



Grafted IsO or FGF8-soaked beads 
induced midbrain and cerebellum in 

the host forebrain

-reminiscent of Spemann’s organizer transplant 
experiment 

(re-patterning of the surrounding neuroepithelium 
upon transplantation) 

-FGF8-soaked beads mimic the effects of IsO 
transplantation. 

-The induced ectopic midbrain is correctly 
polarized, suggesting that FGF8 has a role in 
patterning the midbrain, as it has a patterning 
role in the neocortex 

Eschevaria et al. 2003



Primary vs secondary organizers

primary organizer: 
The Spemann organizer (e.g. dorsal lip in Xenopus, node in mice) induces a neural tissue in 
the ectoderm that would otherwise form the epidermis. BMP inhibitors are the responsible 
molecules for this role. 

secondary organizer: 
The isthmic organizer induces midbrain in the neural tissue that would otherwise form the 
caudal diencephalon. FGF8 is the responsible molecule for this role.   



Zona limitans intrathalamica (ZLI)

Vieira et al., 2010

ZLI is located within the diencephalon, immediately 
anterior to the thalamus. 

ZLI is critical for AP patterning of the thalamus.



Summary of part 1
Secondary organizers that control anterior-posterior patterning: 

-are formed within the neural tissue that secretes signaling molecules (morphogens) 

-examples: anterior neural ridge (ANR), isthmic organizer (IsO), zona limitans 
intrathalamica (ZLI) 

-secrete signaling molecules like FGF8 and Shh 

-modulate and refine initial regional patterning such that the differential gene expression 
subdivides the neural plate into discrete territories that prefigure the various structures of 
the mature CNS. 

ANR (FGF8): cerebral cortex 
IsO (FGF8): midbrain, cerebellum 
ZLI (Shh): thalamus 

Dorsal-ventral patterning is also controlled by secondary organizers. 
-floor plate (ventral-most) 
-roof plate (dorsal-most) 
-Formation of both requires signals from surrounding, non-neural tissues



Key concepts for part 2- segmental 
organization of the hindbrain

Hindbrain is divided into anterior-posterior segments called rhombomeres.  

Specific gene regulation and cell segregation allow each rhombomere to have its own 
cellular identity. 

Hox genes are expressed in segmental patterns that match rhombomere borders.  

Expression of Hox genes are regulated by signals from the somite, including retinoic acid 
(RA) and FGF. 

Hox genes regulate the segmental identity of the hindbrain.



Hindbrain is divided into 
rhombomeres

Hindbrain is segmented in a progressive 
process and is divided into discrete 
units called rhombomeres. 

Cell sorting mechanisms create 
segregated groups of cells that adopt 
distinct characteristics (e.g., cranial 
nerve nuclei)

Sanes, Fig.2.6



Segmental expression patterns of mammalian Hox 
genes in the hindbrain and spinal cord

ANRV389-CB25-18 ARI 4 September 2009 20:23
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Figure 1
The mammalian Hox cluster. (a) Depiction of a segmented vertebrate hindbrain displaying the rhombomeres and their associated
cranial motor nerves. For clarity the cranial ganglia are displayed on only one side of the segmented hindbrain. Shown are the five most
obvious ganglia (Vg-Xg) through which the motor and sensory nerves pass. (b) A 9.5 dpc mouse embryo illustrating the hindbrain and
somites. Other features include the developing eye (E), otic vesicle (OV), branchial arches (BA1, BA2), forelimb (FL) and presomitic
mesoderm (PSM). (c) Hox genes in the mammal are organized into four clusters (Hoxa, Hoxb, Hoxc, and Hoxd ) that are arrayed on
separate chromosomes. Within each cluster, the Hox genes are arranged in a linear order that reflects their initiation and placement of
their anterior border of expression. Thus, members of the first paralogous group (Hoxa1, Hoxb1, and Hoxd1) are generally expressed
first and have the most anterior border of expression, whereas members of the thirteenth paralogous group (Hoxa13, Hoxb13, Hoxc13,
and Hoxd13) are expressed last and have the anterior borders of expression in the most posterior regions. (d ) Hox gene expression in the
9.5 dpc mouse hindbrain. The borders of expression domains colocalize with rhombomeric boundaries. Higher domains of expression
are indicated by darker shading domains, and members within a paralogous group are displayed in the same color. (e) Hox gene
expression in the developing somitic column of the vertebrate embryo. For illustrative purposes, only Hox genes from the Hoxb complex
are shown. For some Hoxb members, their mRNA distribution along the A-P axis varies and is shown as a gradient. As within the
developing hindbrain, the staggered arrangement of their anterior borders within somites is a property of their physical ordering along
the chromosome; this phenomenon is known as colinearity.

specifying distinct regional properties along
embryonic axes (Kmita & Duboule 2003).
Within vertebrate species alone, the products
of the Hox genes are used to impart A-P po-
sitional identity within the paraxial mesoderm,
lateral plate mesoderm, neuroectoderm, neural
crest, and endoderm. Major signaling pathways,

such as fibroblast growth factor (Fgf ), retinoic
acid (RA), and Wnt, play important roles in
establishing the Hox codes in these different
developmental contexts. Subsequently, the Hox
code is redeployed to provide patterning infor-
mation to the developing limbs and urogenital
system.
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Alexander et al. (2009)

Colineality: Anterior expression borders of Hox genes are correlated with the positions of 
their locations on the chromosome (the more 3’ the gene is, the more anterior the border 
of expression is). 

The most anterior border of Hox gene expression is between r1 and r2.



How is the expression of Hox gene 
regulated?
Signals from the isthmus prevents Hox gene expression 
in the most anterior rhombomere. 

Initial activation of Hox genes in the hindbrain and spinal 
cord is mediated by morphogens acting in a graded 
manner along the AP axis. 

Both retinoic acid (RA) and FGFs are expressed in 
paraxial mesoderm (later forming the somite). 

Exposure of hindbrain progenitors to elevated RA in 
chick leads to an expansion of caudal rhombomeres at 
the expense of rostral, while inhibition of RA expands 
rostral and depletes caudal rhombomeres. 

Regulation of Hox gene expression by RA and FGF can 
be considered as part of the “transformation” 
mechanisms during regionalization. 



How does RA regulates Hox gene 
expression and hindbrain segmentation?

RA binds to specific “nuclear receptors”, which 
bind DNA and activate transcription of various 
other transcription factors including many Hox 
genes (e.g., Hoxb1). 

Mutual repression between two transcription 
factors sharpens boundaries of gene expression. 

Transcription factors also regulates genes (e.g. 
Ephs and Ephrins) that contribute to segregation 
of cells between gene expression boundaries.

Anterior Posterior

pre-r3 pre-r4

1  Induction of segmental identity

2  Establishment of mutually
exclusive expression

3  Cell segregation and
border sharpening

[RA]B [RA]A

hoxb1 krox20

r4 identity r3 identity

EphA4EphrinB3

?

Dual-expressing cell;
intermediate identity

[RA]A

[RA]B

hoxb1

krox20

r4 identity

r3 identity

hoxb1
+

krox20

Intermediate
identity

[RA]

Figure 1 Border formation during hindbrain segmentation. The left-hand side depicts
the progressive sharpening of segment borders during hindbrain development, illus-
trated for the r3/r4 border. During induction of segmental identity, graded retinoic acid
(RA) upregulates expression of hoxb1 and krox20, with some cells at the prospective bor-
der expressing both genes (top right). hoxb1 and krox20 expression becomes mutually
exclusive through cross-repression, thus resolving the identity of those cells which ini-
tially express both genes (bottom right). Autoregulatory loops maintain the expression
of hoxb1 and krox20. Krox20 upregulates EphA4 in r3, while unknown factors (perhaps
directly or indirectly downstream of hoxb1) upregulate ephrinB3 in r4. Signaling of
EphA4 and ephrinB3, and of other Eph–ephrin pairs, underlies cell segregation that
sharpens the segment borders.

583Segment Identity and Cell Segregation in the Vertebrate Hindbrain

Addision and Wilkinson (2016)

https://web.stanford.edu/group/hopes/cgi-bin/hopes_test/retinoic-acid-ra/

https://web.stanford.edu/group/hopes/cgi-bin/hopes_test/retinoic-acid-ra/


Hox genes regulate the segmental 
identity of the hindbrain

In Hoxb1 knockout mice, motor neurons generated in r4 (innervating facial muscles) take 
an abnormal migration pattern that resemble those generated in r2. 

In chick where Hoxb1 mis-expression in r2, motor neurons in r2 grow axons to in the 
target of motor neurons from r4.

of the homologous genes between their respective central
nervous systems (Hirth et al., 1998).

Considering the distribution of transcripts and the
general synergy between Hox genes detected in mouse
null mutants, it is possible that the identity of individual
rhombomeres could be defined by the cooperative action of
Hox proteins (Krumlauf, 1994). They may also have
singular influences on rhombomere phenotype, as has
been well documented for Hoxb1, a gene which is uniquely
expressed at high level in r4. Targetted mutation of Hoxb1
in mice leads to the transformation of r4 to an r2-like
identity (Studer et al., 1996), whereas ectopic expression of
Hoxb1 in chick embryos, by means of a retroviral vector,
leads to the opposite transformation (Bell et al., 1999).
These transformations have been documented in the
behaviour of motor neurons (Fig. 4): in mouse embryos
that lack functional Hoxb1 protein, the facial motor neurons
fail to undertake their normal caudal migration from r4 into
r6, and the contralateral migration of vestibuloacoustic
efferent neurons developing in r4 also fails. Instead, both
types of motor neuron migrate dorsolaterally, in the manner
of r2 trigeminal motor neurons. Conversely, the ectopic
expression of Hoxb1 in the basal plate of chick r2 causes the
motor axons leaving the hindbrain by way of the r2 exit
point to ignore their normal target, the first branchial arch,
and instead turn sharply caudal and grow into the second
branchial arch. Both gain and loss of Hoxb1 function result
in transformations that can be properly described as
homeotic, in that one member of the meristic series adopts
the likeness of another member of the series. However, it
should be noted that, through the dearth of markers for

specific cell types and their regional variants, we are as yet
unable to characterize completely the properties and
peculiarities of individual rhombomeres and therefore
cannot assess how complete the transformations are.
However, it is evident that Hoxb1 is responsible for
regulating, directly or indirectly, effector molecules
involved in neuronal migration and axon guidance that are
restricted to, or differentially expressed in, r4.

The results of losing the function of other Hox genes on
hindbrain development are less clear-cut. Loss of Hoxa1
function, for example, results in the deletion of r5, reduction
of r4 and loss of specific neuronal nuclei (Mark et al., 1993),
abnormalities that are not obviously consistent with the gene
being responsible for conferring specific identity on an
existing repetitive ground plan; it is thus likely that Hox
genes could have dual roles, both in segmentation and
segment identification (Gavalas et al., 1998).

Although it is most likely that positional value is
conferred on rhombomeres by Hox gene expression, it is
unclear how the Hox genes themselves become activated at
appropriate levels of the neuraxis. Extensive cross-regu-
lation between the various Hox genes is certainly involved
and regulators upstream of the Hox genes include Mafb and
Krox20 which, in addition to controlling segmentation of
the neuroepithelium act in a parallel but related process to
regulate the Hox genes. Thus, Mafb directly modulates
expression of paralogue group 3 Hox genes in r5
(Manzanares et al., 1999a,b), and Krox20 is a direct
activator of both Hoxa2 and Hoxb2 (Sham et al., 1993;
Nonchev et al., 1996) and a repressor of Hoxb1 (Giudicelli
et al., 2001).

Fig. 4. Effects on motor neurons of experimental manipulation of Hoxb1 function in mouse (left) and chick (right). In wild type and Hoxb1 heterozygous null
mice, motor neurons (green) arise in r4, the domain of Hoxb1 expression (blue), and then migrate caudally (branchiomotor neurons of the VIIth cranial nerve)

or across the floor plate (contralateral vestibuloacoustic neurons). In the homozygous null animal, motor neurons develop in r4 but fail to acquire the specific

identity of these motor neurons, instead they migrate laterally, like those in r2. When Hoxb1 is overexpressed in the basal r2 of chick embryos, motor neurons

extend their axons via a novel pathway to the second branchial arch, suggesting that their identity has changed from trigeminal (mV) to facial (mVII) although
this is only seen in their pathfinding specificity. Axonal pathways have been traced by retrograde dye injection from the arch. Data from Studer et al. (1996);

Bell et al. (1999).

A. Lumsden / Mechanisms of Development 121 (2004) 1081–10881086



Is the rostral part of the brain 
segmented like the hindbrain?

Puelles (2013)

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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192 10. PLAN OF THE DEVELOPING VERTEBRATE NERVOUS SYSTEM

I. INDUCTION AND PATTERNING OF THE CNS AND PNSBased on morphology and gene expression pattern, forebrain and midbrain can be further 
subdivided into “prosomeres” (Puelles and Rubenstein, 1993, 2003).  

Many homeobox genes that do not belong to the Hox gene family are differentially 
expressed in the forebrain and midbrain across species.

Moroa et al. (2016)



Summary of part 2- segmental 
organization of the hindbrain

Hindbrain is divided into anterior-posterior segments called rhombomeres.  

Specific gene regulation and cell segregation allow each rhombomere to have its own 
cellular identity. 
-e.g., motor neurons that form specific cranial nerves (trigeminal, facial, etc.) 

Hox genes are expressed in segmental patterns that match rhombomere borders.  
-colineality with regard to anterior expression borders 

Expression of Hox genes are regulated by signals from the somite, including retinoic acid 
(RA) and FGF. 
-”transformation signal” 
-RA binds to receptors, which then bind to DNA to activate transcription of downstream 
genes. 
-Mutual interactions between transcription factors sharpens borders of gene expression  

Hox genes regulate the segmental identity of the hindbrain. 
-Deletion or mis-expression of Hox genes in vertebrate hindbrain causes phenotypes similar 
to homeotic mutations in flies.



Key concepts for part 3- dorsoventral 
patterning of the neural tissue

Dorsoventral (DV) patterning starts at the neural plate 
stage. 

Similar to early AP patterning, early DV patterning is 
imposed by signals that come from outside: 

medial (future ventral): notochord
lateral (future dorsal): ectoderm

Notochord induces the floor plate at the midline (future 
ventral end. 

Epidermis (surface ectoderm) induces roof plate at the 
lateral edge (future dorsal end. 

Floor plate and roof plate secrete signaling molecules 
that antagonize with each other and further pattern the 
neural tube into domains along DV axis.  

Cell types in the spinal cord
are generated at early stages
of neural plate folding

D-V pattern is imposed by signals that come 
from the environment

-notochord: underlies the folding neural 
plate and imposes ventral pattern
(induces medial hinge cells to 

become the floor plate)

-epidermis: comes to sit on top of the neural 
plate and imposes the dorsal pattern 
(induces roof plate cells of neural tube)

How is pattern imposed?
Secretion of signaling factors (paracrine
signaling)



DV patterning

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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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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FIGURE 10.3 Model of further subdivisions (including neuromeric ones) in the neural tube. Roof and floor plate areas are in gray (AC, anterior
commissure), and choroidal roof tissue in black. The colored areas are the samemarked in Figure 10.2, adding the pontine hindbrain region in blue,
that separates the prepontine hindbrain (isth, r1, r2) from the pontomedullary hindbrain (r5, r6), leaving caudally themedullary hindbrain (r7–r11).
Dotted lines indicate shared alar DV subdivisions within the forebrain–midbrain tagma as well as main basal DV subdivisions in the hypothal-
amus. The alar midbrain region has been reproduced as an inset to show its major subregions.
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Four domains along DV axis 
-roof plate (most lateral/dorsal) 
-alar plate 
-basal plate 
-floor plate (most medial/ventral)



The notochord controls the dorsal-
ventral polarity of the neural tube

B. Removal of the notochord 
results in the loss of the floor 
plate and motor neurons. 

C. Ectopic transplantation of 
the notochord near the dorsal 
neural tube induces a second 
floor plate and ectopic motor 
neurons.

Sanes, Fig.2.22



Sonic hedgehog (Shh) controls the 
ventral identity of the neural tube

Shh is a homologue of the Drosophila segment 
polarity gene, Hedgehog. 

Notochord-derived Shh induces the expression 
of Shh in the floor plate. 

Shh is secreted and form a concentration 
gradient along the DV axis.

Sanes, Fig.2.26



Shh and BMP signals antagonize each 
other in DV patterning

Non-neural ectoderm produces BMPs, which 
induces the expression of BMPs in the roof 
plate. 

Shh and BMP signals antagonize each other to 
define the identity of neural progenitor cells 
along the dorsal-ventral axis 

Neural crest is derived from the lateral border of 
the neural plate (green), which contribute to 
many cell types including neurons of the 
peripheral nervous system (e.g., the sensory 
neurons and autonomic neurons, Schwann 
cells). 

Sanes, Fig.2.26



Sonic hedgehog (Shh) controls the 
ventral identity of the neural tube

Ribes and Briscoe, (2009) Cold Spring 
Harbor Perspectives in Biology 

Different dorsal-ventral domains of 
neural progenitor cells are defined by 
differential expression of transcription 
factors. 

The differential expression patterns of 
transcription factors are established by 
graded Shh signaling and subsequent 
of sharpening of the expression 
borders through mutual repression of 
the expression of transcription factors.

2.1 GENERAL PRINCIPLES
OF MORPHOGEN GRADIENTS

2.1.1 History of the Morphogen
and Morphogenetic Field

The concept of a morphogen can be traced to the turn
of the twentieth century, when Morgan postulated the
presence of ‘formative substances’ as the basis for differ-
ent regeneration rates in worms (Morgan, 1901). Very
soon thereafter, Boveri entertained this idea for normal
development (Boveri, 1901). A seminal event for this
field was the discovery of a localized source for morpho-
gens known as the Spemann organizer (Spemann and
Mangold, 1924). The term ‘morphogen’ was coined by
Turing, who described how uniformly distributed sig-
nals made by cells can spread, self-organize, and gener-
ate pattern (Turing, 1952). The Turing process remains
highly relevant, but for this chapter, the more relevant
concept is that of nonuniform graded distributions of
morphogens, an idea formalized in the famous ‘French
Flag’ model of Wolpert (Figure 2.1; Wolpert, 1969).

In this model, Wolpert described smoothly declining
gradients of morphogen concentration within a ‘mor-
phogenetic field’ of cells. These gradients were imagined
to arise via diffusion from a localized source toward a
sink, thus giving cells within the morphogenetic field
different positional values based on morphogen concen-
tration. The positional values then determined the fates
adopted by cells in the field (Figure 2.1). It was not until

the 1980s that the molecular identity of a morphogen
was defined (bicoid) (Driever and Nusslein-Volhard,
1988a,b). The first secreted morphogen was identified
soon thereafter (decapentaplegic or Dpp; Ferguson and
Anderson, 1992). Since then, many more morphogens
have been discovered.Most, but not all, are secreted pro-
teins; examples of other molecular classes include tran-
scription factors (TFs; bicoid and dorsal) and a vitamin
derivative (retinoic acid).

2.1.2 HowMorphogenGradients Pattern Tissues

The concept of positional identity is important for un-
derstanding how morphogen gradients work, because it
is erroneous to considermorphogens as the sole determi-
nants of cell fate. As it turns out, the same limited reper-
toire of morphogens is used over and over again across
ontogeny and phylogeny to generate the dizzying array
of cell types found in the animal kingdom. Thus, mor-
phogens could not possibly be instructive of cell fate
on their own. Rather, morphogens act upon tissues with
different prepatterns and competencies, and these com-
petencies in combinationwith the positional information
provided by morphogens determine cell fate. For exam-
ple, this chapter discusses in detail how bonemorphoge-
netic proteins (BMPs, the orthologs of Dpp) and
fibroblast growth factors (FGFs) provide positional in-
formation to dorsal telencephalic cells with restricted
neural potential.

The defining property of a morphogen is the ability to
specify two or more cell fates in a concentration-
dependent manner. For some, at least three fates are nec-
essary to ensure that a morphogen is truly instructive
(Freeman and Gurdon, 2002). Morphogens often specify
between three and seven fates within a tissue (Ashe and
Briscoe, 2006), which are separated by sharp, discrete
boundaries. The acquisition of mature cell fates and
boundaries is preceded by cell-intrinsic differences in
the expression of ‘selector’ genes (most often TFs) that
specify cell fates in particular ways (Garcia-Bellido,
1975). Understanding how graded morphogenic infor-
mation is converted into sharp (switch-like or ultrasensi-
tive) changes in downstream gene expression remains a
central problem for developmental biologists, although
as will be seen below, several mechanisms underlying
such ‘switches’ have been defined.

One important objective for many tissues patterned
by morphogens is the establishment of secondary orga-
nizers or signaling centers (Meinhardt, 2009). These sec-
ondary sites of morphogen production expand the
ranges over whichmorphogens can act, provide for finer
subdivisions of pattern, or both, and are located at
boundaries established by the primary morphogen gra-
dient and selector genes. Other consequences of primary
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FIGURE 2.1 The French flag model. Schematic of how a diffusible
morphogen can assign positional values and instruct cells fates. Mor-
phogen (green) secreted from a source cell forms a concentration gra-
dientwithin a tissue. At intermediate concentrations above threshold 1,
responding cells adopt ‘white’ fate. At high concentrations above
threshold 2, cells adopt ‘blue’ fate. Reproduced from Kicheva A and
Gonzalez-Gaitan M (2008) The decapentaplegic morphogen gradient: A pre-
cise definition. Current Opinion in Cell Biology 20: 137–143; Rogers KW
and Schier AF (2011) Morphogen gradients: From generation to interpreta-
tion. Annual Review of Cell and Developmental Biology 27: 377–407.
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Sonic hedgehog (Shh) controls the 
ventral identity of the neural tube

Establishment of spatial organization of 
neurons from ventral progenitor cells in the 
spinal cord is regulated by Shh signaling. 

Distinct subtypes of interneurons (V0-V3) and 
motor neurons (MN) are generated from each 
of the six progenitor domains.

Ribes and Briscoe, (2009) Cold Spring Harbor 
Perspectives in Biology 



Regionalization 
-summary

Anterior-posterior difference in the future nervous system is formed early in development, 
and the early mechanism is linked tightly to neural induction. 

During and after gastrulation, organizer region and its mesodermal derivatives 
(notochord, prechordal plate) send signals for neural induction (e.g., BMP inhibition) and 
the anterior fate (e.g., Wnt inhibition). Anterior mesoendodermal tissue (e.g., AVE) also 
antagonizes caudalizing factors (Fgf, RA, Wnt, etc.). This initial mechanism roughly 
divides the nervous system into anterior and posterior halves. 

”Secondary organizers” are formed in the neural tissue and produce signaling 
molecules. These signals, together with mutual suppression of transcription factor 
expression, further refine the grossly patterned nervous system into smaller domains of 
neural progenitor cells (both along AP and DV axes). Establishment of these distinct 
progenitor pools is crucial for the generation of different types of neurons.  

AP patterning of the Drosophila embryos is a prototype for the research on vertebrate 
nervous system, and has provided a number of important genes whose vertebrate 
homologues play crucial roles.



How can we apply the knowledge to 
ES cell-mediated neurogenesis?

Gaspard and Vanderhaeghen (2010) 



From fibroblasts to neurons 
-via iPS cells  

(induced pluripotent stem cells)
-Similar strategies are used to 
generate specific types of neurons 
from ES cells and iPS cells. 

-There are methods that bypass the 
formation of iPS cells, either directly 
generating neural stem cells or even 
neurons.

diseased donor tissue remains to be determined before they
can be considered suitable for transplantation in patients.

While these results are promising, there are still many
limitations of this technique that make it difficult to translate
into clinical application. Abnormalities, at the genetic and
epigenetic level, that arise in iPSCs are a major hurdle that
must be overcome before iPSC-derived neurons can be
widely used in a clinical setting. These aberrations include
genetic damage, such as copy number variations, abnormal
karyotypes, including chromosomal translocations and
duplications, and point mutations, which accumulate in
cultured iPSCs [42, 43 ]. Presence of epigenetic factors that
may contribute to disease susceptibility and progression in
patient-derived iPSCs is another area of concern. For exam-
ple, iPSCs may carry epigenetic memory from their starting
tissue. Epigenetic errors that have been observed in iPSCs
include aberrant histone modifications and DNA methyla-
tion defects. Recent studies that analyze extensive genome-
wide genetic and epigenetic profiling across iPSC cell lines
aim to better elucidate the changes at the genome level,
which occur in dedifferentiated cells [44, 45].

Furthermore, the use of the oncogene c-Myc in the
OSKM cocktail, while helping to induce stem cell qualities
from fibroblasts, increases the risk of tumor formation, thus
limiting the potential for clinical use of iPSC-derived neu-
rons. Researchers have attempted to address this problem by
using growth factors or chemical cocktails to guide rediffer-
entiation. Numerous molecules have been shown to enhance
fibroblast dedifferentiation and replace the oncogenic com-
ponents of the reprogramming cocktail [46 –50]. These in-
clude growth factors, such as fibroblast growth factors, the

cytokine leukemia inhibitory factor and cell signaling mol-
ecules such as Wnts [48, 51–53 ]. Chemicals, such as histone
deacetylase (HDAC) inhibitors and DNA methyltransferase
inhibitors, have also been used by several groups to enhance
fibroblast reprogramming [54, 55]. The promising techno-
logical development of such chemicals provides great hope
that patient-specific iNs can be generated and implanted
without the risk of patients developing tumors due to onco-
genes used during reprogramming.

Basic Mechanisms of Direct Fibroblast to Neuron
Conversion

The next step forward in iN generation is direct generation
of neurons from fibroblasts. This process involves inducing
increased expression levels of particular reprogramming
factors in fibroblasts, thereby mediating a cell fate conver-
sion process that entirely avoids the iPS cell phase. Success-
ful attempts have induced transdifferentiation with
neurogenic transcription factors such as Brn2, in combina-
tion with microRNAs, and chemicals, including HDAC
inhibitors, all of which mediate and enhance the reprogram-
ming process (Fig. 2).

Neurogenic Transcription Factors

In the last few years, several groups have generated iNs
from fibroblasts using combinations of neurogenic factors
(Fig. 2). Although the mechanism by which these factors
promote induced transdifferentiation is poorly understood, it

Fig. 1 Generation of neuronal
cells via reprogramming of
induced pluripotent stem cells.
Fibroblast conversion to iPSCs
is mediated by the OSKM
cocktail. Neurons and other cell
types such as smooth muscle
cells and erythrocytes, can be
generated from iPSCs in
different growth conditions.
OSKM (Oct3/4, Sox2, Klf4,
c-Myc)

588 Mol Neurobiol (2012) 45:586 –595



Use of iPSCs in translational 
neuroscience

Therapeutic use: transplantation of iPSCs-derived neurons or glial cells into damaged 
brain  

replacement 

chaperone effects 

Modeling of human diseases 
generate iPSCs from patients with various neurological or psychiatric disorders 

differentiate iPSCs in vitro into neurons or glia and identify defects of patient-derived 
cells 

screen for drugs that ameliorate the defects 

3D culture system has allowed the formation of “organoids” that mimic various parts of 
the actual brain.


