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Abstract

The foundation for the anatomical and functional complexity of the
vertebrate central nervous system is laid during embryogenesis. After
Spemann’s organizer and its derivatives have endowed the neural plate
with a coarse pattern along its anteroposterior and mediolateral axes,
this basis is progressively refined by the activity of secondary organizers
within the neuroepithelium that function by releasing diffusible sig-
naling factors. Dorsoventral patterning is mediated by two organizer
regions that extend along the dorsal and ventral midlines of the entire
neuraxis, whereas anteroposterior patterning is controlled by several
discrete organizers. Here we review how these secondary organizers
are established and how they exert their signaling functions. Organizer
signals come from a surprisingly limited set of signaling factor families,
indicating that the competence of target cells to respond to those signals
plays an important part in neural patterning.
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INTRODUCTION

Although it remains astounding, even to the
experienced neurobiologist, that a structure as
complex as the human brain can arise from a
single cell, work in different vertebrate model
organisms has started to reveal a network of
tissue and genetic interactions that engineer
this extraordinary feat. During embryogenesis,
the primordial neuroepithelium progressively
subdivides into distinct regions in a patterning
process governed by small groups of cells
that regulate cell fate in surrounding tissues
by releasing signaling factors. These local
signaling centers are called organizers to
reflect their ability to confer identity on
neighboring tissues in a nonautonomous
fashion.
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SPEMANN'’S ORGANIZER AND
EARLY NEURAL PATTERNING

In 1935 Hans Spemann received the Nobel
Prize in Medicine for his work with Hilde Man-
gold showing that transplantation of a small
group of cells from the dorsal blastopore lip
of a donor embryo to the ventral side of a
host embryo is sufficient to induce a secondary
body axis (reviewed in De Robertis & Kuroda
2004, Niehrs 2004, Stern 2001). Differently
pigmented salamander embryos were used as
donors and hosts, allowing for an easy distinc-
tion between cells of graft and host origin. Sur-
prisingly, most tissues in the induced second
axis were derived from the host, suggesting that
the graft had induced surrounding tissue to
form axial structures. Thus, Spemann named
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the dorsal blastopore lip the organizer, and tis-
sues with comparable inductive activity have
since been identified in all vertebrate model or-
ganisms and more recently also in some nonver-
tebrates (Darras et al. 2011, Meinhardt 2006,
Nakamoto et al. 2011). Nowadays the term or-
ganizer is used more widely to describe groups
of cells that can determine the fate of neigh-
boring cell populations by emitting molecular
signals.

The ectopic twin induced in Spemann’s
experiment contained a complete CNS that
was properly patterned along its anteropos-
terior (AP, head-to-tail) and dorsoventral
(DV, back-to-belly) axes, indicating that the
organizer harbors both neural-inducing and
neural-patterning activities. More recently, a
large number of factors that are expressed in
Spemann’s organizer have been identified, and
several were found to be secreted inhibitors
of bone morphogenetic proteins (BMPs). In
combination with other findings in frog and
fish embryos, this led to a model whereby
Spemann’s organizer induces the neural plate
in the dorsal ectoderm by inhibiting BMPs,
whereas the ventral ectoderm forms epidermis
because it remains exposed to BMPs (De
Robertis & Kuroda 2004, Mufioz-Sanjuin
& Brivanlou 2002). Experiments in chick
embryos have since added complexity to
this default model for neural induction by
implicating other signaling proteins such as
fibroblast growth factors (FGFs) and Wnts as
additional neural inducers (Stern 2006).

During gastrulation, the organizer re-
gion stretches out and gives rise to the axial
mesendoderm (AME), which comes to under-
lie the midline of the neural plate along its
AP axis. Otto Mangold found that different
AP regions of the AME induced different
parts of the embryonic axis when grafted
into host embryos, leading to the idea of
regionally specific inductions by the organizer
(Niehrs 2004). This model was challenged in
the 1950s when Nieuwkoop and others pro-
posed that the CNS is patterned by a gradient
of a transformer that travels within the plane
of the neural plate and induces different neural

fates in a dose-dependent manner such that
forebrain, midbrain, hindbrain, and spinal cord
form at increasing levels of this transformer
(Stern 2001). FGFs (Mason 2007), retinoic
acid (Maden 2007), and Whts all posteriorize
neuroectoderm dose-dependently, but Wnts
appear to be the best candidates to fulfill this
role in a manner consistent with Nieuwkoop’s
model (Kiecker & Niehrs 2001a). Spemann’s
organizer also secretes inhibitors of Wnts, in
addition to BMP antagonists, and these factors
remain expressed in the anterior AME but
are absent from the posterior AME during
gastrulation (Kiecker & Niehrs 2001b). Thus,
the Spemann-Mangold model of regionally
specific inductions and Nieuwkoop’s gradient-
based model turn out to be two sides of the
same coin: The anterior AME induces the
forebrain by acting as a sink for posteriorizing
Wnats.

DORSOVENTRAL PATTERNING

The ectoderm that surrounds the neural plate
expresses BMPs while Spemann’s organizer and
the extending AME express BMP inhibitors.
Experiments in zebrafish embryos have sug-
gested that this generates a gradient of BMP ac-
tivity that defines mediolateral positions within
the neural plate (Barth et al. 1999). Hence, a
Cartesian coordinate system of two orthogonal
gradients is established—a Wnt gradient along
the AP axis and a BMP gradient along the medi-
olateral axis—and the AME defines the origin
of this system by secreting BMP and Wnt an-
tagonists (Figure 14) (Meinhardt 2006, Niehrs
2010). It is clear that such global mechanisms
can establish only a crude initial pattern, and
we argue below that this pattern is increasingly
refined through the establishment of local (or
secondary) organizers in the neuroepithelium.

Gastrulation is followed by neurulation dur-
ing which the lateral folds of the neural plate
roll up and fuse to form the neural tube
(Figure 1b,c). Thus, the initial mediolateral
pattern is transposed into DV polarity: Cells
that are medial in the plate end up ventral in
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the tube, whereas lateral neural plate cells end
up dorsal.

The Notochord

During gastrulation and neurulation a large
portion of the AME narrows to a thin rod,
the notochord, which underlies the midline of
the neural plate and later most of the neural
tube (Figure 1a—c). The prechordal plate, the
anterior end of the AME that lies beneath the
prospective anterior forebrain, is a bit wider
than the notochord. The ventralmost cells of
the neural tube that reside directly above the
notochord form the floor plate on either side of
which form motor neurons and various types of
ventral interneurons.

Although not a neural structure, the noto-
chord was one of the first tissues shown to act as
a local organizer of CNS development. Micro-
surgical experiments in chick embryos revealed
that the notochord is both necessary and suffi-
cient to induce ventral neural identity: Sections
of the spinal cord from which the notochord
had been removed developed without a floor
plate or motor neurons; conversely, the trans-
plantation of pieces of notochord beneath the
lateral neural plate resulted in the induction of
an ectopic floor plate and motor neurons above
the graft (Placzek et al. 1990, van Straaten et al.
1985).

A breakthrough in understanding this action
of the notochord came with the finding that
Sonic hedgebog (Shh), a vertebrate ortholog of
the Drosophila segment polarity gene hedgebog,
is expressed in the notochord and a bit later also
in the floor plate. Shh encodes a secreted sig-
naling factor and is thus a prime candidate for
the inductive signal released by the notochord.

Overexpression of Shh in mouse, zebrafish,
and frog, or coculture of rat neuroectoderm
with Shh-expressing cells result in ectopic floor
plate, motor neuron, and ventral interneuron
induction, indicating that Shh mimics the
effect of notochord grafts (Echelard etal. 1993,
Krauss et al. 1993, Roelink et al. 1994). Con-
versely, mice carrying a mutation in the Shh
gene fail to form a floor plate and lack multiple
ventral neural cell types (Chiang et al. 1996).
Taken together, these data strongly suggest
that Shh mediates the organizer function of the
notochord.

The Floor Plate

The floor plate is a strip of wedge-shaped
glial cells along the ventral midline of the
neural tube. Like the notochord, the floor
plate expresses Shh and is therefore likely to
contribute to the induction of ventral cell
identities. Fate-mapping studies in the chick
embryo in combination with detailed examina-
tions of cellular morphologies and marker gene
expression have revealed that the floor plate
consists of different cell populations along
both its AP and mediolateral axes (Placzek
& Briscoe 2005). For example, whereas the
floor plate is devoid of neural progenitors in
the spinal cord and hindbrain, dopaminergic
neurons are generated in the floor plate of the
midbrain (Ono et al. 2007, Puelles et al. 2004).

The origin of the floor plate remains contro-
versial. The ablation and grafting experiments
described above strongly suggest that it is in-
duced by Shh signaling from the notochord,;
however, others have argued that the floor
plate and notochord originate from a common
precursor population in Spemann’s organizer

Motor neurons:
efferent neurons that
control muscle activity

Interneurons:
neurons that connect
afferent and efferent
neurons in
multisynaptic
pathways

Shh: a secreted
signaling factor; its
active form is lipid
modified and
proteolytically
processed

Figure 1

Main stages of neural development in a schematized amniote embryo. () Neural plate stage. Mediolateral gradients of BMP (brown
wedges) and Shh (green) activity together with an anteroposterior gradient of Wnt activity (red wedge) establish a quasi-Cartesian
coordinate system of positional information across the neural plate. (b)) Neural groove stage. The interplay between Wnts and
ANB-derived Wnt inhibitors patterns the area between the presumptive forebrain and midbrain (red wedge). (c) Early neural tube stage.
(d) Late neural tube stage. Colors: FGF expression (b/ue), Shh expression (green), BMP expression (brown), Wnt expression
(orange/red). Abbreviations: di, diencephalon; mes, mesencephalon; pal, pallium; ptec, pretectum; pth, prethalamus; r, rhombomere;
sp, subpallium; teg, tegmentum; tel, telencephalon; th, thalamus.
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and that floor plate cells are inserted into the
midline of the neural plate as the AP axis of the
embryo extends (Le Douarin & Halpern 2000).
These views are likely not entirely incompat-
ible: The common lineage of notochord and
floor plate may endow them with shared prop-
erties, and both tissues are capable of inducing
homeogenetic responses in neuroepithelium.

Ventral Neural Patterning by Shh: A
Paradigm for Morphogen Signaling

The specification of multiple cell types in
the ventral neural tube is arguably one of the
most thoroughly studied examples of neural
patterning. Considerable evidence gathered
over the past 15 years indicates that Shh
functions as a true morphogen in this process;
i.e., it is released from a local source (noto-
chord, floor plate) and forms a concentration
gradient that specifies different cell fates in a
dose-dependent fashion (Dessaud et al. 2008,
Lupo et al. 2006). In mouse embryos that were
genetically engineered to express fluorescently
labeled Shh protein (Shh-GFP) from the Shh
locus, a declining ventral-to-dorsal gradient
of fluorescence is detectable within the ventral
neural tube (Chamberlain et al. 2008).

The morphogen model is intuitively ap-
pealing because it explains a complex process
pattern formation, drawing on a simple chemi-
cal activity—the diffusion of a single substance
from alocalized source. However, trying to un-
derstand the cellular mechanism of morphogen
signaling raises a number of difficult issues. For
example, how are different concentrations of a
morphogen translated into distinct cell fates?
In vertebrates, Shh activates the transcriptional
activators Glil and Gli2 and antagonizes the
repressor Gli3. Thus, the extracellular gradient
of Shh is translated into opposing gradients of
intracellular Gli1/2 and Gli3 activity along the
DV axis of the neural tube (Fuccillo et al. 2006,
Lei et al. 2004, Stamataki et al. 2005). These
overlapping activities regulate two classes of
transcriptional control genes: Class 1 genes
such as Pax6, Pax7, and Irx3 are repressed,
and class II genes, including Foxa2, Nkx2.2,

Kiecker o Lumsden

Olig2, Nkx6.1, Dbx1, and Dbx2, are induced by
Shh-Gli signaling. Different thresholds of
Shh signaling are required for the repression
or activation of individual class I and class II
genes, resulting in a nested expression pattern
of these genes along the DV axis of the spinal
cord. Furthermore, several class I and class II
genes cross-repress each other, resulting in a
sharpening of the boundaries between their
expression domains (Briscoe et al. 2000). Ult-
mately, the combinatorial expression of class I
and class II genes at a specific DV location de-
termines which type of neural progenitor will
form.

Dessaud et al. (2008) recently suggested that
the duration of exposure, in addition to the
extracellular concentration of Shh, determines
the fate of the receiving cell. This model is likely
to reflect the gradual buildup of the Shh gradi-
ent in vivo better than would a static gradient
model.

Ventral Patterning in the Hindbrain
and Midbrain

Early in its development, the hindbrain be-
comes subdivided into a series of seven to eight
segments called rhombomeres (r1-8) (reviewed
in Kiecker & Lumsden 2005). Nevertheless,
the topological organization of neurons along
the DV axis of the hindbrain is similar to that
of the spinal cord. The induction of hindbrain
motor neurons (which contribute to the
IVth-XIIth cranial nerves) also depends on
Shh signaling from the notochord/floor plate
and on the nested expression of various class
T and class II genes (Osumi et al. 1997, Pattyn
et al. 2003, Takahashi & Osumi 2002).

The ventral part of the midbrain (and
of the posterior forebrain) gives rise to the
tegmentum where neural progenitors are or-
ganized in a series of morphologically visible
arcs that are characterized by periodic gene ex-
pression patterns (Sanders et al. 2002). Gain-
and loss-of-function experiments in chick em-
bryos have provided evidence that this pattern
is also controlled by Shh signaling (Agarwala
etal. 2001, Bayly et al. 2007).



Annu. Rev. Neurosci. 2012.35:347-367. Downloaded from www.annualreviews.org
by University of Minnesota - Twin Cities on 03/25/13. For personal use only

Organizers of Ventral Forebrain
Development

Like the notochord, the prechordal plate ex-
presses Shh, and grafts of this AME tissue to
the lateral forebrain result in ectopic expres-
sion of the ventral forebrain marker Nkx2.1 in
chick embryos. However, this effect cannot be
mimicked by implanting Shh-producing cells,
suggesting that the inductive capacity of the
prechordal plate reaches beyond mere secretion
of Shh (Pera & Kessel 1997). A good candi-
date factor to mediate this difference is BMP7,
which is expressed in the prechordal mesoderm
but not in the posterior notochord and syn-
ergizes with Shh in inducing ventral forebrain
identity (Dale etal. 1997). Furthermore, potent
Wnht inhibitors are expressed in the prechordal
plate, and these likely contribute to forebrain
induction and ventralization (Kiecker & Niehrs
2001b).

The vertebrate forebrain becomes divided
into the telencephalon anteriorly and the di-
encephalon posteriorly (Figure 1c). The dor-
sal part of the telencephalon, the pallium, gives
rise to the hippocampus and the cerebral cortex
(or functionally equivalent structures in non-
mammalian species), whereas the ventral part,
the subpallium, gives rise to the basal gan-
glia. The earliest distinction between pallial and
subpallial identity is established at the neural
plate stage and is mediated by Shh from the
prechordal plate (Gunhaga et al. 2000). How-
ever, prechordal plate-derived Shh also induces
a new domain of Shh expression in the most
ventral part of the subpallium, the presump-
tive medial ganglionic eminence (MGE), in a
manner that is very similar to the induction
of the floor plate by Shh from the notochord.
This telencephalic Shh domain is likely to act
as a secondary organizer that refines the DV
pattern of the telencephalon (Figure 1d4)
(Sousa & Fishell 2010).

The Roof Plate

Another specialized cell population, the roof
plate, forms along the dorsal midline of the
entire neural tube. Similar to the floor plate,

the roof plate is induced by inductive signals
from a nonneural tissue—in this case by BMPs
and Whts expressed in the ectoderm flanking
the neural plate (Chizhikov & Millen 2004b).
Neural tube closure brings the roof plate pro-
genitors from either side of the neural plate to-
gether to form the dorsal midline of the neural
tube. Identifying a specific genetic pathway for
roof plate formation has been complicated by
the fact that two other cell groups, the neural
crest and some dorsal interneuron progenitors,
also arise from the dorsal midline.

However, there is good evidence that the
roof plate functions as an organizer of dorsal
patterning in the spinal cord. Six populations
of dorsal interneurons (dI1-6) are generated
in the dorsal half of the spinal cord, and the
coculture of roof plate and naive neural plate
tissue leads to the induction of at least two of
those (Liem et al. 1997). Genetic ablation of
the roof plate in mice results in the lack of dI1-
3 and expansion of dI4-6 interneurons, con-
firming that the roof plate is not only sufficient
but also required for dorsal spinal cord pat-
terning (K.J. Lee et al. 2000). Lmcla mutant
mice in which roof plate formation is disrupted
show a similar, if somewhat milder phenotype
(Millonig et al. 2000). Overexpression of
Lmx1a—which encodes a LIM homeodomain
transcription factor—in the chick spinal cord
results in ectopic induction of dI1 at the ex-
pense of dI2-6 interneurons in the vicinity of
the electroporated cells, suggesting that a dif-
tusible signal is secondarily induced (Chizhikov
& Millen 2004a).

Identification of the signal that mediates
the organizer function of the roof plate has
been more problematic than identifying that of
the floor plate. The roof plate expresses several
Whnts and a large number of BMPs, and the
genetic inactivation of individual factors often
results in entirely normal spinal cord devel-
opment, probably owing to compensation by
other family members. The BMP-type factor
GDF?7 is an exception because Gdf7~/~ mutant
mice lack dI1 interneurons (Lee et al. 1998).
Zebrafish mutants with defects in the BMP
pathway fail to form Rohon-Beard neurons,
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indicating that BMPs are required for the
formation of at least some dorsal cell types
(Nguyen et al. 2000). Wntl/Wnt3a double
mutant mice show a severe reduction of dI1-3
and a concomitant expansion of dI4 and dI5
interneurons and are therefore phenotypically
similar to roof plate-ablated mice, although
less severely so (Muroyama et al. 2002).
However, the reduction of dI1-3 interneurons
could be due to defective proliferation rather
than patterning because Wnts act as mitogens
in gain-of-function experiments in chick
(Megason & McMahon 2002).

Do roofplate signals actin a dose-dependent
fashion, similar to Shh on the ventral side of
the neural tube? Some evidence points toward
graded effects by both BMPs and Wnts in the
dorsal spinal cord (Liem etal. 1997, Megason &
McMahon 2002, Timmer et al. 2002); however,
the picture is far less conclusive than for Shh
and it remains possible that qualitative as well
as quantitative mechanisms are at work (i.e., in-
dividual BMPs or Wnts may specifically induce
certain subpopulations of dorsal interneurons).

Dorsal Patterning in the
Anterior Hindbrain

The dorsal part of the anterior hindbrain (r1)
undergoes a series of complex morphological
changes that resultin the formation of the cere-
bellum. Granule cells, the most prevailing cell
type in the cerebellum, are generated from the
rhombiclip, a germinal zone at the interface be-
tween the roof plate and the r1 neuroepithelium
(Hatten & Roussel 2011, Wingate 2001). The
roof plate of r1, like that of the spinal cord, ex-
presses several BMPs, and these are sufficient
to initiate granule cell formation when added
ectopically to rl neuroepithelium (Alder et al.
1999). The locus coeruleus, the major nora-
drenergic nucleus of the brain, is also induced in
the dorsal half of r1 before its neurons migrate
ventrally to reach their final destination in the
lateral floor of the IVth ventricle. Application
of BMP antagonists to the anterior hindbrain
of chick embryos results in the disappearance
of or a dorsal shift of locus coeruleus neurons,

Kiecker o Lumsden

suggesting that the role of BMPs in the induc-
tion of these neurons may be dose dependent
(Vogel-Hopker & Rohrer 2002).

The Cortical Hem

In the telencephalon, the roof plate sinks be-
tween the two cortical hemispheres and gives
rise to the monolayered choroid plexus medially
and to the cortical hem laterally. Immediately
adjacent to the hem, which expresses BMPs and
Whts, the hippocampus is induced and the cere-
bral cortex forms next to that. Genetic ablation
of the telencephalic roof plate in mice results
in a severe undergrowth of the cortical pri-
mordium, suggesting a nonautonomous effect
of the hem on cortical specification (Monuki
etal. 2001).

Ectopic application of BMPs to the
developing chick telencephalon leads to holo-
prosencephaly (a failure to separate the cerebral
hemispheres), but this is likely to be a result
of increased cell death rather than a change in
patterning (Golden et al. 1999). A requirement
for BMP signaling in telencephalic patterning
has been tested by genetically disrupting a BMP
receptor gene in the mouse forebrain. These
mice fail to differentiate the choroid plexus,
but all other telencephalic subdivisions develop
normally, arguing against a role for BMPs as
an organizer signal (Hébert et al. 2002).

Wnt signaling specifies dorsal identity at
the earliest stages of telencephalic development
(Backman etal. 2005, Gunhaga etal. 2003), and
the Wnt antagonists secreted by the prechordal
plate likely help to set up early DV polarity by
protecting the ventral forebrain from the dor-
salizing activity of Wnts. At later stages, Wnt
signaling is required for hippocampus differen-
tiation (Galceran et al. 2000, S.M. Lee et al.
2000, Machon et al. 2003). The boundary be-
tween the pallium and the subpallium (PSB)
begins to express Wnt inhibitors, raising the
possibility that a gradient of Wnt activity is es-
tablished across the pallium between the hem
and the PSB (which has also been called the
antihem) (Assimacopoulos et al. 2003, Frowein
et al. 2002). However, there is little evidence
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for a later patterning function for Wnts beyond
hippocampus induction (Chenn & Walsh 2002,
Hirabayashi et al. 2004, Hirsch et al. 2007,
Ivaniutsin et al. 2009, Machon et al. 2007,
Muzio et al. 2005). The PSB also expresses
several members of the epidermal growth fac-
tor family, transforming growth factor « and
FGF?7, but their roles in telencephalic develop-
ment remain unknown (Assimacopoulos et al.
2003).

In summary, two major signaling centers or-
ganize DV patterning of the neural tube: the
roof plate dorsally, which secretes BMPs and
Whts, and the floor plate ventrally, which se-
cretes Shh. Both are induced by the same sets
of molecular signals from the epidermis and the
notochord, respectively. The notochord itself
is an organizer that can mediate ventral neural
patterning. In the telencephalon, an additional
potential organizer, the PSB, is located midway
along the DV axis.

ANTEROPOSTERIOR
PATTERNING

In contrast with the DV axis, which is patterned
by two signaling centers at opposite poles of the
neural tube, the AP axis is patterned by several
discrete local organizers.

The Midbrain-Hindbrain Boundary

The boundary between the midbrain and
hindbrain (MHB) is characterized by a mor-
phological constriction of the neural tube and is
therefore also called the isthmus (Figure 1¢,d).
The first experimental evidence that the MHB
functions as an organizer came from micro-
surgical studies conducted in chick embryos:
Transplantation of anterior hindbrain or
posterior midbrain tissue into the posterior
forebrain of a host embryo induced the forma-
tion of an ectopic isthmus and ectopic midbrain
tissue around the graft (Bloch-Gallego et al.
1996, Gardner & Barald 1991, Martinez et al.
1991). Experimental rotation of the entire
midbrain vesicle formed a double-posterior
midbrain and induced ectopic midbrain and

cerebellar structures in the posterior forebrain
(Marin & Puelles 1994). Demonstrating a
requirement for the MHB in the patterning
of the surrounding tissues by microsurgery
turned out to be less feasible because the
isthmic organizer rapidly regenerates after
surgical removal (Irving & Mason 1999).

Two signaling factors, Wntl and FGF8, are
expressed on the anterior and posterior sides
of the MHB, respectively. Both factors are re-
quired for midbrain-hindbrain development as
Wntl mutations in the mouse, and mutations
in Fgf$ in both mouse and zebrafish embryos
result in defects in midbrain patterning and
cerebellum formation (McMahon et al. 1992,
Meyers et al. 1998, Picker et al. 1999, Reifers
et al. 1998, Thomas et al. 1991). However, in
gain-of-function experiments only FGF8 can
mimic MHB organizer function (Crossley et al.
1996, Irving & Mason 2000, Lee et al. 1997,
Martinez et al. 1999), whereas Wntl seems to
promote cell growth and proliferation without
affecting patterning (Panhuysen et al. 2004).
Thus, FGF8 is the main organizer factor se-
creted from the MHB.

What determines the AP position of MHB
formation? Many studies have uncovered
a genetic module, including FGF8, Wntl,
and several transcription factors that stabilize
MHB gene expression in a network of positive
maintenance loops and mutually repressive
interactions (Liu & Joyner 2001, Wurst &
Bally-Cuif 2001). In particular, the homeo-
domain transcription factors Otx2 and Gbx2
play a central role in MHB positioning. Otx2
is expressed in the forebrain and midbrain
and Gbx2 in the anterior hindbrain, and the
interface between the two expression domains
presages the position of the MHB from neural
plate stages onward. Various gene targeting
experiments in the mouse have demonstrated
that an experimental shift of this interface
always results in a concomitant repositioning
of the MHB (Acampora et al. 1997, Broccoli
et al. 1999, Millet 1999, Wassarman et al.
1997). Knockdown and cell transplantation
experiments in the fish have revealed that the
otx/ghx interface is regulated by Wnt8 at the
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neural plate stage (Rhinn et al. 2005). Thus,
the position of the MHB is directly defined
by the early gradient of Wnt signaling that
establishes the initial AP polarity of the neural
plate. Similar to the mutual repression of class
I 'and class II genes in the spinal cord, Ozx2 and
Gbx2 repress each other, thereby stabilizing the
binary cell fate choice around the MHB (Liu
& Joyner 2001, Wurst & Bally-Cuif 2001).

The Anterior Neural
Boundary/Commissural Plate

Elegant cell ablation and transplantation exper-
iments in zebrafish revealed an organizing func-
tion of the anterior border of the neural plate
(ANB) (Houart et al. 1998). A Wnt inhibitor of
the secreted Frizzled-related protein family is
expressed in the ANB, and overexpression and
depletion of this factor phenocopy the effects of
ANB transplantation and removal, respectively
(Houart et al. 2002). Wnt8B is expressed in the
presumptive midbrain and posterior forebrain
at the stages when ANB signaling is required
and is therefore likely to be the main antagonist
of the ANB. Thus, after the global gradient of
Whtactivity has established general AP polarity
in the neural plate, Wnts regulate AP identity
in a more localized fashion in the prospective
forebrain-midbrain region (Figure 15).

In the mouse, a role for Wnt inhibition from
the ANB has yet to be demonstrated; however,
FGFS, which is also expressed there, can mimic
the anteriorizing effects of ANB in explants in
vitro (Shimamura & Rubenstein 1997). Stud-
ies in both mouse and zebrafish embryos have
demonstrated a need for FGFs in forebrain pat-
terning (Meyers et al. 1998, Walshe & Mason
2003).

After neural tube closure, the ANB becomes
a patch of cells at the anterior end of the neural
tube that will eventually form the commissural
plate (CP), a scaffold for the formation of fore-
brain commissures at later stages. The CP con-
tinues to express FGF8, and impressive in utero
electroporation experiments in the mouse have
revealed that FGF8 promotes anterior at the
expense of posterior cortical fates. An ectopic
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source of FGF8 at the posterior end of the cor-
tex resulted in a partial mirrored duplication of
anterior cortical areas (Fukuchi-Shimogori &
Grove 2001). These experiments identified the
CP as an organizer of cortical patterning via
its secretion of FGF8. Toyoda et al. (2010) re-
cently showed that FGF8 acts directly and at
a long range during this process, i.e., as a true
morphogen.

The Zona Limitans Intrathalamica

The zona limitans intrathalamica (ZLI) is a
narrow stripe of Shh-expressing cells in the alar
plate of the diencephalon, transecting the neu-
raxis between the presumptive prethalamus and
the thalamus (Kitamura et al. 1997, Shimamura
etal. 1995, Zeltser et al. 2001). Gain- and loss-
of-function experiments in chick, zebrafish, and
mouse embryos have revealed that the ZLI acts
as an organizer of diencephalic development
by secreting Shh (Kiecker & Lumsden 2004,
Scholpp et al. 2006, Vieira et al. 2005, Vue
etal. 2009). At least in the thalamus, the activity
of Shh appears to be dose dependent, with
higher levels of signaling inducing the gamma-
aminobutyric acid (GABA)-ergic
thalamus and lower levels inducing the gluta-

rostral

matergic caudal thalamus (Hashimoto-Torii
etal. 2003, Vue et al. 2009; but see Jeong et al.
2011).

Fgf$ is expressed in a small patch in the dor-
sal ZLI and contributes to regulating the fate
decision between the rostral and caudal tha-
lamus (Kataoka & Shimogori 2008). Further-
more, a plethora of Wnts shows sharp borders
of expression at the ZLI, suggesting that Wnt
signaling may also be involved in regulating
the regionalization and/or proliferation of the
diencephalic primordium (Bluske et al. 2009,
Quinlan et al. 2009).

The apposition of any neural tissue anterior
to the ZLI with any tissue between the ZLI
and the MHB results in induction of Shh,
indicating that planar interactions are sufficient
to induce the ZLI organizer (Guinazu et al.
2007, Vieira et al. 2005). The ZLI forms at
the interface between the expression domains
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of two classes of transcription factors: zinc
finger proteins of the Fez family anteriorly and
homeodomain proteins of the Irx family poste-
riorly (Hirata et al. 2006, Kobayashi et al. 2002,
Rodriguez-Seguel et al. 2009, Scholpp et al.
2007). Expression of Irx3 in chick is induced
by Wnt signaling, suggesting that, as for Gbx2
at the MHB, the early Wnt signal that poste-
riorizes the neural plate directly positions the
ZLI (Braun et al. 2003).

Rhombomere Boundaries

Segmentation of the hindbrain into rhom-
bomeres is controlled by graded retinoic acid
signaling and by the reiterated and nested
expression of tyrosine kinases and transcription
factors, many of which are vertebrate orthologs
of Drosophila gap and Hox genes (Kiecker &
Lumsden 2005, Maden 2007). In zebrafish,
the boundaries between rhombomeres express
several Wnts (Figure 1c), and the knockdown
of these factors results in disorganized neuro-
genesis adjacent to the boundaries, suggesting
that they may function as organizers, although
no patterning defects have been demonstrated
within the rhombomeres of such embryos
(Amoyel et al. 2005, Riley et al. 2004).

COMMON FEATURES
OF NEUROEPITHELIAL
ORGANIZERS

As discussed above, organizers influence cell
fate in surrounding tissues by secreting
diffusible signaling factors that often act in a
morphogen-like fashion—that is, they induce
different responses in receiving cells at differ-
ent distances from the source. In addition to
this defining feature of organizers, several other
commonalities have been observed regarding
the establishment, maintenance, and signaling
properties of neuroepithelial organizers.

Organizers Form Along Cell Lineage
Restriction Boundaries

One of the hallmarks of hindbrain segmenta-
tion is the formation of cell lineage—restricted

boundaries that prevent cells from moving be-
tween adjacent rhombomeres (Fraser et al.
1990, Jimenez-Guri et al. 2010). This finding
prompted a search for boundaries in other parts
of the neural tube, which led to the discovery
that such boundaries often coincide with orga-
nizers (Kiecker & Lumsden 2005): Cell lineage
restriction at the MHB has been demonstrated
by sophisticated time-lapse imaging in zebrafish
embryos and genetic fate mapping in the mouse
(Langenberg & Brand 2005, Zervas etal. 2004);
the ZL1 is flanked by boundaries on either side
(Zeltser et al. 2001); and signaling functions
have been reported for rhombomere bound-
aries (see above). Lineage restriction has not
been tested at the ANB, but it seems unlikely
that cells intermingle freely across the neural-
epidermal border. All three DV organizers—
floor plate, PSB, and roof plate—also show
some degree of lineage restriction (Awatramani
etal. 2003, Fishell et al. 1993, Fraser etal. 1990,
Jimenez-Guri et al. 2010).

The molecular mechanisms underlying
boundary formation in the neural tube are not
well understood. However, specific signaling
pathways have been implicated: Eph-ephrin
signaling is essential for segmentation in the
hindbrain (Cooke etal. 2005, Kemp etal. 2009,
Xu et al. 1999), and the Notch pathway ap-
pears to be involved in boundary formation at
the ZLI, at rhombomere boundaries, and at the
MHB (Cheng et al. 2004, Tossell et al. 2011,
Zeltser et al. 2001).

Cell lineage restriction at organizers prob-
ably serves a dual function. First, boundaries
tend to minimize contact between flanking cell
populations, which may help to keep organizers
in a straight line, facilitating the generation of
a consistent diffusion gradient. Second, cells on
either side of the organizer are kept in separate
immiscible pools, thereby stabilizing a pattern
after it has been induced.

Positive Feedback Maintains
Organizers

Another feature shared by several neuroep-
ithelial organizers is that their maintenance
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depends on the signal they produce. Both the
floor plate and the roof plate are induced by
their own signals, BMP and Shh; the ZLI
depends on ongoing Shh signaling (Kiecker
& Lumsden 2004, Zeltser 2005); and MHB
integrity depends on FGF signaling (Sunmonu
etal. 2011, Trokovic etal. 2005). Alan Turing’s
classical model for pattern formation postulated
a chemical network of local self-enhancement
and long-range inhibition, and the autoinduc-
tion of neuroepithelial organizers fits the local
self-enhancement component of this model
rather well (Meinhardt 2009).

Intrinsic Factors Regulate Differential
Responses to Organizer Signals

FGF signaling from the MHB establishes
the tectum anteriorly and the cerebellum
posteriorly, and Shh from the ZLI induces
prethalamic gene expression anteriorly and
patterns the thalamus posteriorly. How can one
signal induce such asymmetric responses on
either side of an organizer? Two orthologs of
the Drosophila competence factor iroquois, Irx2
and Irx3, are expressed posterior to the MHB
and ZLI, respectively. Ectopic expression of
these factors anterior to the organizer results
in a conversion of tectum into cerebellum
and of prethalamus into thalamus (Kiecker &
Lumsden 2004, Matsumoto et al. 2004). These
effects are dependent on the organizer signals
FGF and Shh, suggesting that Irx2 and Irx3
are not patterning factors themselves but that
they convey a prepattern that determines the
competence of different subdivisions of the
neural tube to respond to secreted signals.
FGF-soaked beads induce ectopic mid-
brain and hindbrain structures to form from
posterior forebrain tissue, but in the anterior
forebrain FGFs anteriorize the pallium. Sim-
ilarly, Shh from the ventral midline induces
the hypothalamus marker Nkx2.1 anteriorly,
whereas it induces Nkx6.1 posteriorly. The
limit between these two regions of differential
competence to respond to FGFs coincides
with the ZLI, and the homeobox genes Irx3
and Six3 were shown to mediate posterior
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versus anterior competence (Kobayashi et al.
2002).

Taken together, intrinsic factors establish a
prepattern in the developing CNS that regu-
lates the cellular response to organizer signals.
These factors are often induced by the earliest
signals that pattern the neural plate—for ex-
ample, Irx3 is induced and Six3 is repressed
by posteriorizing Wnt signaling (Braun et al.
2003)—thereby linking early and late stages of
neural patterning. This does not mean that or-
ganizer signals are merely permissive triggers
that determine the timing and extent of regional
specialization, the identity of which is prepat-
terned; they are also responsible for evoking
different responses within the same field (as ex-
emplified by the induction of GABAergic versus
glutamatergic neurons by different doses of Shh
within the Irw3-positive thalamus).

Hes Genes Prevent Neurogenesis
in Organizer Regions

Organizers typically coincide with boundaries
that are characterized by slower prolifera-
tion and a delay or absence of neurogenesis
(Guthrie etal. 1991, Lumsden & Keynes 1989).
Transcription factors of the Hes family that
mediate Notch signaling are required to inhibit
neurogenesis at the MHB of zebrafish and frog
embryos (Geling et al. 2004, Ninkovic et al.
2005, Takada et al. 2005). All neural progeni-
tors express Hes genes, but they usually become
downregulated when cells undergo neurogene-
sis. An analysis in mouse embryos has revealed
that in boundary regions Hes genes remain
expressed and that it is this strong persistent
expression that sets boundaries apart and allows
organizer regions to form (Baek et al. 2006).

NEUROEPITHELIAL
ORGANIZERS ALSO
REGULATE PROLIFERATION,
NEUROGENESIS, AND AXON
GUIDANCE

Many organizer signals also function as mito-
gens, suggesting that growth, in addition to
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patterning, is modulated by organizers. For ex-
ample, Shh mutant mice show not only pat-
terning defects, but also a structural lack of
many ventral neural tissues (Chiang etal. 1996).
Whntl promotes growth in the MHB region
(Panhuysen et al. 2004), and Wnts from the
roof plate and cortical hem are known to reg-
ulate proliferation of the spinal cord and pal-
lium (Chenn & Walsh 2002, Ivaniutsin et al.
2009, Megason & McMahon 2002, Muzio et al.
2005). FGF's from the MHB promote growth of
the midbrain and cerebellum (Partanen 2007),
but they also serve as survival factors in the mid-
brain (Basson et al. 2008). Similarly, FGFs se-
creted from the CP prevent apoptosis and pro-
mote growth in the telencephalon (Paek et al.
2009, Thomson et al. 2009). Contrary to the
proliferative effects of FGFs, Shh, and Whnts,
the BMP pathway often induces apoptosis when
ectopically activated (Anderson et al. 2002, Lim
etal. 2005, Liu et al. 2004).

To complicate the picture even further,
some organizer factors promote cell cycle
exit and neurogenesis (Fischer et al. 2011,
Hirabayashi et al. 2004, Machon et al. 2007,
Munji et al. 2011, Xie et al. 2011). These
seemingly contradictory effects of the same
classes of signals may be explained by temporal
changes in the competence of the target cells
(Hirsch et al. 2007); however, in some cases
different members of the same protein family
exert opposing effects on the balance between
proliferation and differentiation  (Borello
et al. 2008, David 2010). Thus, by releasing
growth-promoting and growth-inhibiting cues
from localized sources, organizers help to mold
the increasingly complex shape of the neural
tube and coordinate the temporal progression
of neurogenesis in defined subdivisions of the
neural tube (Scholpp et al. 2009).

Once their regional identity has been
established, differentiated neurons need to
wire up precisely to form functional networks.
Organizers also play a role at this stage of CNS
formation, for example, by expressing axon
guidance factors such as the chemoattractant
netrin, which is secreted by the floor plate
to guide commissural axons (Dickson 2002,

Tessier-Lavigne & Goodman 1996). More
recently, many of the classical morphogens
that are secreted by organizers have been
found to double as axon guidance molecules at
later stages (Charron & Tessier-Lavigne 2005,
Osterfield et al. 2003, Sianchez-Camancho
et al. 2005, Zou & Lyuksyutova 2007). Shh
from the floor plate cooperates with netrin in
attracting commissural axons, whereas BMPs
from the roof plate repel them (Augsburger
et al. 1999, Charron et al. 2003). After these
axons have crossed the midline, Shh signaling
repels them via Hedgehog-interacting protein
(Bourikas et al. 2005). Wnts are expressed in
an AP gradient in the floor plate and guide the
same axons anteriorly after they have crossed
the midline (Lyuksyutova et al. 2003), whereas
corticospinal axons are directed posteriorly by
a repulsive interaction between Wnts and the
atypical Wnt receptor Ryk (Liu et al. 2005).
Thus, organizers influence CNS formation not
only at early patterning stages, but also at later
stages when functional circuits are established.

NEUROEPITHELIAL
ORGANIZERS IN EVOLUTION

Vertebrates possess the most complex of all
brains; even their closest relatives, the tunicates
and hemichordates, have relatively simple ner-
vous systems (Meinertzhagen et al. 2004). Sets
of transcription factors that mark AP and DV
subdivisions of the neural tube are conserved far
beyond the chordate phylum (Irimia etal. 2010,
Lowe et al. 2003, Reichert 2005, Tomer et al.
2010, Urbach & Technau 2008), and several
orthologs of AP marker genes are even found
along the head-to-foot axis of the coelenterate
Hydra, suggesting an ancient origin of the ge-
netic modules that regulate neural patterning
(Technau & Steele 2011). By contrast, local or-
ganizers appear to be far less conserved: For
example, an equivalent of the MHB is present
in the urochordate Ciona (Imai et al. 2009) but
not in the cephalochordate Amphioxus (Hol-
land 2009). Both Ciona and Amphioxus seem
to lack an equivalent of the ZLI, whereas a
comparable region has been identified in the
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hemichordate Saccoglossus (C. Lowe, personal
communication). Some organizers are even
missing in lower vertebrates; no hbedgehog ex-
pression or MGE-like differentiation has been
found in the telencephalon of the lamprey, sug-
gesting that this ventroanterior organizer is a
gnathostome invention (Sugahara et al. 2011).

These observations indicate that local
organizers are more recent innovations than
the basic AP/DV patterning network and that
they show some evolutionary flexibility that
may provide a driving force for morphological
change. This idea is supported by the recent
finding that differences in forebrain morphol-
ogy among cichlid fishes from Lake Malawi
are correlated with subtle changes in signal
strength, timing of signal production, and
the position of forebrain organizers (Sylvester
et al. 2010). Similarly, loss of eyesight in a
cave-dwelling morph of the tetra Astyanax was
shown to be caused by changes in the forebrain
expression of fgf8 and shh (Pottin et al. 2011).
Thus, although the basic subdivisions of the
brain are likely to have developed a long time
ago, organizers are a more recent acquisition
that may have been imposed on the underlying
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pattern and allow evolutionary adaptation to
ecological niches.

CONCLUSIONS

Almost 90 years have passed since Spemann
discovered the amphibian gastrula organizer;
however, the organizer concept is more topical
than ever, in particular in the developing ver-
tebrate CNS where multiple organizers regu-
late patterning, proliferation, neurogenesis, cell
death, and axon pathfinding. Neural organizers
are generated by inductive signaling events be-
tween neighboring tissues, and they often form
along, or are stabilized by, cell lineage restric-
tion boundaries. The pattern induced by an or-
ganizer results in the formation of different cell
populations that can potentially form further
organizers at their interfaces, thereby subdivid-
ing the neuroepithelium into increasingly more
specialized regions. In many ways, neural de-
velopment can be regarded as a self-organizing
process: Once initial polarity has been estab-
lished, all the interactions necessary to form a
functional CNS occur within the neuroepithe-
lium itself.
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