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To the Loves of my life 
Ulrika and Noel 
 
 
You’re the first thought in the morning when I rise 
You’re the last thought in the evening when I rest my head 
You’re everything, everything 
You mean everything to me 
 
You put the happy in my –ness  
You put the good times into my fun 
We try the good & bad in the coming days 
We walk in the same direction so that we can never stray 
 
You take my time of yesterdays and turn them into tomorrows  
Once again, that rising sun is dropping on down 
& once again my friend, beside you I will be found 
 
 
    Modified lyrics from Ben Harper 
 
 
 
 
 
 
 
 
 
 

SENSE OF ANOTHER LIKE ONESELF  
IS INTIMATELY RELATED TO SENSE OF SELF 
 
   Unknown or don’t know 
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Abstract 
 
The telencephalon is the most highly evolved region of the vertebrate 
central nervous system (CNS).  The major structures of the telencephalon - 
the cortex and basal ganglia – derive from the dorsally positioned pallium 
and the ventrally positioned subpallium, respectively.  Differences in 
morphology, gene expression, and connectivity permit a subdivision of the 
developing telencephalon into domains that give rise to discrete regions of 
the adult brain.  In mammals, the ventral region of the developing 
telencephalon can be subdivided into the medial (MGE) and lateral (LGE) 
ganglionic eminences.  The dorsal midline cells give rise to the choroid 
plexus, and cells in the more lateral domain, the dorsal pallium, give rise to 
the cerebral cortex.  Genetic studies have provided evidence that cross-
regulatory interactions between transcription factors contribute to the 
regionalization of the telencephalon.  Less is known, however, about the 
secreted signals that induce the initial dorsoventral character of 
telencephalic cells. 
 
 Sonic hedgehog (SHH) is required for the specification of ventral 
character along the entire anteroposterior (AP) extent of the developing 
CNS, including the telencephalon.  We show that WNT activity imposes an 
early generic dorsal telencephalic character and that Fibroblast Growth 
Factor (FGF) act sequentially, and in concert with WNT, to specify cells of 
definitive dorsal telencephalic character.  We also show that retinoic acid 
(RA)-mediated signaling induces intermediate character in telencephalic 
cells, and that FGFs maintain cells of ventral character by opposing RA 
activity.  The following model emerges from these findings.  At gastrula 
stages, most or all prospective telencephalic cells become specified as 
ventral cells in response to node-derived SHH signals.  At neural fold- and 
early neural plate stages, cells in the prospective dorsal and intermediate 
regions of the telencephalon cells are exposed to WNT signaling that induce 
a generic dorsal character.  The head ectoderm adjacent to the telencephalon 
then starts to express the retinoic acid producing enzyme, Raldh3, thus 
exposing telencephalic cells to RA signals.  At the same time prospective 
dorsal cells start to express WNT signals.  RA signaling appears to promote 
the generation of intermediate/prestriatal cells, whereas WNT signal 
suppress the actions of RA on dorsal cells, which therefore maintain their 
dorsal character.  From the neural plate stage, prospective ventral 
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telencephalic cells are exposed to FGF8 derived from the anterior neural 
ridge, and FGF8 maintains ventral telencephalic character by opposing the 
influence of RA signals in ventral cells.  At early neural tube stages, the 
domain of Fgf8 expression expands dorsally and FGF signals derived from 
the dorsal midline region induce definitive dorsal/precortical cells.  In the 
intermediate region of the telencephalon cells evade high levels of WNT 
and FGF signals, resulting in an environment in which RA signaling is able 
to induce prestriatal character. 
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Preface to Introduction 
 
 
 The creation of an adult organism, composed of a diverse array of 
different cells with distinct functions, is a complex and amazing process to 
study.  This process includes cellular events such as specification, 
differentiation, proliferation, migration, cell survival, and establishment of 
cellular networks.  
 
 The central nervous system (CNS) is a highly complex organ to 
generate.  The diverse functions of the CNS, including sensory perception, 
consciousness, motor coordination, and learning/memory are intimately 
dependent on the precise connectivity of neural networks.  These neural 
networks, formed by several hundreds of specific types of neurons, are 
generated through the differentiation of neuronal progenitors.  Neuronal 
progenitors are recruited from different and distinct compartments in the 
developing CNS.  These compartments are populated by maturing neural 
progenitors.  The immature neural progenitors, forming the neural plate, are 
specified from an initial homogenous field of epiblast cells.  These 
gradually acquired cell type specificities are regulated by both the intrinsic 
properties of the cell and the extrinsic influences from its local milieu. 
 
 Because of the complexity of the brain, most of the initial research 
was mainly focused on spinal cord development.  However, the accumulated 
knowledge from studies in spinal cord and telencephalic development, 
which describe the generation of distinct progenitor domains, has been well 
characterized on the basis of restricted gene expression patterns of 
transcription factors.  These transcription factors exhibit cross-repressive 
functions involved in the process of refining and maintaining the 
compartments generated along the dorsoventral (DV) axis.  But the extrinsic 
cues, secreted from possible local signaling centers in or adjacent to the 
neuroepithelium - and to what extent they impose instructive regional 
information onto an originally homogenous field of cells – have not been 
well characterized.  By understanding these processes under normal 
conditions of embryonic development, one can apply the knowledge to 
disease-promoting circumstances and thus eventually create clinically 
applicable methods for prognosis and/or treatment.  
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Introduction 
 
 
The adult mammalian brain; its structure and function 
 
 The adult central nervous system (CNS) is a highly complex, 
bilateral and essentially symmetrical organ.  The anterior region comprises 
the brain while the spinal cord resides in the caudal part of the CNS.  The 
brain is commonly divided into forebrain, midbrain, and hindbrain.  The 
forebrain consists of the cerebral hemispheres (telencephalon) and the 
diencephalon (Figures 1A and B, for Figure legends see Appendix). 
  

The cerebral hemispheres, which form the largest part of the human 
brain, include the surrounding furrowed gray matter called the cerebral 
cortex and the deeper positioned structures referred to as the basal ganglia, 
hippocampus, and amygdaloid nuclei.  
These distinct regions exhibit 
specialized and different functions.  
The cerebral cortex has the ability to 
process sensory information involved 
in higher consciousness and learning, 
and to initiate voluntary 
actions/movement.  These functions 
are, however, modulated by the three 
above-mentioned structures situated 
within the cerebral hemispheres 
(Kandel, 2000) (Figure 1B).  In 
contrast to the other components of the 
motor out-put system, the basal 
ganglia do not communicate with the 
spinal cord.  The nuclei comprising the basal ganglia receive and project 
information to the cerebral cortex. 
 
 Abnormal motor control, such as diminished movement (Parkinson) 
or excessive movement (Huntington), is often associated with disorders of 
the basal ganglia.  Basal ganglia consist in principle of four nuclei, of which 
the striatum and the globus pallidus (pallidum) are considered in this thesis 
(Figure 1B).  The striatum is the major recipient of input to the basal ganglia 
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and projects its output to the globus pallidus.  Together, these two nuclei 
represent the major output from the basal ganglia (Kandel, 2000).  
 
 The papers included in this thesis discuss the initial specification of 
cells that will eventually contribute to these three structures.  Paper I 
discusses mainly how the prospective dorsal telencephalon, the precortical 
compartment, is initially specified, whilst Paper II deals with the initial 
instructive signaling cascades that specify cells exhibiting a prospective 
intermediate telencephalic, prestriatal, character.  Paper II also covers some 
aspects regarding the specification of the prospective ventromedial 
telencephalic cells, notably the maintenance of the future pallidum. 
 
The telencephalon; its initial regionalization and 
development 
 
 The adult telencephalon displays a vast degree of variation in 
morphology amongst vertebrates, resulting in more or less pronounced 
abilities in the functions mentioned in the previous section.  During early 
embryogenesis, however, the basic organization of the initial telencephalic 
regionalization appears to be a relatively conserved process amongst 
species.  Furthermore, functional cross-phylum rescue experiments support 
the idea of an evolutionary conserved mechanism for embryonic brain 
development (Kammermeier and Reichert, 2001; Puelles, 2001; Reichert, 
2002; Reichert and Simeone, 1999; Rubenstein et al., 1998). 
  

 Telencephalic regionalization 
in early mammalian development is 
characterized by a dorsally positioned 
pallium (cortex) and the ventrally 
located subpallium.  The subpallium 
consists of the basal ganglia, which 
can be divided further into the 
ventromedial pallidum and the 
intermediate (or more laterally) 

positioned striatum.  The mammalian pallidum and striatum originate from a 
set of bilateral intraventricular evaginations of the neuroepithelium that 
result in two morphologically distinguishable bulbs, the medial and lateral 
ganglionic eminences (MGE and LGE), respectively (Deacon et al., 1994; 
Marin et al., 2000; Olsson et al., 1998; Smart, 1976; Sussel et al., 1999) 
(Figure 2).  In vertebrates, the brain originates from the anterior part of the 
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dorsally located neural tube.  During embryogenesis, the rostral end of the 
neural tube shows distinct morphological boundaries, seen as vesicle 
formations.  These vesicles arise from a single 
cell-layered neuroepithelial sheet that undergoes 
extensive cell rearrangements during neurulation, 
resulting in a continuous, hollow tube, referred to 
as the neural tube (Figure 3).  The initial vesicles 
observed along the anteroposterior (AP) axis are 
the result of three protrusions of the 
neuroepithelium, consisting of progenitor cells 
that will give rise to the prospective 
prosencephalon (forebrain), mesencephalon 
(midbrain) and the metencephalon (hindbrain).  
Posteriorly, the progenitor cells of the spinal cord 
form the elongated tube of the nerve cord (Figure 3).  The telencephalic 
vesicles appear as paired evaginations of the anterior forebrain, and each of 
these is destined to give rise to a cerebral hemisphere. 
 
 During the past decade, a great deal of data has accumulated 
regarding early regionalization of the telencephalon.  Most of these studies 
have focused on the importance of regulation and function of various 
homeodomain-containing transcription factors in generating and 
maintaining early telencephalic compartmentalization (Bell et al., 2001; 
Bulchand et al., 2001; Crossley et al., 2001; Eisenstat et al., 1999; Ericson et 
al., 1995; Fernandez et al., 1998; Furuta et al., 1997; Monuki et al., 2001; 
Muzio et al., 2002; Puelles et al., 2000; Sussel et al., 1999; Theil et al., 
1999; Toresson et al., 2000; Yoshida et al., 1997; Yun et al., 2001).  
However, the initial inductive events in the specification of progenitors of 
these subdomains remain less well understood. 
 
The Prosomeric model 
 
 The Prosomeric model is a morphological instrument that attempts 
to provide meaning to evolutionarily conserved gene expression patterns.  
The proposed model contemplates the existence of additional subdivisions 
(termed prosomeres) along the main body axes, thus creating transverse 
neuromeres and longitudinal zones along the AP- and DV-axes, 
respectively, in the developing forebrain (Hauptmann and Gerster, 2000; 
Hauptmann et al., 2002; Puelles, 2001; Puelles et al., 1987; Puelles et al., 
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1996; Puelles and Rubenstein, 2003; Rubenstein et al., 1994; Shimamura et 
al., 1997). 
 
 The Prosomeric paradigm proposes segmentation of the forebrain in 
a manner that resembles the more easily recognized morphological 
subdivisions of the hindbrain.  The parasegments formed in the hindbrain 
are called the rhombomeres.  The morphologically distinct rhombomeres 
are, as for the prosomeres in the Prosomeric model, molecularly specified 
domains.  Moreover, the borders separating these compartments in the 
hindbrain are respected by cells populating adjacent rhombomeric 
compartments.  Compartment-like properties such as restriction of cell 
mingling and polyclonal assemblages of neuroepithelial cells within 
rhombomeres have been shown by cell-lineage tracing studies in chick 
(Wingate and Lumsden, 1996; Wizenmann and Lumsden, 1997).  However, 
quail/chick chimeras and cell-lineage tracing experiments have provided 
evidence for the existence of some interrhombomeric neuronal migrations 
(Birgbauer and Fraser, 1994; Jungbluth et al., 2001; Marin and Puelles, 
1995).  In contrast to hindbrain (HB) and midbrain (MB) patterning where 
restricted patterns of gene expression have been tightly linked to either the 
segmentation or to the activity of a signaling region, the understanding of 
the segmentation of the early forebrain is limited to the gene expression 
patterns of homeodomain-, winged helix motif containing transcriptional 
regulators, as well as some secreted signaling cues (Fernandez et al., 1998; 
Lumsden and Krumlauf, 1996; Puelles et al., 2000; Puelles et al., 1999; 
Puelles and Rubenstein, 1993; Walshe and Mason, 2000).  Moreover, 
forebrain cells that are proposed to populate the early neuromeric 
compartments of the Prosomeric model display highly dynamic expression 
patterns of these putative developmental control genes as well as 
migrational patterns.  Collectively, this has led to a modified model with a 
reduced number of prosomeres (p) and consequently new compartmental 
borders (Puelles and Rubenstein, 2003).  The modified Prosomeric model 
retains the original subdivisions of the caudal forebrain regions (p1-3), 
whilst suggesting a nonsegmented secondary prosencephalon including the 
entire prechordal portion of the neural tube, consisting of the telencephalic 
anlage and the rostral diencephalon (the hypothalamic primordium) (Puelles 
and Rubenstein, 2003). 
 
 The advantage of this model lies in its usefulness as a template for 
generating fate maps and gene-expression analyses such as for cross-species 
anatomical comparisons, to name some examples.  Each prosomere is in 
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principle capable of generating a distinct set of cell types of neurons and 
glia, and as such facilitates the interpretation of the DV- and AP-patterning 
mechanisms that organize the neural tube. 
 
The telencephalic anlage 
 
 At the neurula stages, accordingly to generated fate maps supporting 
the Prosomeric model, the telencephalic anlage is positioned in the anterior 
margin of the neural plate (Cobos et al., 2001; Couly and Le Douarin, 1988; 
Couly and Le Douarin, 1987; Fernandez-Garre et al., 2002).  Occupation of 
this specific region in the neural plate suggests that the prospective 
telencephalon can be defined both as “anterior” (as it is generated from cells 
positioned at the anterior most end of the neural plate) and as 
“lateral/dorsal” (as it is derived from cells at the lateral margin of the neural 
plate) (Figure 4).  At this embryonic stage 
there is a diversification of telencephalic 
progenitors as the anterior-most cells still 
display ventral specificity, whilst the 
posterior-most telencephalic progenitors 
exhibit an acquired dorsal character (Paper I, 
Figure 4).  During neural tube closure the 
lateral margins fuse, eventually resulting in 
the adjacent neural progenitor cells becoming 
located on the dorsal half of this tubular 
structure.  Thus, the DV-axis of the 
prospective telencephalon is actually along 
the AP-axis of the developing anterior CNS 
(Figure 4).  The cell rearrangements that 
follows – and extensive proliferation taking 
place in the evolving CNS, including the 
telencephalic precursor cells – will lead to the 
telencephalic anlage acquiring a new position 
in the rostral tip of the CNS (Figure 4).  Coincident with the formation of 
the cephalic flexure, the DV-axis of the prospective telencephalon is along 
the rest of the DV-axis of the embryo. 
 
 During embryogenesis, molecular cues emanating from nearby 
tissues or structures produce a grid of positional information that imposes 
the initial specification of progenitor cells and organizes them into distinct 
forebrain primordial as proposed in the Prosomeric model (Puelles and 
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Rubenstein, 2003; Rubenstein et al., 1994; Rubenstein et al., 1998).  
Collectively, this suggests that under normal circumstances, for a naïve 
neuroectodermal cell to adopt a position in the telencephalic anlage it must 
be exposed to the right combination of patterning signals during 
development.  Thus, due to the territory the telencephalic anlage occupies, 
the progenitors are, simultaneously, subjected to patterning signals that 
influence both the establishment of anteroposterior (AP) positional cell 
character and the acquirement of dorsoventral (DV, or mediolateral, ML) 
neural cell specificity.  In other words, posteriorely positioned telencephalic 
precursor cells will give rise to the dorsally positioned neuronal progenitors 
of the telencephalon.  The longitudinal subdivision of the telencephalic 
anlage, in which the anterior-most portion will generate the subpallium and 
the posterior-most region will generate the pallium, may be the first sign of 
cellular organization of the rostral-most part of the forebrain. 
 
Homology of inductive processes 
 
 Convergence of inductive signaling pathways and the molecular 
determinants mediating these signals are surprisingly well conserved within 
tissues and between species (Kammermeier and Reichert, 2001; Puelles and 
Rubenstein, 2003; Reichert, 2002; Rubenstein et al., 1998; Wolpert, 1989; 
Wolpert, 1996).  However, the response will vary in a tissue-specific 
manner, since this process is intimately dependent on the competence of a 
cell to respond.  The competence to respond is in turn linked to the history 
of exposure of the cell to inductive factors eliciting the expression of 
intrinsic cues, i.e. its transcriptional state.  Thus, as competence changes as a 
function of time the same inductive signaling molecule is often reiterated 
during development and elicits a different read-out - which is accomplished 
by varying the response in the competent tissue. 
 
 Members of the sonic hedgehog (SHH), fibroblast growth factor 
(FGF), WNT, and transforming growth factor-β (TGF-β) families of 
secreted instructive proteins are all involved in various different patterning 
processes, some of which will be discussed in the forthcoming chapters.  
Their inductive effects are seen in both vertebrates and invertebrates, but are 
also involved in the generation of several tissues/organs within a species.  It 
has become evident that the few families of molecules involved, including  
their intracellular mediators, are often reiterated and surprisingly often 
together in similar combinations in inductive cascades implicated in the 
generation of polarized tissues (Altmann and Brivanlou, 2001; Gilbert, 
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2001; Kessler and Melton, 1994; Roelink, 1996; Ruvinsky and Gibson-
Brown, 2000; Sasai and De Robertis, 1997; Wagner et al., 1990; Wilson and 
Edlund, 2001; Wolpert, 1996). Collectively, these homologies of instructive 
processes serve as strong arguments for an evolutionarily conserved genetic 
pathway.  One consequence of the fact that these signaling factors and their 
signaling pathways have been shown to be used in multiple and intricate 
ways during development results in that an increasing number of cellular 
responses are being identified.  We have provided a novel spatio-temporally 
regulated cellular response amongst the precursors of the telencephalon to 
some of these molecular cues (Papers I and II). 
 
 In the forthcoming chapters, I will provide a general overview 
covering what was known when this project was started.  Together, these 
chapters consider the specific molecular nature of the signaling factors 
implicated in regulating the AP and DV positional information that the CNS 
progenitor cells, including telencephalic precursors, receive during the early 
stages of embryogenesis.  Moreover, since the knowledge of the patterning 
mechanism involved in the initial specification of intermediate and dorsal 
telencephalic progenitors was limited, the pioneering model proposed for 
the DV patterning events of the caudal CNS is also introduced here. 
 
The initial specification of CNS progenitors 
 
 The central dogma explaining how the embryo generates the initial 
progenitors of the CNS was proposed in a 2-step model at the beginning of 
1950s by Nieuwkoop and his co-workers. It includes the processes termed 
induction/activation and transformation (Nieuwkoop, 1952).  The first step, 
induction, concerns the formation of a cytologically homogenous single-
layered sheet of neural cells, the neural plate, which exhibits some anterior 
characteristics.  During the gastrula stages, a group of morphologically 
identifiable cells forms a structure, the organizer (the avian equivalent is 
termed the node), which has the ability to induce a complete new individual 
with its own CNS by recruiting, re-specifying, and re-organizing 
neighboring cells.  The molecule responsible for these instructive events, 
resulting in the formation of a neural plate, was shown to be produced and 
secreted by the cells in the organizer.  Studies showed that these secreted 
molecules antagonized the signaling activities of bone morphogenetic 
proteins (BMPs).  These antagonistic activities resulted in a situation 
whereby an alternative path of cell fate was acquired, hence leading to the 
“default” neural cell fate terminology.  The transformation refers to the 
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generation of distinct cell characters along the anteroposterior axis of the 
developing CNS through the formation of patterned mesoderm. As 
gastrulation proceeds, cells that ingress through the elongating primitive 
streak will become intercalated between the overlying and underlying layers 
of neuroectoderm and endoderm, respectively.  Studies have shown that 
axial, paraxial mesoderm located at distinct transversal (AP) levels imposes 
instructive information onto the overlying neuroectoderm whereby re-
specifying cells to acquire a more caudal cell character, indicative of the 
position the cell occupies along the AP-axis of the embryo. 
 
 This proposed model for the generation of progenitors of the CNS 
and for the subsequent re-specification resulting in more caudal neural plate 
cell characters has been revised recently (Delaune et al., 2005; Linker and 
Stern, 2004; Streit and Stern, 1999; Wilson et al., 2000), reviewed in 
(Bainter et al., 2001; Foley and Stern, 2001; Stern, 2001; Wilson and 
Edlund, 2001). Work done by Wilson et al. and by others showed firstly that 
the initial specification of the neural plate occurs before the formation of an 
organizer. Secondly, the “induction of a default pathway” is actually an 
active process. 
 
 Members belonging to the family of fibroblast growth factors 
(FGFs) exhibit a dual role in this initial process.  Firstly, FGF activity 
opposes Bmp expression in medial epiblast cells, and secondly, it promotes 
gene expression characteristic of a specified neural progenitor cell (Delaune 
et al., 2005; Wilson et al., 2000).  The medially located neuronal progenitor 
cells are all specified with an initial anterior character based on the 
expression of transcription factors. WNT, the vertebrate homolog of the 
Drosophila wingless gene, exhibits signaling activity located lateral to and 
in the margin of the area pellucida (embryonic tissue).  It has been shown 
that Wnt expression suppresses FGF activity in lateral epiblast cells, thus 
promoting residual BMP activity to maintain epidermal cell identity (Wilson 
et al., 2001), (Figure 5 below). 
 
 As gastrulation proceeds, studies put forward have showed that the 
underlying mesoderm layer is capable of imposing patterning information 
onto the overlying neural plate cells (Altmann and Brivanlou, 2001; 
Begemann et al., 2001; Blumberg et al., 1997; Chen et al., 2001; Domingos 
et al., 2001; Kessler and Melton, 1994; Muhr et al., 1999; Muhr et al., 1997; 
Nordstrom et al., 2002; Storey et al., 1998).  This instructive activity, 
capable of caudalizing the overlying neuroectoderm, is propagated and 
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refined within the mesodermal derivatives (Ang and Duester, 1999; 
Berggren et al., 1999; Borycki et al., 2000; Christ and Ordahl, 1995; Gould 
et al., 1998; Liem et al., 2000; McMahon et al., 1998).  Work by Nordström 
et al. and by others demonstrated that the signaling molecules implicated in 
these instructive events are members of the WNT and FGF families of 
secreted signaling factors.  Additionally, the vitamin A derivative retinoic 
acid (RA) is a potent caudalizing factor also involved in this process (Chen 
et al., 2001; Erter et al., 2001; Muhr et al., 1999; Mullor et al., 2001; 
Nordstrom et al., 2002; Storey et al., 1998). 
 
 Molecular determinants emanating from adjacent tissues at more 
rostral levels, such as the underlying prechordal plate (head mesoderm), and 
later, the most rostrally located anterior neural ridge (ANR), oppose these 
caudalizing activities.  The molecular natures of these opposing 
determinants have been shown to mainly consist of antagonists of the WNT 
and the retinoid-mediated signaling pathways (Hashimoto et al., 2000; 
Maden, 2002; Niehrs et al., 2001; Nordstrom et al., 2002; Pera and Kessel, 
1997; Shinya et al., 2000; Shiotsugu et al., 2004; Simeone et al., 1995; 
White et al., 2000; Withington et al., 2001), (see Figure 5 below). 

 
 
The initial generation of a telencephalic territory 
 
 As gastrulation ends, from an initially homogenous group of cells all 
exhibiting an anterior (forebrain) character, an initial diversification of 
progenitors within the neural plate has been generated along the AP axis of 
the developing embryo.  This initial AP patterning specifies cells as 
forebrain, midbrain, hindbrain and spinal cord. 
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 Experimental conditions in which the levels of the caudalizing 
activities of the secreted members of the WNT and FGF families have been 
altered, result in consequences such as deficiencies in the anteroposterior 
patterning of the developing CNS (Davidson et al., 2000; Erter et al., 2001; 
Nordstrom et al., 2002; Storey et al., 1998).  Also, excess application of 
retinoids to developing embryos results in forebrain truncations 
(Avantaggiato et al., 1996; Blumberg et al., 1997; Chen et al., 2001; 
Durston et al., 1989; Simeone et al., 1995; van der Wees et al., 1998).  
Collectively, these phenotypes are established through the ability of the 
signaling molecules to promote caudal CNS target gene expression, at the 
same time suppressing anterior gene expression patterns. 
 
 Genetic studies mainly performed on zebrafish and mice have 
illuminated the role of members of the FGF family in the generation of 
telencephalic cell specification (Eagleson and Dempewolf, 2002; 
Shanmugalingam et al., 2000; Sun et al., 1999).  Mutants that express a 
nonfunctional FGF8 protein still generate a telencephalon, even though 
subpallial structures seem to need functional FGF8 signaling activity 
(Shinya et al., 2001).  However, the initial generation of a telencephalic 
territory appears to be independent of FGF8 function, although there might 
be several FGFs expressed – and thus rendering problems with redundancy 
masking the phenotype.  On the other hand, several FGFs have been shown 
to be expressed in the dorsal midline tissue (Ford-Perriss et al., 2001).  FGF 
activity has been shown to be able to ectopically induce dorsal midline 
structures in intact avian embryos, supporting the idea that FGFs may be 
important for dorsal midline identity, the dorsal commissure (Cobos et al., 
2001; Crossley et al., 2001; Shanmugalingam et al., 2000; Storm et al., 
2003; Walshe and Mason, 2000; Walshe and Mason, 2003). 
 
 In summary, the generation of neural progenitors exhibiting anterior 
forebrain character in avian embryos includes first the initial requirement for 
epiblast cells to be exposed to FGF activity to generate an initially specified 
homogenous sheet of neuronal progenitors (the neural plate).  Secondly, to 
maintain the prospective anterior forebrain character, cells must be exposed 
to molecules from adjacent tissues, which inhibit the caudalizing activities 
emanating from posterior tissues.  Furthermore, signaling activity from the 
ANR is required for some aspects of the specification of telencephalic 
identity (see Figure 5 above). 
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Dorsoventral patterning of the caudal CNS 
 
DV patterning mechanisms involving opponent activities of SHH and 
BMP  
 Because of the degree of complexity of the developing forebrain, 
studies examining DV patterning mechanisms have mainly focused on the 
generation of progenitor cells displaying the acquisition of different DV 
identities at more caudal levels of the neural tube.  At these levels of the 
CNS, the secreted inductive determinants SHH and BMPs emanating from 
the ventral floor plate and dorsal roof plate, respectively, are the main 
contributors for the specification of neural progenitors dividing the neural 
tube into distinct subdomains in the DV-axis (Briscoe and Ericson, 1999; 
Ericson et al., 1997a; Furuta et al., 1997; Liem et al., 1997; Liem et al., 
1995; McMahon et al., 1998; Sasai and De Robertis, 1997). 
 
 The generation of ventral neuronal precursors in the developing 
spinal cord is a very well studied process.  In experiments, were either, the 
ventrally located axial structures - the notochord or floor plate - were 
ectopically transplanted into the dorsal neural tube or alternatively ablated 
illuminated their roles in the specification of ventral cell fates in the 
developing neural tube (Basler et al., 1993; Echelard et al., 1993; Placzek et 
al., 1993; Placzek et al., 1991; Yamada et al., 1993; Yamada et al., 1991).  
Additionally, it has been shown that the secreted molecular cue responsible 
for instructing the neighboring neural progenitors to adopt a genetic 
programme leading to a specific motor neuronal or ventral interneuronal 
character is SHH (Ericson et al., 1995; Ericson et al., 1997b; Le Douarin, 
2001; Liem et al., 2000; Litingtung and Chiang, 2000a; Litingtung and 
Chiang, 2000b; Monsoro-Burq et al., 1995; Patten and Placzek, 2000; 
Placzek et al., 1993; Roelink, 1996; Yamada et al., 1993), (see Figure 6 
below).  In support for these studies, the Shh null mutant exhibited a failure 
to generate ventral cells along the entire extent of the CNS (Chiang et al., 
1996; Ohkubo et al., 2002).  The transmembrane receptor Patched (Ptch) 
has been shown to be a receptor for the SHH ligand.  Mice with genetically 
modified Ptch, express a SHH-insensitive receptor, show a similar 
phenotype compared with the Shh null mutant (Goodrich et al., 1996).  
Upon receptor-ligand interaction, Ptch activity is inhibited and another 
transmembrane receptor, Smoothened (Smo) becomes derepressed.  Ptch 
function, opposed by SHH signaling, controls thus this pathway from 
overactivation of SHH target genes.  Released Smo allows for the 
transcriptional activation of downstream target genes via the Gli family of 
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zinc finger transcription factors (Dominguez et al., 1996; Hui et al., 1994; 
Hynes et al., 1997; Hynes et al., 2000).  Moreover, the responses of neural 
plate explants exposed to SHH signaling activities divides HD-containing 
transcription factors into those that are induced and those that are 
downregulated (Briscoe et al., 2000; Briscoe et al., 1999; Ericson et al., 
1997a; Goulding et al., 1993; Tanabe and Jessell, 1996).  Furthermore, 
studies put forward have shown that BMP antagonists are expressed in the 
transient notochord during stages when DV patterning mechanisms operate 
(Liem et al., 2000; McMahon et al., 1998).  These two studies illuminated 
the important and distinct roles of which BMP antagonists, such as noggin 
and follistatin possess in the developing neural tube.  An interesting 
conclusion is the fact that ventral spinal cord progenitors are exposed to 
ongoing BMP activity which in turn is modulated by the notochord secreted 
antagonist follistatin which thereby sensitizes the progenitor cells response 
to SHH (Liem et al., 2000). 
 
 Several studies have reported how non-neural tissues, such as the 
epidermal ectoderm flanking (lateral to) the neural plate, induce dorsal 
regions and/or structures that further instruct adjacent neural precursors to 
adopt specific DV characters, a situation similar to the induction of ventral 
cell types by the notochord (Altmann and Brivanlou, 2001; Barth et al., 
1999; Dickinson et al., 1995; Furuta et al., 1997; Lee and Jessell, 1999; 
Liem et al., 1997; Liem et al., 1995).  
Studies have exemplified this by 
recombining ventral neural explants with 
the overlying non-neural surface ectoderm 
and thereby generating expression patterns 
indicative of the specification of dorsal 
spinal cord cell fate (Kelly and Melton, 
1995; Takada et al., 1994).  Moreover, the 
molecular nature of these instructive 
determinants secreted by both the flanking 
non-neural ectoderm and the dorsal axial 
tissue (the roof plate) has been shown to 
correspond to the same family of factors, 
namely the TGF-β family.  More 
precisely, Bmp expression in the non-neural epidermal ectoderm induces 
BMPs in the marginal cells of the neural plate that will contribute to the 
dorsal roof plate.  This inductive cascade will eventually lead to the 
generation of specific dorsal interneurons at restricted subdomains in the 
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dorsal neural tube (Lee and Jessell, 1999; Lee et al., 1998; Liem et al., 1997; 
Liem et al., 1995; Monsoro-Burq et al., 1996), (see Figure 6 above). 
 
 In contrast to the dorsalization of the neural tube where multiple 
BMPs have a more qualitative role in generating separate subsets of dorsal 
interneurons, a single SHH exerts its function through the generation of a 
gradient, much like a morphogen.  Target genes are induced when different 
threshold levels are exceeded (Briscoe and Ericson, 1999; Ericson et al., 
1997a; Liem et al., 2000; Litingtung and Chiang, 2000a).  Treating isolated 
neural explants with BMP proteins and their antagonists results in that 
several differential responses are elicited, implicating that the inductive 
capabilities of various TGF-β family members are required and act 
discriminately in the process of specifying the different dorsal interneuronal 
populations (Lee et al., 1998; Liem et al., 1997).  It is unclear how BMPs 
mediate such a wide variety of responses, but it may be a result of the 
diversity in the components of signal transduction (von Bubnoff and Cho, 
2001).  Signal transduction of the BMP pathway begins with the formation 
of the ligand-receptor complex.  The BMP type II receptor (BMPR-II) is the 
primary ligand-binding component, whilst the type I receptors (BMPR-
IA/B), although capable also of ligand interactions, are primarily 
responsible for the propagation of the signaling activity into the cell.  This 
step is achieved through the BMPRs inert kinase activity, trans-
phosphorylating serine and threonine residues positioned at conserved sites 
in the intracellular portion of the receptors (Panchision et al., 2001).  The 
activated type I receptors are now able to phosphorylate their DNA-binding 
intracellular mediators, the Smads, which then heterodimerize with their 
common co-partner Smad4. Smads are subdivided into three classes, the 
receptor-regulated (R-Smads), the common (Co-Smads), and the inhibitory 
(I-Smads) Smads, each possessing distinct functions (Wrana and Attisano, 
2000).  The Smad-complex translocates into the nucleus and regulates 
transcriptional activation of target genes (Itoh et al., 2000). 
 
 Loss-of-function studies attempting to elucidate the potential role of 
BMPs in the specification of dorsal cell identities have been hindered by the 
fact that there are several family members expressed in a nested manner, 
thus probably exhibiting redundancies (Altmann and Brivanlou, 2001).  
However, the spontaneously generated mouse mutants affecting the 
development of the dorsal neural tube described for the open brain (opb) 
and the dreher (dr) is consistent with perturbations in dorsal inductive 
signaling since dorsal markers are lost resulting in the deficiencies in the 
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specification of dorsal interneurons (Gunther et al., 1994; Manzanares et al., 
2000; Millonig et al., 2000).  Other examples are the genetically modified 
mouse strains in which either both Bmp5/7 or the Gdf7 loci have been 
rendered non-functional (Lee et al., 1998; Solloway and Robertson, 1999). 
In contrast to the single Bmp mutants which exhibited mostly a defect in the 
regulation of cell expansion the compound Bmp mutant is embryonic lethal 
indicating functional redundancy.  On the other hand, the Gdf7 null mutant 
displays a selective loss of a single class of dorsal interneurons, the DI1A 
neurons, and the inability of BMPs to compensate for this phenotype may 
indicate that the multiple Bmps expressed by the roof plate cells have 
distinct roles in patterning the dorsal spinal cord.  However, genetically 
ablated roof plate cells, generated by restricting the expression of toxin to 
only Gdf7 expressing cells, caused the loss of the two dorsal most types of 
interneurons (DI1/2) and the subsequent ventral-to-dorsal expansion of the 
more ventral dorsal interneuron population DI3 (Lee et al., 2000a; 
Manzanares and Krumlauf, 2000).  The pivotal role for the roof plate as a 
signaling center in the specification of dorsal cell fates in the spinal cord 
was shown in rescue experiments executed therein.  Further evidence 
supporting BMPs role in the specification of dorsal cell characters arise 
from genetic studies of zebrafish mutants in which different components of 
the BMP signaling pathway were disrupted (Barth et al., 1999; Nguyen et 
al., 2000).  The conclusions acquired from gain-of-function studies utilizing 
constitutively active BMPR-IA goes hand in hand with the previously 
mentioned loss-of-function results.  Overexpression of constitutively active 
BMP receptors ectopically induces Wnt expression, providing evidence for 
the specification of dorsal cell fates through a BMP signaling pathway 
(Liem et al., 1997; Panchision et al., 2001). 
 
 The vertebrate homologs to the Drosophila wingless (wg) gene, Wnt 
encode an intercellular signaling molecule which has been shown to play 
important roles in several embryonic processes (Parr and McMahon, 1994; 
Parr and McMahon, 1995).  WNT proteins binding to Frizzled receptors and 
their co-receptors, LRPs, activate Dishevelled which in turn inhibits the 
activities of glycogen synthase kinase-3.  The inhibition of GSK-3 results in 
the stabilization of the intracellular mediator, β-catenin, which then 
becomes translocated into the nucleus.  Upon translocation free β-catenin 
forms nuclear complexes with members of the TCF/LEF family of 
transcriptional regulators (Huelsken and Birchmeier, 2001; Nusse, 2001; 
Pinson et al., 2000; Wodarz and Nusse, 1998).  WNT signaling activity can 
be negatively regulated by various extracellular proteins and intracellular 
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components of the WNT signaling pathway (Kim et al., 2001; Niehrs et al., 
2001; Piccolo et al., 1999; Wodarz and Nusse, 1998).  For instance, the 
genetically ablated gene functions of a co-factor to the GSK-3 complex, 
Axin, in zebrafish results in the overstabilization of β-catenin and thus the 
overactivation of the WNT pathway associated with the observed 
phenotypical fate changes affecting the AP patterning of the anterior CNS 
(Heisenberg et al., 2001). 
 
 Several Wnts are expressed in or adjacent to the dorsal neural tube 
implicating a role in imposing DV information onto the adjacent neural 
precursors.  However, there is no direct evidence for that they would 
contribute to the DV patterning of the neural tube (Dickinson et al., 1994; 
Hollyday et al., 1995; Parr and McMahon, 1994).  Mis-expression of Wnt1 
throughout the spinal cord in mouse result in an enlargement of the dorsal 
neural tube indicating that the role of WNT signaling activity might 
influence neural tube patterning by regulating the cell proliferation of 
progenitor populations (Dickinson et al., 1994).  In line with this is the 
analysis of Wnt1 single and Wnt1/ -3 double mutant mice in which a 
significant reduction in numbers of dorsal cell types is observed.  However, 
several cell types are still found at distinct positions along the DV axis of 
the neural tube indicating again a proliferative defect rather than alterations 
in cell identities (Dickinson et al., 1994; Ikeya et al., 1997). 
 
Retinoid-mediated signaling activities 
 The requirement for the lipid-soluble derivative of vitamin A 
(retinol) for successful completion of vertebrate embryogenesis is well 
established (Anchan et al., 1997; Avantaggiato et al., 1996; Lohnes et al., 
1995; Maden, 1999; Maden, 2002; Tabin, 1991; Thaller and Eichele, 1996; 
Wagner et al., 1990).  Retinoid signaling involves a two-step metabolic 
event in which retinol is first converted to retinal, and then retinal is 
converted to the active ligand retinoic acid (RA) – a small steroid-like 
hormone.  This two-step oxidation process involves enzymes belonging to 
the family of alcohol dehydrogenases (Swindell and Eichele, 1999).  
Retinoids modulate their transcriptional activity via nuclear retinoic acid 
receptors (RAR) belonging to the steroid superfamily of ligand-activated 
transcription factors.  Retinoic acid receptors must heterodimerize with 
retinoid X receptors to stimulate transcription (van der Wees et al., 1998).  
These complexes recognize DNA sequences characterized as retinoic acid 
response elements (RAREs), and are responsible for target gene activation 
(Balkan et al., 1992; Perz-Edwards et al., 2001; Rossant et al., 1991).  In 
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addition, there are several cellular RA metabolic and catabolic binding 
proteins, synthetic enzymes, and transcription co-factors which mediate RA 
production or availability in a variety of tissues (McCaffery and Drager, 
2000; McCaffery et al., 1999).  Both excess RA and a deficiency of RA, 
either by providing exogenous retinoids or altering the activity of 
endogenous RA receptors, cause specific abnormal development of the CNS 
(Avantaggiato et al., 1996; Gale et al., 1999; Simeone et al., 1995; White et 
al., 2000). 
 
 Although SHH activity is sufficient to induce several aspects of 
ventral and intermediate cell characters along the entire extent of the 
developing CNS in vitro, shh null mutant mice have shown that the 
requirement is restricted only to the cells in the floorplate and motor 
neuronal progenitors, as well as the two most ventral interneuronal 
populations (Briscoe and Ericson, 2001; Litingtung and Chiang, 2000b).  
However, ventral progenitors give rise to two additional classes of ventral 
interneurons.  The most dorsally located ventral subdomains, positioned 
intermediately just ventral to the dorsal interneuronal progenitors, are 
populated by interneurons that expresses members of homeodomain-
containing transcription factor Dbx.  The specification of these two classes 
of interneuronal progenitors requires RA-mediated signaling in a SHH-
independent mode, thus suggesting here a role for retinoids in primary 
neurogenesis (Grun et al., 2000; Pierani et al., 1999).  Support is provided 
from generated in vitro data, acquired from ES cell cultures, implicating 
RA-mediated signaling activity in the specification of ventral interneuronal 
fates, and thus indicating that RA may act as a regulator of motorneuron 
patterning genes (Renoncourt et al., 1998). 
 
Proposed model for DV patterning of the caudal CNS 
 The proposed model that emerges involves the instructive and 
opponent signaling activities originating from adjacent axial, non-neural 
tissues.  At dorsal positions in the developing neural tube, the inductive 
signaling cascade is propagated by the Bmps (and possibly Wnt) expression 
in the roof plate, induced upon BMP signaling activities from the flanking 
non-neural ectoderm. BMP and WNT signaling activity could then specify 
dorsal cell fates in a cooperative manner.  In this proposed model, WNT 
activity expands a pool of a progenitor population that upon exposure to 
BMP signaling activity are imposed a dorsally restricted cell character (see 
Figure 7 below). 
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 In the process of integrating positional information in the neural 
tube, a BMP activity-dependent model for DV patterning of the caudal CNS 
suggests that the reduced levels of expression of inductive determinants 
secreted from axial structures positioned ventrally in the CNS, such as SHH 
(or alternatively BMP antagonists), will eventually lead to the derepressed 
state of dorsally located 
target genes, which are in 
turn regulated by the BMP 
(and possibly the WNT) 
family members.  The 
derepression strategy 
predicts that the 
transcriptional code directs 
cell differentiation by 
modulating the repression 
of other repressors.  This is 
achieved by involving 
transcription factors that 
operate as repressors, with crucial roles in directing cell fate by suppressing 
alternative cell characters (see Figure 7).  These transcription factors are 
divided into two groups (termed class I and II proteins) on the basis of how 
they respond to SHH signaling.  Class I proteins are repressed by SHH 
signaling, whereas the expression of class II proteins in neural progenitors 
requires exposure to SHH activity (Briscoe and Ericson, 2001). 
 
 The spatial restriction in the process of generating the intermediate 
domain, characterized by Dbx positive interneuronal populations, appears to 
be controlled by the previously mentioned opponent pathways (Pierani et 
al., 1999).  High expression levels of SHH and BMP secreted ventrally and 
dorsally, respectively, in the neuroectoderm of the developing spinal cord, 
might be key steps in the process of restricting a domain exhibiting low-
level signaling activities of these two signaling pathways to an intermediate 
position.  Thus promoting a domain in which retinoid-mediated signaling 
may act to specify cells of intermediate spinal cord character. 
 
Dorsoventral patterning of the telencephalon 
 
Specification of telencephalic ventromedial cell fate 
 In contrast to the mechanism that specifies ventromedial cell 
characters in the spinal cord (the epichordal CNS), the transient axial 
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mesodermal structure (the notochord) does not form rostral to the mid-
diencephalic border (the prechordal CNS).  Furthermore, the initiation of 
cells expressing the homeodomain transcription factor Nkx2.1 in the 
developing ventromedial telencephalon is observed well before any 
telencephalic Shh expression has commenced.  This, together with the 
degree of topographical complexity, indicates that some aspects of forebrain 
patterning mechanisms may be distinct from those operating in other CNS 
regions (Gunhaga et al., 2000; Rubenstein et al., 1998; Shimamura and 
Rubenstein, 1997). 
 
 Gunhaga et al. 2000 showed that node-derived SHH is responsible 
for the initial ventral specification of the neural plate cells, suggesting that a 
subset of these progenitors, displaying anterior and some ventral 
characteristics, becomes re-specified and acquires more dorsal characters, 
whilst the other subset of progenitors are exposed to signaling activities 
maintaining their ventral-most character.  Additional studies have provided 
further evidence as to the role of SHH activity in patterning mechanisms 
along the ML/DV axis of the developing anterior-most CNS.  Shh 
expression in the prechordal plate is important to maintain Nkx2.1 
expression in the overlying neural ectoderm.  Furthermore, it is 
demonstrated that the competence of a progenitor to respond to SHH 
activity is linked to its position along the AP axis of the neural plate, and is 
gradually lost in the rostral-most CNS precursors as embryogenesis 
proceeds through neurula stages (Gunhaga et al., 2000; Patten and Placzek, 
2000; Pera and Kessel, 1997; Shimamura and Rubenstein, 1997) (discussed 
in Papers I and II). 
 
 Mutant mice with nonfunctional members of the SHH signaling 
pathway generate a telencephalon in which the ventromedial domain, the 
future pallidum, is abolished.  The Shh mutant phenotype is characterized by 
eliminated expression of the homeodomain transcription factor Nkx2.1. 
Besides the loss of ventromedial telencephalic gene expression pattern, a 
dorsal to ventral shift of the more dorsal progenitor domains is observed 
(Chiang et al., 1996; Sussel et al., 1999).  Moreover, Fgf expression in the 
ventromedial region of the telencephalon is lacking, probably as a 
consequence of the fact that the cells that would populate this region are not 
specified or maintained during these conditions (Ohkubo et al., 2002). 
 
 Node-derived SHH signaling activity emerges as a required 
instructive secreted factor for the specification of telencephalic ventromedial 
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cell character, the future pallidum.  Moreover, the expression of the 
transcription factor Nkx2.1 is descriptive for the restriction of the 
ventromedial telencephalic region.  Additionally, SHH signaling appears not 
to be required for specification of the more dorsal cell identities, populating 
the future striatum and cortical regions, since these regions do form in the 
Shh null mutant mice (discussed in Papers I and II). 
 
 As described in a previous section, the ANR can be regarded as a 
signaling center since this structure share some commonly defined 
functional and molecular characteristics to secondary organizing centers.  
The ANR is a morphologically defined structure at the junction of the 
anterior-most neural plate and the non-neural ectoderm (Couly and Le 
Douarin, 1988; Eagleson and Dempewolf, 2002; Martinez-Barbera et al., 
2001; Shimamura and Rubenstein, 1997).  The main function of the ANR, 
during early neurogenesis, may reside in the expression of FGFs which will 
be one of the characteristics of the anterior dorsoventral midline, the 
commissure plate.  FGFs bind and activate high affinity receptor tyrosine 
kinases.  Four mammalian FGF Receptor genes have been shown to give 
rise to a larger number of receptor isoforms through alternative splicing of 
pre-mRNAs.  Expression of these receptor isoforms appears to be regulated 
in a tissue-specific manner (Walshe and Mason, 2000).  An additional 
mechanism regulating FGF activity involves heparin or heparan sulfate 
proteoglycans (HSPG), molecules which facilitate ligand-receptor 
interactions.  Fibroblast growth factors activate their receptors by generating 
homo-/heterodimer receptor complexes, which is mediated by the 
extracellular domain of the receptor (Goldfarb, 2001; Ornitz et al., 1996), 
and ref therein.  Dimerization results in trans-phosphorylation events 
subsequently activating the intracellular receptor pathway which is mediated 
largely by the mitogen-activated protein kinase (RAS/MAPK) pathway 
(Uzgare et al., 1998).  FGF8 activity, secreted from the ANR, has been 
shown to induce the expression of BF-1 (brain factor-1, recently renamed to 
Foxg1) in the adjacent neuroectoderm (Shimamura and Rubenstein, 1997).  
Targeted disruption of BF-1 function in mouse embryos causes hypoplasia 
of the cerebral hemispheres – a phenotype caused by premature 
differentiation resulting from early depletion of forebrain neural progenitors 
(Xuan et al., 1995).  Besides a proliferation defect, Bf-1 mutant mouse and 
Xenopus embryos display dorsoventral patterning deficiencies consisting of 
a lack of subpallial structures and cortical lamination (Xuan et al., 1995).  
Ectopic spread of Bmp expression in telencephalic neuroepithelium have 
been associated with the loss of BF-1 function which could account for the 
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phenotypes described (Dou et al., 1999; Furuta et al., 1997; Xuan et al., 
1995). 
 
Specification of dorsal telencephalic cell characters 
 Members of the superfamily of TGF-β secreted signaling factors are 
expressed in and around the developing anterior forebrain suggesting that 
they may have a role in dorsoventral patterning of the telencephalon (Furuta 
et al., 1997).  However, knock-out mice rendering the BMP pathway 
nonfunctional, by individually tampering with several BMPs and their 
receptors (BMPR1a/-1b), have not shed any light regarding their role in the 
initial generation of patterned gene expression in the telencephalon.  In 
contrast, certain studies have implicated that BMP signaling activity is 
required for generation of the dorsomedial region of the telencephalon, the 
roof plate (Furuta et al., 1997; Hebert et al., 2002).  The domain of Bmp co-
expression is associated with reduced cell proliferation and regional 
apoptosis coinciding with the formation of a thin monolayer of secretory 
columnar epithelium – the choroid plexus. Ectopic BMP signaling in the 
developing CNS in both avian and mouse model systems has been shown to 
block ventral cell identities, while the involvement of BMP signaling in the 
initial specification of prospective dorsal telencephalic character remains 
poorly understood (Paper I and II).  Moreover, Bmp expression in the roof 
plate regulates the expression of a specific LIM homeodomain containing 
transcription factor Lhx2 in the developing cortical region of the 
telencephalon (Monuki et al., 2001).  The altered expression patterns of 
Lhx2 in the telencephalon in these mice lead to defects in cortical growth 
and patterning.  The phenotype has been linked to an excess of telencephalic 
epithelium – a region of expanded dorsomedial telencephalon (Monuki et 
al., 2001).  Further studies put forward have shown that Lhx2 function may 
be crucial for the competence of the dorsal/precortical neural epithelium to 
respond to dorsalizing signals secreted from the adjacent WNT- and BMP-
rich telencephalic roof plate region (Bulchand et al., 2001).  However, the 
Lhx2 mutant mice – in which the dorsomedial tissue has expanded – do not 
exhibit altered molecular characteristics of the subpallial and the remaining 
of pallial regions.  Lhx2 appears to regulate patterning events after the initial 
DV specification of the telencephalon has commenced, and thus are 
somewhat noninformative regarding the initial process of imposing early 
DV information in the developing telencephalon. 
 
  A spontaneous mouse mutant called “extra toes” was discovered 
(Johnson, 1967), in which the mutation generating the phenotype was 
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subsequently localized to the loci transcribing a member of the Gli family of 
highly conserved zinc finger transcription factors, namely Gli3 (Franz, 
1994; Hui and Joyner, 1993; Hui et al., 1994).  Gli1-3 all show 
dorsoventrally restricted expression patterns along the entire neural tube, 
where they have been implicated in the regulation of certain aspects of SHH 
signal transduction (Borycki et al., 2000; Grove et al., 1998; Hui et al., 
1994; Litingtung and Chiang, 2000b; Matise et al., 1998; Ruiz i Altaba, 
1998).  Mouse mutants deficient in Gli function express a wide range of 
abnormal development, including the telencephalon, thus indicating that 
they have a role in telencephalic patterning.  The reported phenotypes of 
telencephalic development in these mutants include the reduction and mis-
specification of the dorsal-most structures.  Additionally, dorsal expansion 
of subpallial characters are observed in these mutant mice (Tole et al., 
2000).  The dorsal medial-most choroid plexus epithelium and the 
dorsomedial margin of the embryonic cortex, the cortical hem, are absent, 
possibly leading to the associated reduction or loss of cortical telencephalic 
cell types. 
 
 At more caudal levels of the developing CNS, the dorsomedial 
region of the telencephalon resembles the roof plate, regarding its position 
and the genes expressed therein.  Several members belonging to the Bmp 
and Wnt families of signaling molecules are expressed in a nested and 
overlapping manner in the telencephalic roof plate (Furuta et al., 1997; 
Grove et al., 1998).  WNTs have been shown to be mediators and targets of 
Gli transcriptional regulation during neural and mesodermal development in 
Xenopus (Mullor et al., 2001).  This observation was supported in the “extra 
toes” mutants, since the expression of these secreted determinants (WNT, 
BMP) are lost in the Gli3 mutant background (Franz, 1994; Grove et al., 
1998).  The vertebrate homologs of the Drosophila head gap gene empty 
spiracles (ems), Emx1/ -2, are expressed in the telencephalon and have been 
shown to be involved in cortical development (Boncinelli et al., 2000; 
Cecchi and Boncinelli, 2000; Pannese et al., 1998; Simeone et al., 1992; 
Yoshida et al., 1997).  Emx1 is nearly abolished in Gli3 null mutants, while 
discrepancies in the expression of Emx2 (either absent or not affected) are 
explained by the choice of the background in which the mutant mice were 
maintained (Theil et al., 1999; Tole et al., 2000).  The function of Gli3 may 
thus be required to maintain Emx expression which alone is unlikely to be 
responsible for the phenotype characteristic of the “extra toes” mutant 
mouse, since Emx mutant mice do not generate the same deficiencies in DV 
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patterning of the telencephalon (Pellegrini et al., 1996; Tole et al., 2000; 
Yoshida et al., 1997). 
 
 Assigning inductive roles to telencephalic BMP and/or WNT in the 
process of patterning the telencephalon has therefore been elusive.  Since 
Gli3 functions as a repressor of SHH signaling activity dorsally, is the 
ventral to dorsal shift of subpallial gene expression patterns a sign of 
increased SHH activity, or is the alternative explanation true in which the 
absence of a dorsal signaling center is responsible for the generated 
phenotype – a partial derepression of signaling activity specifying ventral 
telencephalic identity along with the absence of a putative dorsomedial 
signaling center?  Observation of ectopically induced SHH activity in the 
Gli3 mutant mice together with detected molecular characteristics of 
subpallial specification indicated a possible upregulation of Shh expression.  
However, examinations of mutant forebrains provided evidence against such 
an upregulation (Theil et al., 1999; Tole et al., 2000). 
 
 Several members of the WNT family are expressed in the “WNT-
rich” structure – the cortical hem, a boundary between the hippocampal 
primordium and the telencephalic choroid plexus – and have thus been 
suggested to play a role in the patterning and growth of the cortex (Grove et 
al., 1998; Theil et al., 1999; Tole et al., 2000).  However, in contrast to the 
developing telencephalic cortical region, the adjacent region – populated by 
the progenitors of the hippocampus – fails to be specified in the Wnt3a or 
Lef-1 mutant mice (Galceran et al., 2000; Roelink, 2000).  β-catenin mutant 
embryos display a forebrain phenotype that resembles the Wnt1/ -3a 
compound mutant embryos in which the enlarged forebrain vesicles exhibit 
a thinner neuroepithelial wall resulting from an increased apoptotic rate 
(Brault et al., 2001).  However, analyses of mutants affecting the WNT or 
the BMP pathways have precluded any direct conclusions about their 
role(s), if any, in the initial specification of neural progenitors in the 
telencephalon. 
 
RA signaling in the telencephalon 
 Although deficiencies in RA-mediated signaling during embryonic 
development results initially in an expansion of anterior neural tissue, 
during later stages of telencephalic development the telencephalic vesicles 
show abnormal development accompanied by a dramatically reduced 
growth, primarily attributed to programmed cell death or apoptosis.  It is 
well established in various model systems that RA-mediated signaling 



Introduction 
__________________________________________________________________________________________  

 31 

during gastrula stages is involved in promoting progenitors of a more caudal 
identity.  This is achieved through restricting anterior gene expression to the 
rostral CNS, at the same time promoting more caudal gene expression 
patterns (Avantaggiato et al., 1996; Durston et al., 1989; Ruiz i Altaba and 
Jessell, 1991; Simeone et al., 1995).  However, this discrepancy is explained 
as a consequence of the loss of Shh and Fgf expression in the 
neuroepithelium, and thus a reduced promotion of survival of the 
surrounding mesenchyme (LaMantia, 1999; Schneider et al., 2001).  
However, the absence of the entire telencephalon indicates that limited 
quantities of retinoids are as terratogenic for CNS development as 
overabundance resulting in that limited conclusions – regarding mechanisms 
of DV patterning – can be made from these observations. 
 
 Prior to anterior neural tube closure in mice, the retinoic acid 
synthesizing enzyme RALDH2 is localized to the rostrolateral head 
mesenchyme, the prospective ventral part of the optic vesicle and the 
adjacent frontonasal process (Haselbeck et al., 1999).  During anterior 
neural tube closure in both mice and avian embryos, Raldh3 expression 
represents an additional source of RA synthesis in the developing rostral 
head (Li et al., 2000; Mic et al., 2000).  At this stage, Raldh3 is localized 
ventrally in the surrounding head epithelium and slightly later in a larger 
part of the ventral rostral head ectoderm – the olfactory placode 
primordium.  These expression domains are confined within transgenic 
expression domains of RARE-reporter constructs, supporting the idea of on-
going RA-mediated signaling activities in the developing telencephalon 
(Balkan et al., 1992; Colbert et al., 1993; Rossant et al., 1991; Wagner et al., 
2000).  During these embryonic stages, retinoids are believed to be involved 
in maintaining proper growth of forebrain structures as a result of retained 
Shh and Fgf expression in the ventral forebrain (LaMantia, 1999; LaMantia 
et al., 2000; Schneider et al., 2001).  RA-mediated signaling activity has, 
however, also been proposed to exhibit a dual function when down 
regulating the winged-helix containing transcription repressor brain factor 1 
(BF1 or Foxg1).  RA-mediated signaling activity suppressed anterior genes 
and promoted posterior genes as well as accelerated the timing of neuronal 
differentiation in the anterior neuroectoderm of Xenopus (Bourguignon et 
al., 1998).  BMPs are known to repress Bf1 expression (Dou et al., 1999).  
BF1 activity restricts the caudal to rostral expansion of WNT and BMP by 
recruiting the co-repressor proteins Groucho and Hes, besides preventing 
anterior neural plate cells from premature neuronal differentiation (Dou et 
al., 2000; Dou et al., 1999; Xuan et al., 1995; Yao et al., 2001).  Analyses of 
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Shh mutant mice displayed an initially normal expression of Bf1.  This 
expression was not maintained, coinciding with the loss of Fgf expression, 
suggesting that early expression of Bf1 is supported initially by Fgf8 
expression (Ohkubo et al., 2002).  Accordingly, Bf1 mutant mice exhibit 
increased BMP signaling and decreased Shh expression, resulting in 
proliferation defects and loss of ventral cell identity, and thus phenocopying 
deficiencies in retinoid signaling.  
 
 Our knowledge regarding the role of retinoids in the initial 
generation of restricted gene expression patterns along the telencephalic 
DV-axis is limited. This includes a late requirement for neuronal 
differentiation in adopting a striatal character (Mata De Urquiza et al., 1999; 
Oulad-Abdelghani et al., 1997; Toresson et al., 1999). Neuronal 
differentiation in the striatal anlage comprises a radial migration path along 
radial glial cells. These glial cells are localized sources of retinoids. As 
striatal precursors mature, they leave the ventricular zone and migrate into 
the deeper layers of the neuroepithelium and become exposed to retinoids, 
which results in the activation of a genetic programme for striatal 
development (Toresson et al., 1999; Toresson et al., 2000) 
 
 Other studies have implicated RA-mediated signaling in forebrain 
development as possible effectors of the generated phenotypes where 
regional differentiation and morphogenesis are compromised.  The absence 
of local RA signals in the forebrain of Pax6 mutant mice (small eye) may 
contribute to the failure of olfactory bulb and epithelium development 
(Anchan et al., 1997; Enwright and Grainger, 2000).  In contrast, RA-
mediated signaling activity could be detected in the Gli3 (extra toes) 
background (LaMantia, 1999; LaMantia et al., 2000).  These mutant mice 
lack an olfactory bulb, but have an olfactory epithelium – a local source of 
RA signaling activity.  However, RA-mediated gene expression is absent in 
the extra toes forebrain neuroepithelium which may suggest transcriptional 
insensitivity to RA.  However, the role of RA-mediated signaling in the 
initial generation of telencephalic regionalization along its initial DV-axis 
remains controversial and poorly understood 
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Methodology 
 
 

One difference between vertebrates and invertebrates that creates problems 
when attempting to elucidate the generation of patterned gene expression is 
the phenomenon of redundancy.  Vertebrate species have acquired multiple 
copies of genes through evolution.  In the study of developmental 
embryogenesis, especially the transduction of signaling cascades, the 
invertebrates have proven to be a simpler model species and thus much of 
the knowledge of these signaling pathways in vertebrate species has been 
extrapolated from original work done in these model species. 
 
 Redundancy originates from the fact that several members of a 
single family of signaling molecules are expressed simultaneously, resulting 
in functional overlap among these proteins.  Additional problems that occur 
involve the fact that, besides having overlapping expression, different 
family members are also capable of exhibiting separate functions during 
different stages of embryogenesis.  Certain functions are crucial for early 
development to proceed normally and when tampered with, the changes 
become lethal for the embryo.  Collectively, this leads to limited 
conclusions can be made from knock-out studies, especially if one tries to 
extrapolate.  However, general hints can be extrapolated from these studies 
and examined in detail by utilizing other methods, such as different kinds of 
in vitro assays.  Using these in vitro assays allows one to more simply 
dissect the underlying mechanism of action of an inductive process. 
 
 We employed in vitro (explant technique) and in vivo (intact 
embryos) assays of neural differentiation of avian neural tissue.  In vitro 
data can be acquired through the isolation of tissues (i.e. prospective neural 
anlage separated from adjacent germ layers and structures), which are then 
exposed to molecular determinants that either activate or inhibit a 
propagation of a specific signaling cascade.  The power of this method lies 
in the ability to minimize/control the local milieu.  Additionally, one can 
determine the combinatorial effects of signaling pathways when attempting 
to generate specific cell characters.  The results generated are then validated 
in the intact embryo. 
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Aims 
 
 The aim of this thesis was to examine how cells within the anterior 
forebrain, the telencephalon, acquire their initial dorsoventral identity.  The 
avian embryo was used as a model organism. 
  
Specific goals were: 

 
• To understand when telencephalic neural progenitors acquire 

their intermediate and dorsal characters 
 
• To investigate the cellular origins and the molecular nature of 

extrinsic patterning signals 
 
• To determine the molecular mechanism behind the initial process 

of specifying telencephalic progenitors exhibiting intermediate 
or dorsal cell identity. 
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Results 
 
(Paper I) Specification of dorsal telencephalic character by 
sequential WNT and FGF signaling 
 
Progressive acquisition of prospective dorsal telencephalic character 
 Positional character representing different dorsoventral regions can 
be identified by analyzing the expression patterns of homeodomain-
containing transcription factors restricted to distinct subregions of the 
developing telencephalon (Bell et al., 2001; Ericson et al., 1995; Skogh et 
al., 2003; Toresson et al., 2000; Yun et al., 2001). 
 In Hamilton and Hamburger (Hamburger, 1951) (HH) stage 15 
embryos, Nkx2.1 is expressed in ventral cells, while Pax6 is expressed in 
dorsal cells.  Furthermore, very few Ngn2 cells and no Emx1 or Meis2 cells 
are present in the most dorsomedial position.  These Pax6+ cells are defined 
here as generic dorsal telencephalic cells.  In HH stage 22, however, (which 
is equivalent to E3.5) Meis2 is highly expressed in the intermediate region 
while dorsally; Pax6, Ngn2 and Emx1 are expressed with substantial 
overlap.  This Pax6+/ Ngn2+/ Emx1+ domain represents here cells that have 
acquired a definitive dorsal character.  Prospective ventral telencephalic 
regions still express the transcription factor Nkx2.1.  Thus, between HH 
stages 15 and 22 in vivo, the developing telencephalon appears to acquire 
compartments exhibiting distinct dorsoventral restrictions (see Figure 8 
below, for Figure legends see Appendix).  
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Epidermal ectoderm induces dorsal telencephalic cells 
 At spinal cord levels, many studies have described how non-neural 
tissue flanking the neural plate - as a source of inductive molecules – has the 
ability to generate dorsal neural tube structures, the roof plate, and a pool of 
neural crest progenitors (Lee et al., 2000a; Lee and Jessell, 1999; Liem et 
al., 1995). 
 At HH stage 8, the entire anteroposterior extent of the CNS, 
including the telencephalon, is flanked by non-neural epidermal ectoderm, 
termed the neural folds.  In tissue-culturing experiments, prospective dorsal 
telencephalic explants, grown with or without the adjacent neural fold 
region, indicated that signals derived from the flanking epidermal ectoderm 
induce definitive dorsal telencephalic character.  Moreover, the “dorsal” 
neural fold structure, adjacent to the prospective dorsal telencephalic 
territory, blocked ventral identity and imposed definitive dorsal character 
when recombined with prospective ventral neural tissue.  In other words, the 
generation of Nkx2.1+ cells was blocked, whilst Pax6+, Ngn2+, and Emx1+ 
cells were generated. Meis2+ cells were not detected.  These data suggest a 
non-cell autonomous event and that the instructive signals are extrinsic to 
the neural plate cells, being secreted from the adjacent cells of the neural 
fold region. 
 
BMPs do not induce early dorsal neural telencephalic cells 
 During gastrula stages and stretching into the start of neurogenesis, 
the non-neural tissue flanking the neural plate - and subsequently the neural 
fold structures along the entire extent of the AP-axis – have been shown to 
be a source of various members of families of different signaling molecules.  
One of these consists of members of the TGF-β-superfamily, namely the 
BMPs (Furuta et al., 1997; Lee et al., 1998; Liem et al., 1997). 
 In the neural folds of the prospective forebrain regions, Bmp4 is 
expressed in a domain abutting the developing dorsal telencephalon.  At 
later stages of neurogenesis, Bmp4 expression surrounds the entire 
prospective telencephalon.  These expression patterns suggest that 
prospective telencephalic cells may be exposed to BMP activity.  In our in 
vitro assay, we show that BMP is neither required nor sufficient for the 
specification of dorsal telencephalic character.  Our evidence for the idea 
that the specification of prospective dorsal telencephalic cell types does not 
require BMP activity is based on a lack of re-specification of prospective 
telencephalic cells when exposed to antagonists of BMP signaling activity. 
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 The genetic evidence is consistent with these findings.  Such studies 
have indicated that the only compartment in the developing telencephalon 
that is able to respond to, and appear to require, BMP signaling activity is 
that of the dorsal midline structures, including the cortical hem and choroid 
plexus (Bulchand et al., 2001; Furuta et al., 1997; Grove et al., 1998; Hebert 
et al., 2003; Hebert et al., 2002). 
 
WNT suppresses ventral cell fate and induces dorsal character in 
ventral cells 
 A group of cells, positioned in the most anterior domain of the 
neural plate has (as one of several events) been able to avoid exposure to 
WNTs.  Accordingly to fate mapping studies, this field of cells, will give 
rise to the prospective telencephalon (Cobos et al., 2001; Couly and Le 
Douarin, 1988; Fernandez et al., 1998).  During neural tube closure, just 
before the neural folds fuse, Wnt expression is detected in these non-neural 
structures (Dickinson et al., 1995; Hollyday et al., 1995; Sasai and De 
Robertis, 1997).  We have examined the spatio-temporal expression patterns 
of Wnt1, -4, -7b, and -8b and have shown that Wnt1/ -4 are expressed in the 
epidermal ectoderm abutting the prospective dorsal telencephalon in the 
regulated spatio-temporal manner, making the epidermal ectoderm a good 
candidate to assign this inductive role – which results in the generation of 
dorsal telencephalic cells.  After neural tube closure, Wnt1 and -4 mRNAs 
are no longer detectable in or adjacent to the prospective telencephalon.  
However, by HH stage 10, Wnt8b is strongly expressed in the prospective 
dorsal telencephalic cells. 
 To test whether WNT activity can specify dorsal cell fates – 
characteristic of the prospective dorsal telencephalon – we exposed HH 
stage 8 prospective ventral telencephalic cells to a series of soluble WNT 
concentrations.  We used both soluble WNT3A and conditioned medium 
containing XWNT8-myc, both signaling through the canonical pathway.  In 
the presence of a concentration gradient of WNT3A, and when exposed to 
the lowest concentration, cells displaying ventral identity (Nkx2.1+) were 
still specified, although in slightly reduced quantity, and were blocked 
progressively more efficiently.  However, with escalating WNT activity, 
prospective ventral telencephalic cells that exhibit no signs of dorsal 
character become gradually more dorsalized, coinciding with the generation 
of Pax6+, Ngn2+, and Emx1+ cells, markers demarcating the prospective 
dorsal telencephalon.  Furthermore, neural plate explants exposed to high 
WNT3A concentration were approximately 30% larger than the control 
tissues.  Altogether, these data support other studies indicating the 
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mitogenic activity of WNTs, but they also indicate that graded WNT 
activity suppresses the generation of prospective ventral telencephalic cells 
and is capable of inducing cells of dorsal telencephalic character (Ikeya et 
al., 1997; Megason and McMahon, 2002; Muroyama et al., 2002). 
 
WNT activity suppresses ventral identity and induces dorsal identity in 
prospective ventral telencephalic cells in intact avian embryos 
 Avian embryos isolated from the yolk and cultured in vitro on their 
vitalline membranes according to the modified new culture method 
(Chapman et al., 2001), were grafted with beads soaked in a solution either 
containing control medium, conditioned medium containing WNT3A, or an 
antagonist of WNT activity – a soluble fragment of the mouse frizzled 
receptor 8 protein (mFz8CRD) containing only the putative extracellular 
domain of the receptor (Hsieh et al., 1999). 
 Beads were grafted into the anterior prosencephalon of HH stage 9-
10 embryos, and allowed to develop until they reached the desired HH stage 
20, after which they were sacrificed.  Embryos that were grafted ventrally 
with beads soaked in conditioned medium containing WNT3A showed 
normal morphology.  They also displayed a ventral shift in the transcription 
factor boundaries of Pax6 and Emx1, whilst the expression pattern of 
Nkx2.1 – indicative of ventral identity – was absent.  Moreover, embryos 
with dorsally grafted beads soaked in mFz8CRD showed lightly truncated 
telencephalic vesicles along with severely reduced or absent numbers of 
Pax6+ and Emx1+ cells.  In addition, the ventral Nkx2.1 expression domain 
was still present, and in some cases even a dorsal shift in its normal 
restriction could be seen.  Again, these data support the studies concerning 
WNTs as a mitogenic signal for neural progenitors.  To this, one can add the 
evidence presented herein that WNT signaling is involved in and required 
for the specification of dorsal telencephalic cells in the intact embryo. 
 
WNT activity is required for the specification of dorsal telencephalic 
cell character 
 The classes of signaling molecules put forward as candidates for 
inducing dorsal cell fate specification are the secreted proteins of the TGFβ, 
WNT, and FGF families.  Members of these different inductive factors are 
expressed in or adjacent to the dorsal neural tube, suggesting that they may 
have a role in patterning, specification and/or proliferation.  However, 
experimental design and conclusions put forward from loss-of-function 
studies have been hindered by the fact that these molecules are members of 
large multigene families with overlapping expression patterns, and thus 
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leading to possibility of redundancy (Crossley et al., 2001; Hollyday et al., 
1995; Ikeya et al., 1997; Lee et al., 2000b; Shimamura and Rubenstein, 
1997). 
 To examine whether WNTs are required for the generation of 
prospective dorsal telencephalic cells, we exposed early prospective dorsal 
telencephalic explants to a soluble fragment of the mouse Frizzled receptor 
8 protein, an antagonist of WNT signaling.  The generation of definitive 
dorsal cell types was blocked, whilst cells expressing prospective ventral 
telencephalic markers were induced in both HH stage 8 prospective dorsal 
neural explants with their adjacent neural fold structures, and HH stage 10 
prospective dorsal neural explants.  In addition, these explants were 
consistently approximately 40% smaller when compared to explants in the 
untreated control experiments, which is in agreement with previous 
evidence of WNT signaling being required for proliferation of dorsal 
progenitor cells at more caudal levels of the developing spinal cord.  These 
results provide evidence for the involvement of WNTs in the specification 
and proliferation of dorsal telencephalic cells. 
 
Sequential WNT and FGF signaling induces definitive dorsal cell 
character in telencephalic progenitors 
 Telencephalic precursors are situated rostral and lateral to the 
prospective eye tissue, itself positioned rostral to diencephalic territory.  
This places the telencephalic anlage at the rostral margin of the anterior 
neural plate, where it is under the influence of signaling pathways that both 
regulate anteroposterior and dorsoventral patterning in neural tissue.  Cells 
express FGFs early in the anterior-most margin of the neural plate termed 
the anterior neural ridge (ANR), and later, during neural tube formation, in 
cells located in the anterior dorsal midline of the telencephalon – which will 
eventually contribute to the formation of the commissural plate (Eagleson 
and Dempewolf, 2002; Shanmugalingam et al., 2000; Shimamura and 
Rubenstein, 1997; Shinya et al., 2001). 
 The fibroblast growth factors, FGFs, comprise a large family of 24 
growth factors which have been shown to act during a vast number of 
processes including development, differentiation and regeneration (Altmann 
and Brivanlou, 2001; Ford-Perriss et al., 2001; Fukuchi-Shimogori and 
Grove, 2001; Furthauer et al., 1997; Hidalgo-Sanchez et al., 1999; Ornitz et 
al., 1996; Rubenstein et al., 1998; Walshe and Mason, 2000).  Patterning 
roles have been reported for the FGF family, indicating that they possibly 
have roles in early telencephalic specification, and as a regulator of 
anteroposterior axis formation (Brewster et al., 2000; Davidson et al., 2000; 
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Nordstrom et al., 2002; Storey et al., 1998; Sun et al., 1999).  In light of the 
fact that WNT3A did not induce a definitive dorsal character when co-
cultured with HH stage 8 prospective dorsal neural explants – but could 
specify cells expressing Pax6, Ngn2, and Emx1 (indicative of definitive 
dorsal telencephalic progenitors) in HH stage 8 prospective ventral 
telencephalic explants – suggests that additional signal(s) are required for 
this process.  Indeed, the pattern of expression of Fgf8 could serve such a 
function.  Between stages HH stages 7-8, Fgf8 is expressed both in the 
prospective ventral telencephalic cells and in the region flanking this 
domain, the ANR.  The prospective dorsal telencephalic cells are not 
exposed to FGF signaling at these stages.  The dynamic expression pattern 
of Fgf8 spreads caudally along the rostral, dorsal midline tissue and reaches 
the prospective dorsal telencephalic territory by HH stages 9-10, coinciding 
with the time at which prospective dorsal telencephalic cells acquire 
definitive dorsal character. 
 To test whether WNT activity requires FGF signaling to induce the 
expression of Pax6, Ngn2, and Emx1 in prospective ventral cells, we 
exposed HH stage 8 ventral explants to a combination of WNT3A and a 
synthetic inhibitor of FGF receptor signaling (SU5402), or alternatively to 
the soluble FGF receptors (sFGFR3c, -4) that bind the ligand FGF8 with 
high affinity, although these receptors bind other members of this family 
with even greater affinity (Mohammadi et al., 1996; Ornitz et al., 1996).  In 
the presence of the FGF receptor inhibitor, WNT3A blocked the generation 
of ventral cells (Nkx2.1+) and induced generic dorsal cells (Pax6+ and 
Ngn2+).  Neither Meis2+ nor Emx1+ cells were generated.  However, when 
grown alone with the FGF receptor inhibitor, explants still generated 
Nkx2.1+ cells - thus indicating that WNT activity, independently of FGF 
signaling induces cells of generic dorsal character (Pax6, Ngn2 positive 
cells) in prospective ventral telencephalic cells.  On the other hand, FGF 
signaling appears to be required for WNT activity to generate definitive 
dorsal cells expressing the battery of transcription factors Pax6, Ngn2, and 
Emx1. 
 To examine whether this is true for prospective dorsal telencephalic 
cells, we added FGF8 alone or in combination with either WNT3A or 
XWNT8-myc to HH stage 8 dorsal neural tissues, which alone generated 
Pax6+, and Ngn2+ cells.  FGF8 alone did not generate Emx1+, whereas 
Pax6+ cells and Ngn2+ cells were still generated, albeit at reduced levels.  
Nonetheless, WNT activity in concert with FGF8 signaling induced Emx1+ 
cells along with the generation of Pax6+ and Ngn2+ cells in these explants.  
When FGF signaling activity was inhibited in dorsal neural explants isolated 
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either from HH stage 8 – with their adjacent neural fold structure – or 
prospective dorsal telencephalic neural explants isolated from HH stage 10, 
the generation of Emx1 was blocked.  On the other hand, Pax6+, and Ngn2+ 
cells were still generated - whereas Nkx2.1 and Meis2 could not be detected. 
 The evidence put forward here suggests that the specification of 
generic dorsal cells in the developing telencephalon requires WNT activity, 
independently of FGF signaling, whereas the generation of the definitive 
dorsal character of the telencephalon during early embryogenesis calls for 
the additional inductive signaling activities of FGFs.  Moreover, in 
agreement with previous studies, high levels of FGF activity alone appear to 
partially inhibit cortical character, suggested here by the lower percentage of 
dorsal telencephalic markers generated. 
 
FGF signaling is required for the generation of telencephalic EMX1+ 
cells in the intact avian embryo 
 As described previously, by utilizing the modified new culture 
method, we were able to implant beads, soaked in a solution containing an 
antagonist of FGF receptor signaling, into the developing anterior 
prosencephalon adjacent to the prospective dorsal neuroepithelium.  These 
embryos displayed a normal morphology and normally restricted expression 
patterns of Nkx2.1+ and Pax6+ cells.  In contrast, the number of Emx1+ cells 
was severely reduced or absent in the dorsal telencephalon.  These results 
are in line with the idea that FGF signaling activity is required to specify 
telencephalic Emx1+ cells, whereas Pax6+ cells are specified independently 
of FGF signaling. 
 
(Paper II) Retinoic acid signaling specifies intermediate 
character in the developing telencephalon 
 
Telencephalic cells acquire intermediate character gradually 
 The previous paper together with previous results generated in the 
lab, we have provided information on the time at which telencephalic cells 
acquire ventral and dorsal character, and the molecular nature of the 
signaling molecules involved in these processes.  These pathways have 
failed to generate any links to the specification of cells of the intermediate 
region of the telencephalon, the future striatum. 
 By exploring the distinct expression profiles of homeodomain 
transcription factors defining early telencephalic regionalization in vivo, we 
have been able to characterize progenitor cells of an intermediate character.  
In HH stage 22 embryos, Meis2 is expressed at high levels in progenitor 
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cells in the intermediate telencephalon.  Pax6 is expressed in progenitor 
cells located both in the dorsal telencephalon and in the most dorsal part of 
the intermediate telencephalon.  Nkx2.1 and Emx1 are expressed in the 
ventral and dorsal regions of the telencephalon, respectively, although they 
are excluded from the intermediate Meis2 expression domain of the 
developing telencephalon.  Thus, progenitor cells exhibiting an intermediate 
character at this stage of development express Meis2; and furthermore, cells 
in the most dorsal part of this intermediate telencephalic domain co-express 
Meis2 and Pax6 (see Figure 9 below). 
 

 
 
Telencephalic cells acquire intermediate character sequentially 
 To examine when telencephalic cells acquire intermediate character, 
we isolated explants from the prospective intermediate region of the 
telencephalon of HH stages 10, 12 and 14, and monitored the generation of 
Meis2+ and Pax6+ cells after culture.  Guided by fate maps, we isolated 
tissue of an intermediate position, between the prospective ventral and 
dorsal territories of the developing telencephalon.  From HH stage 10 
embryos, intermediate explants generated a large quantity of Pax6+ cells, 
while intermediate explants isolated from HH stage 12 embryos generated 
Nkx2.1+, Meis2+, Pax6+, and Emx1+ cells in variable numbers – indicating a 
starting point of the refining of telencephalic regionalization.  In contrast, in 
HH stage 14 embryos, the prospective intermediate telencephalic explants 
generated Meis2+ and Pax6+ cells (22 ± 6% and 23 ± 4%, respectively), but 
no Nkx2.1+ or Emx1+ cells.  Thus, a domain exhibiting an intermediate 
telencephalic character emerges at HH stages 12 and is established by HH 
stage 14.  
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SHH, FGF, BMP and WNT signaling pathways do not specify 
intermediate telencephalic character  
 The emergence of functionally distinct regions in the developing 
embryo is dependent on the diverse and interdependent functions of 
molecules secreted from adjacent tissues.  Some of these have 
morphogenetic capabilities, and moreover display opponent activities to one 
another.  Collectively, this results in the generation of gradients exhibiting 
cross-repressive characteristics, where intermediate levels could specify 
specific cell identities. 
 By exposing HH stage 14 prospective intermediate telencephalic 
explants to SHH, WNT, FGF and BMP proteins, we examined whether 
these signaling pathways contribute to the specification of cells of 
intermediate telencephalic character.  In the presence of SHH or FGF the 
generation of Meis2+ cells was blocked, but explants still generated 
characteristics of a subpallial identity (Nkx+ cells or Dlx+ cells, 
respectively).  In contrast, when HH stage 14 prospective intermediate 
telencephalic explants where grown in the presence of BMP, they still 
generated Meis2+ and Pax6+ cells (20 ± 4% and 61 ± 6%, respectively).  
Moreover, no requirement of these signaling pathways for the generation of 
intermediate cells could be established, since exposure to known antagonists 
of these inductive cues (cyclopamine, a steroidal alkaloid that inhibits SHH 
signal transduction; soluble FGF receptor 4, an inhibitor of FGF activity; 
and Noggin, an inhibitor of BMP signaling activity (Gunhaga et al., 2003; 
Incardona et al., 1998; McMahon et al., 1998; Ornitz et al., 1996; Wagner et 
al., 1990)) to HH stage 14 prospective intermediate telencephalic explants 
still generated Meis2+ and Pax6+ cells (both approximately 20%). 
 As mentioned previously, at HH stage 10, isolated tissue from an 
intermediate position linking prospective ventral and dorsal territories in the 
neural plate, generated Pax6+ cells indicating that these cells are exposed to 
early WNT activity.  Consistent with this idea, the presence of an antagonist 
of WNT signaling, an extracellular fragment of the mouse frizzled receptor 
8 protein, suppressed the generation of Pax6+ cells (4 ± 2%), while Meis2+ 
cells were still generated (20 ± 5%) in HH stage 14 prospective intermediate 
explants.  Neither Nkx2.1+ nor Emx1+ cells were detected.  However, 
WNT3A added to the medium blocked the generation of Meis2+ cells, 
increased the amount of Pax6+ cells and furthermore, induced Emx1+ cells 
(25 ± 5%) in HH stage 14 prospective intermediate explants compared to the 
untreated controls.  Accordingly, high levels of WNT signaling block 
intermediate character and induce dorsal character in telencephalic cells. 
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Similarly to the other signaling pathways discussed above, WNT is neither 
sufficient nor required for the specification of progenitor cells of 
intermediate character. 
 
Retinoic acid activity is required and sufficient for the specification of 
intermediate telencephalic character 
 What, then, is the molecular nature of the instructive determinant(s) 
that are capable of specifying telencephalic progenitors with an intermediate 
character?  Meis2 was originally identified as a retinoid-inducible gene in 
P19 carcinoma cells (Oulad-Abdelghani et al., 1997), suggesting that 
retinoid-mediated signaling could account for the induction of Meis2+ cells 
in the developing telencephalon.  In agreement with this hypothesis, the 
Raldh3 gene – encoding the retinoic acid synthesizing enzyme – starts o be 
expressed at HH stages 9-10, in the ectoderm adjacent to the rostral 
forebrain.  Slightly later, at HH stage 14, Raldh3 expression is situated 
adjacent to the ventral and intermediate regions of the telencephalon.  The 
dynamic expression pattern seems to stabilize in a temporal and spatial 
manner, making it an excellent candidate for assignment of this inductive 
responsibility, since telencephalic cells acquire intermediate character in an 
apparently coordinated manner.  We provide here evidence that RA 
signaling is required for the specification of cells of an intermediate 
character, by exposing HH stage 14 prospective intermediate explants to a 
retinoic acid receptor (RAR) antagonist (Chen et al., 1995; Schulze et al., 
2001).  Without affecting the overall growth of the cultured explants, the 
generation of Meis2+ cells was blocked, while a significant number of Pax6+ 
cells were reduced. 
 To test whether RA signaling is sufficient to impose telencephalic 
intermediate character, we expose HH stage 8 prospective dorsal 
telencephalic explants, which alone express only Pax6, to RA.  This field of 
cells has not yet been exposed to RA, since the Raldh3 expression has not 
initiated in the surrounding head ectoderm at this stage.  As mentioned 
previously, Meis2 was discovered as a retinoic-inducible gene in a cell line, 
and to be sure that this is not only the case, but also a regional patterning 
effect, we included another molecular marker of telencephalic intermediate 
character - the homeodomain containing transcription factor Isl-1 (Rallu et 
al., 2002; Tole et al., 2000).  Isl-1 is expressed in post-mitotic neurons in the 
ventral region of the telencephalon, and in the ventral domain of the 
intermediate region that has generated Meis2+ cells, but not in the dorsal-
most domain that has generated cells co-expressing Meis2 and Pax6.  Under 
these conditions, in the presence of RA, HH stage 8 prospective dorsal 
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telencephalic explants generated separate regions expressing Meis2+ cells 
and Meis2+/Pax6+ cells, where Isl-1+ cells were induced in the domain 
expressing Meis2+ cells, but not Pax6+ cells. 
 We have thus provided evidence that RA induces several 
intermediate characteristics in early dorsal telencephalic cells.  When 
examining whether RA can impose an intermediate character to prospective 
ventral telencephalic cells, we concluded this was indeed the case, albeit in a 
less efficient manner than in dorsal cells. 
 
FGF activity maintains cells of ventral character by blocking their 
response to retinoids  
 These somewhat surprising results are in agreement with the Raldh3 
expression pattern.  However, by the time of when telencephalic cells 
acquire intermediate character both ventrally and intermediately positioned 
cells in the developing telencephalon are exposed to RA.  In retrospect, the 
fact that the most anteriorly positioned cells – specified with a ventral 
telencephalic character - respond less efficiently to RA in our in vitro assay, 
and that these same cells maintain their ventral identity in vivo, might argue 
for additional signals suppressing RA-mediated signaling in this region of 
the developing telencephalon.  FGF8 has been shown to oppose RA 
signaling during DV patterning at more caudal levels of the CNS.  As we 
have discussed in the previous paper, at these stages of development, Fgf8 
originating from the ANR extends along the rostral, dorsal midline - 
creating an excellent candidate for supplying this suppressing, opposing 
activity towards RA-mediated signaling even at rostral levels of the CNS. 
 Prospective ventral cells exposed to a soluble FGF receptor, before 
and after initiation of endogenous Raldh3 expression in the head ectoderm, 
confirmed that inhibiting FGF signaling blocks the generation of a ventral 
identity and generates an intermediate character in prospective ventral 
telencephalic cells without affecting the overall growth of the explants.  This 
is also true when exposing prospective dorsal telencephalic cells to a 
combination of RA and FGF, resulting in the generation of Pax6+ cells, 
while the generation of Meis2+ and Isl-1+ cells was completely repressed.  
In line with previous studies, we propose that FGF signals maintain cells of 
ventral character in the telencephalon by blocking the ability of RA to 
induce intermediate character in ventral telencephalic progenitors (Dou et 
al., 1999; Schneider et al., 2001; Shanmugalingam et al., 2000; Shinya et al., 
2001; Xuan et al., 1995). 
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RA-mediated signaling is required and sufficient for the generation of 
intermediate character in intact avian embryos 

Making use of the modified new culture method, we wanted to 
verify to what extent RA signaling is required and sufficient for the 
acquisition of an intermediate telencephalic character in intact avian 
embryos.  This was achieved by soaking beads in a solution containing RA 
receptor antagonist and grafting these adjacent to the neuroepithelial layer of 
the anterior prosencephalon of intact HH stage 9-10 avian embryos, which 
were allowed to develop until HH stage 20.  The embryos had an overall 
normal morphology, and all the controls exhibited a normal DV patterning 
as well.  Furthermore, on the grafted side of the developing telencephalon, 
experimental embryos had a Meis2 expression that had been more or less 
eradicated, whilst the other homeodomain-containing transcription factors 
demarcating spatially restricted DV territories had normal boundaries.  This 
huge amount of transcriptional downregulation could not be explained by 
apoptosis, since the proportion of cells that were caspase-3+ was not 
significant enough to compensate for the loss of cells expressing Meis2.  
When beads soaked in RA were implanted into the prospective dorsal 
neuroepithelium, a huge quantity of Meis2+ cells was generated throughout 
the developing telencephalon.  In contrast, control beads did not generate 
any Meis2+ cells, but, as mentioned above the cells express mRNA for 
Meis2 at this developmental stage.  In addition, the generation of Emx1+ 
cells was almost completely blocked in the dorsal telencephalon. 

 
Collectively, these results indicate that RA-mediated signaling 

induces intermediate character in telencephalic cells in intact avian embryos.  
They also support the idea that RA signaling accelerates the process of 
neuronal differentiation in neural progenitors (Bourguignon et al., 1998; 
Papalopulu and Kintner, 1996) 

 
FGF activity maintains cells of ventral telencephalic character in intact 
embryos 
 FGF signaling activity emanating from both the ANR and prechordal 
mesoderm has been shown to play an important role during the formation of 
the telencephalon from the early neural plate.  This has been evaluated 
recently in several studies were the ace/fgf8 mutants did still generate a 
distinct telencephalic region, although being devoid of subpallial structures 
(Araki and Brand, 2001; Reifers et al., 1998; Shanmugalingam et al., 2000; 
Shinya et al., 2001).  Intact avian embryos grafted with beads soaked in a 
solution containing soluble FGF receptor showed a normal morphology 
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(although being slightly smaller) but they were, however, unsuccessful in 
generating Nkx2.1+ cells and Emx1+ cells (see also Paper I). Furthermore, 
some experimental embryos presented an ectopically dorsal-to-ventral shift 
of the Meis2+ domain, supporting the idea that FGF signaling maintains 
ventral character and suppresses intermediate character in telencephalic 
cells, in part by opposing RA-mediated signaling events in these cells. 

 

Discussion 
 
 

Proposed model for initial DV patterning of the 
telencephalon 
 

 
 The establishment of different neural progenitor domains along the 
dorsoventral axis at early stages of development is an essential step in the 
generation of different functional regions of the mature telencephalon.  The 
growth, patterning and morphogenesis of the forebrain and the rostral head 
depend on intricate cross-regulatory interactions between SHH, BMP, 
WNT, FGF and RA signals.  The complexity of these interactions has made 
it difficult to establish the contribution of individual signals to the induction 
of DV regional neural identity in the telencephalon, and whether signals act 
directly on neural cells or indirectly on adjacent tissues.  To address these 
issues we have established explant assays of neural differentiation in chick 
embryos.  The following model of proposed signaling events for the initial 
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specification of neural telencephalic cells of ventral, intermediate and dorsal 
character emerges from our studies and those of others (see Figure 10 
above, for Figure legends see Appendix).  At the gastrula stages, most or all 
prospective telencephalic cells become specified as ventral (Nkx2.1+) cells 
in response to node-derived SHH signals.  At the neural fold and early 
neural plate stages, the prospective dorsal and intermediate regions of the 
telencephalon are exposed to WNT signals – originating from Wnt1 and 
Wnt4 expressed in the epidermal ectodermal component of the neural folds 
located adjacently – that induce Pax6+ cells.  The head ectoderm adjacent to 
the telencephalon then starts to express Raldh3, exposing telencephalic cells 
to RA signals that promote the generation of intermediate (prestriatal) 
(Meis2+) cells.  From the neural plate stage, prospective ventral 
telencephalic cells are exposed to FGF8 – derived from the ANR that abuts 
the prospective ventral telencephalon.  FGF8 maintains ventromedial 
(prepallidum) telencephalic character by opposing the influence of RA 
signals in ventral cells.  At the early neural tube stages, the domain of Fgf8 
expression expands dorsally and FGF signals derived from the dorsal 
midline region induce definitive dorsal (precortical) (Emx1+) cells in 
generic dorsal telencephalic cells – that by now express Wnt8.  Progenitor 
cells – positioned intermediately – that are exposed to RA and low levels of 
FGF and WNT acquire intermediate (prestriatal) (Meis2+) character (Paper I 
and II).  
 
WNT specifies dorsal telencephalic character 
 
 Besides BMPs, the WNTs can act as an epidermalizing factor at 
blastula stages (Bainter et al., 2001; Sasai and De Robertis, 1997; Wilson et 
al., 2001).  Later, during the gastrula stages, WNTs act together with FGFs 
to caudalize neural plate cells (Domingos et al., 2001; Erter et al., 2001; 
Heisenberg et al., 2001; Houart et al., 2002; Niehrs et al., 2001; Nordstrom 
et al., 2002; Wodarz and Nusse, 1998).  At this stage, cells in the most 
rostral domain of the neural plate is protected from exposure to WNTs by 
secreted antagonistic factors derived from adjacent tissues, and thereby 
maintain their rostral forebrain character. 
 
 Here, I put forward evidence that at the neural fold stage the rostral-
most positioned cells, which have been exposed to node-derived SHH 
signaling and have thereby acquired ventral forebrain character, respond to 
WNTs to acquire an early generic dorsal character.  This can also in some 
sense be regarded as rostrocaudal patterning of prospective telencephalic 
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progenitors because the dorsoventral axis of the telencephalon is at the 
neural plate and neural fold stages located along the rostrocaudal neuraxis. 
 
 Several Wnts are, however, expressed in the dorsal region of the 
developing forebrain, and thus, we cannot assign this patterning activity to a 
specific WNT ligand (Hollyday et al., 1995).  Moreover, genetic studies 
have not resolved whether WNT signaling is required for the specification 
of early cell identity in the telencephalon, reflecting early lethal effects or 
possible redundancy in WNT signals (Lee et al., 2000b).  Additionally, in 
the conditional β-catenin mutant mouse the forebrain appears initially 
normal.  However, the neuroepithelium lining the ventricular walls of the 
developing telencephalon changes and becomes thinner, coinciding with 
elevated apoptosis (Brault et al., 2001).  The lack of survival of forebrain 
progenitors may also be an indirect effect caused by reduced migration of 
neural crest precursors (Etchevers et al., 1999). 
 
BMPs as dorsalizing signals in the spinal cord 
 

Dorsoventral patterning of the neural tube, regarding which 
molecules are involved and where these factors emanate from, has been 
extensively studied at the level of the spinal cord.  During neural plate 
stages, as the caudal neural progenitor cells are formed they exhibit a semi-
dorsal identity since these cells express the homeodomain-containing 
transcription factors Pax3 and -7 and Msx1and -2 (Ericson et al., 1995; 
Goulding et al., 1993; Liem et al., 1995). However, the expression of Pax3 
and -7 – which are elevated when exposed to BMP protein in isolated chick 
neural explants – appears not to be sufficient for the specification of dorsal 
interneurons (Tanabe and Jessell, 1996).  As the notochord is formed during 
gastrulation, SHH signaling activity re-specifies the medial-most neural 
precursors to adopt a ventral character.  It has been established that the 
different, partially overlapping, members of the TGF-β superfamily- first 
expressed in the non-neural tissue flanking the neural plate and later in the 
dorsal roof plate – have both quantitative and qualitative roles in their 
distinct functions in the specification of dorsal interneurons.  Thus, in 
contrast to the initial inductive events in DV patterning of the telencephalon, 
opponent activities in the spinal cord appear to involve primarily the 
combined and opposing actions of SHH and BMPs (Briscoe and Ericson, 
2001; Hu et al., 2004; Jacob and Briscoe, 2003; Lee and Jessell, 1999; Liem 
et al., 2000; McMahon et al., 1998; Pierani et al., 1999; Ruiz i Altaba et al., 
2003; Timmer et al., 2002; Wine-Lee et al., 2004). 
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Mouse and zebrafish mutants with a perturbed BMP pathway display 

deficiencies in DV patterning of the neural tube (Barth et al., 1999; Liem et 
al., 2000; McMahon et al., 1998; Nguyen et al., 2000).  The BMP activity 
may be generated by BMPs secreted by cells located laterally at the neural 
plate margin – the future roof plate – which is opposed by the 
ventrally/medially prechordal plate- and notochord-secreted antagonist of 
these TGF-β family members.  In support of this idea, studies indicate that 
the interplay between SHH, BMPs and BMP antagonists may be crucial for 
the establishment of a dorsoventral gradient of SHH signaling activity that 
underlies the generation of neuronal diversity within the ventral neural tube 
(Barth et al., 1999; Hu et al., 2004; Liem et al., 2000; Meyer and Roelink, 
2003).  However, whilst the BMP antagonists expressed in the notochord at 
stages of early neurogenesis have been proven to play a role in sensitizing 
the progenitors of the ventral neural tube to BMP signaling activities, the 
function of BMP antagonist expressed in the prechordal plate appears to be 
important for the function and formation of the rostral organizing center, the 
ANR (Anderson et al., 2002; Halilagic et al., 2003; Niehrs et al., 2001). 
 
BMPs do not specify dorsal telencephalic character 
 

We provide evidence that is in agreement with studies carried out at 
more caudal levels of the CNS.  The neural folds bordering the field of 
neural progenitor cells are required and sufficient for the generation of 
dorsoventral gene expression patterns imposing an early telencephalic 
regionalization.  In contrast to the major role of BMPs in specifying dorsal 
cell fate at caudal CNS levels, their contribution to the specification of 
dorsal character in the telencephalon appear to be none or minimal.  
Although the gene expression patterns of BMPs abutting and/or localized in 
the rostral part of the CNS may suggest a potential role for BMPs in the 
induction of dorsal character in the telencephalon, the genetic evidence so 
far has failed to provide support for this idea.  Knock-outs have problems 
with the possibility of redundancy (Solloway et al., 1998; Solloway and 
Robertson, 1999).  However, signaling through BMPR1a is required to 
specify dorsal midline cells in the telencephalon that give rise to the choroid 
plexus (Hebert et al., 2002; Panchision et al., 2001).  Our results also fail to 
support any role of BMPs in the specification of dorsal telencephalic 
character.  In our explant assay, we observe that recombinant BMP protein 
suppress the expression of neural character (unpublished observation), and 
that under these conditions prospective telencephalic cells may acquire 
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placodal character (Lena Gunhaga and My Sjödal, pers. comm.).  
Additionally, BMP antagonist was unable to suppress dorsal character in 
neural tissues co-cultivated with adjacent neural folds – again suggesting 
that BMP signaling activities are not required for the specification of dorsal 
telencephalic character. 
 
WNTs as dorsalizing signals 
 
 Do WNTs play a role in the specification of dorsal character at more 
caudal levels of the CNS?  Several Wnts are expressed in/adjacent to the 
dorsal region of the neural tube in spatio-temporal patterns that are 
consistent with a plausible role in the specification of dorsal cell fates 
(Dickinson et al., 1995; Hollyday et al., 1995; Ikeya et al., 1997; Parr and 
McMahon, 1994; Roelink, 2000).  Ectopic expression of Wnt1 in transgenic 
mice and avian spinal cord produced an overgrowth of the neural tube.  
However, the distinct progenitor domains along the DV axis were all 
expanded but the order and boundaries between these domains were 
maintained, suggesting that WNT signaling affects neural tube cells without 
altering the patterning of progenitor cells along the DV axis (Megason and 
McMahon, 2002).  However, other results support a more instructive role of 
WNTs in the patterning dorsal interneurons in the spinal cord (Muroyama et 
al., 2002).  In the Wnt1/ -3a double mutant the two dorsal-most populations 
of interneurons (DI1 and DI2) have been shown to be significantly reduced 
in numbers, whilst the DI3 interneuronal progenitors increased and were 
mis-localized to more dorsal regions.  In isolated neural plate explants, 
WNT3A conditioned media could recapitulate the pattern of gene 
expression observed to be missing in the chick neural tube (Muroyama et 
al., 2002).  Since this effect was obtained also in the presence of BMP 
signaling antagonists, these results suggest – together with the unaltered 
Bmp expression in the dorsal spinal cord – a BMP-independent mechanism 
for generating dorsal interneurons in the spinal cord.  However, since 
several cell types were still found at distinct positions along the DV axis of 
the neural tube of Wnt1/ -3a compound mutant, the idea of a mitogenic 
gradient of WNT activity that might influence neural tube patterning by 
regulating the cell proliferation of dorsal progenitor populations initially 
specified by residual BMP signaling from the roof plate can not formally be 
ruled out (Chesnutt et al., 2004; Megason and McMahon, 2002). 
 
 Cultured explants exposed to BMPs, or alternatively, ectopically 
expression of constitutively active BMP receptors have been shown to elicit 
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changes in gene expression of several developmental regulators known to be 
expressed by cells located in the dorsal neural tube (Lee et al., 1998; Liem et 
al., 2000; Liem et al., 1997; Panchision et al., 2001; Pierani et al., 1999; 
Timmer et al., 2002).  BMPs have been shown to induce Wnt expression 
supporting the idea of a possible cooperative regulation of the dorsal 
progenitor domains in the spinal cord (Panchision et al., 2001; Roelink, 
1996; Wine-Lee et al., 2004).  Furthermore, WNT activity can rescue 
proliferation deficiencies but not patterning defects caused by perturbed 
BMP signaling activity, consistent with a role in the regulation of 
proliferation (Chesnutt et al., 2004; Timmer et al., 2002).  In conclusion, 
WNT signaling activity in the caudal CNS may contribute to the 
specification of dorsal character, however, there are still some unresolved 
issues concerning the precise mechanism. 
 
 We have provided evidence that perturbed WNT signaling activity in 
the developing telencephalon in vivo results in DV patterning defects.  We 
have observed partially truncated telencephalic vesicles along with severely 
reduced or absent definitive dorsal cell types.  It should be considered that 
the withdrawal of a mitogenic cue may contribute to the generated 
phenotypes observed in both the Wnt1/ -3a double mutant mouse and in our 
intact avian embryos.  Moreover, in this study, we have provided evidence 
for how the inductive capability of the neural fold structure imposes dorsal 
character in prospective telencephalic cells.  We have provided in vitro 
evidence that the incidence of the generation of dorsal telencephalic cell 
types in ventral telencephalic explants is linked to a progressively increasing 
concentration of WNT protein.  Additionally, WNT signaling activity 
promotes dorsal telencephalic character in the presence of BMP antagonists 
(unpublished observations).  The ability of WNT signaling activity to 
suppress the specification of ventral cell character and promote the initial 
specification of dorsal cell identity in vivo adds further support to this line of 
evidence.  In line with these data, a recent report has indicated that β-catenin 
mediated WNT signaling during the preneurogenic period is necessary for 
maintaining the molecular identity of the pallium and suppression of ventral 
genes. In the absence of the canonical WNT pathway pallial progenitors 
continue to differentiate along a path typical to subpallial derivatives 
(Backman et al., 2005).  Improved methods for the generation of neural cells 
from mouse ES cells have shown that WNT promotes the differentiation of 
pallial telencephalic cells, lending further support to this line of evidence 
(Watanabe et al., 2005). 
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The role of FGFs in specifying definitive dorsal cell character 

Fibroblast growth factors (FGFs) have a major part in the initial 
specification of neural plate cells, and in providing rostrocaudal positional 
information to neural progenitor cells (Muhr et al., 1999; Nordstrom et al., 
2002; Reifers et al., 1998; Storey et al., 1998).  Fgf8 is expressed in the 
anterior neural ridge (ANR) adjacent to the prospective telencephalon, but 
the telencephalic anlage is still generated in the ace/fgf8 (acerebellar) 
zebrafish mutant (Araki and Brand, 2001; Shanmugalingam et al., 2000; 
Shinya et al., 2001), indicating that FGF8 activity is not required for the 
initial specification of the prospective telencephalon.  Later in development, 
the pattern of expression of Fgf8 in dorsal midline cells suggests that cells 
along the entire anteroposterior, future dorsoventral, axis of the prospective 
telencephalon are exposed to FGF activity.  The generation of a number of 
mouse mutants expressing different levels of FGF8 protein, high light the 
role of FGF8 in the specification of dorsal midline cells of the telencephalon 
(Garel et al., 2003; Meyers et al., 1998; Storm et al., 2003).  We find that 
FGF signaling is not required for the generation of dorsal Pax6+ and Ngn2+ 
telencephalic cells but is, in combination with WNT activity, required to 
induce definitive dorsal Emx1+ telencephalic cells.  The expression of 
several Fgfs in the developing dorsal forebrain makes it difficult to assign 
precise roles for individual Fgfs in this process.  At later stages of 
development, Fgf8, Fgf15, Fgf17 and Fgf18 are expressed in a temporal 
sequence in the dorsal midline region of the forebrain (Ford-Perriss et al., 
2001).  Cells in the dorsal midline do not express Emx2 or Emx1, and at 
these stages, FGF8 appears to contribute to the specification of dorsal 
midline cells (Ford-Perriss et al., 2001; Fukuchi-Shimogori and Grove, 
2001; Garel et al., 2003; Shanmugalingam et al., 2000; Shimogori et al., 
2004; Shinya et al., 2001; Storm et al., 2003; Walshe and Mason, 2003), in 
part by suppressing the expression of Emx2 (Crossley et al., 2001; Garel et 
al., 2003).  Consistent with these findings, exposure to additional FGF8 
protein, after that prospective dorsal telencephalic cells have acquired 
definitive dorsal (Emx1+) character by HH stages 10-12, suppresses the 
generation of Emx1+ cells (data not shown). These data are in agreement 
with results obtained with hypomorphic Fgf8 mutant mice; a reduction in 
FGF8 activity creates a rostral shift in the graded expression of transcription 
factors, including Emx2 in the telencephalon (Garel et al., 2003). 
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RA induces intermediate character in telencephalic cells 
 
 Our studies have provided evidence that SHH signaling induces 
ventral character, and that Wnt and FGF signals act sequentially to induce 
dorsal/precortical character in telencephalic cells (Gunhaga et al., 2000; 
Gunhaga et al., 2003).  Our results also provide evidence that SHH signaling 
is not involved in generating cells of intermediate telencephalic character in 
the chick embryo.  Consistent with these results, genetic evidence in mouse 
indicates that SHH signaling is required for the generation of ventral 
telencephalic cells characteristic of the medial ganglionic eminence, 
whereas cells in the lateral ganglionic eminence, which derive from the 
intermediate region of the telencephalon, are still generated in SHH-
deficient embryos (Toresson, 2001).  Thus, these studies did not identify the 
signal(s) that induces intermediate/prestriatal character in telencephalic 
cells. 
 
 The metabolite retinoic acid (RA) has proven to be involved in a 
diverse array of developmental events. The biological activity is propagated 
through interactions with two classes of specific receptors.  These receptors, 
including all their isoforms termed RARα/β/γ and the RXRα/β/γ, are 
members of a large superfamily of ligand-activated transcriptions factors, 
the nuclear receptors (Maden, 2002; McCaffery et al., 2003).  Excess or 
reduced levels cause severe perturbations of neural development 
(McCaffery et al., 2003; Niederreither et al., 1999; White et al., 2000) which 
have made it difficult to address the specific functions of RA in forebrain 
development. 
 
 The Raldh3 gene product is the major contributor of retinoids in the 
anterior forebrain.  The dynamic expression pattern, with its beginning in 
the surrounding head ectoderm at late neural fold stages, becomes located in 
the presumptive olfactory epithelium by HH stage 14, adjacent to the 
developing telencephalon and coinciding with when telencephalic 
progenitors acquire intermediate character.  The recently generated Raldh3 
null mouse display severely malformed head structures, and die at birth 
primarily from lethal respiratory stress syndrome (Dupe et al., 2003).  
Furthermore, Liao et al. (2005) have recently shown that prospective ventral 
telencephalic rat explant cultures transiently transfected with a reporter 
construct – enabling visualization of retinoid production and thus retinoid-
mediated gene transcription – respond more efficiently to exogenous 
retinoids than control tissue (dorsal telencephalic cells) (Liao et al., 2005).  
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The selective upregulation in the striatal primordium was shown to be 
attributable to the tissue-specific expression of a RARβ receptor isoform.  
The RARβ null mutant resulted in reduced amounts of striatal 
differentiation, accordingly.  Conversely, the opposite approach – ectopic 
expression in the cortical progenitors – upregulated striatal differentiation in 
a RARβ-specific manner (Liao et al., 2005). 
 
 Additional evidence illuminating the major role retinoids play in the 
development of the intermediate telencephalon comes from the fact that the 
Gsh2 null mutants – that lack Raldh3 expression in the LGE – exhibits a 
phenotype consisting of both, a size reduction of the striatal primordium and 
fewer striatal neurons and deficiencies in Raldh3 expression in the LGE 
(Waclaw et al., 2004).  Retinoic acid supplemented to Gsh2 null mutants, 
during the period of neurogenesis, resulted in increased striatal 
differentiation.  Furthermore, the Gsh2:Pax6 double mutant exhibited an 
improved molecular identity of the striatal primordium, whilst the Raldh3 
expression did not recover.  Collectively, these findings suggest a reduced 
retinoid-mediated signaling activity in a Gsh2 null background.  Thus the 
dual function of Gsh2 is on one hand, to provide a complementary 
expression pattern to Pax6 – thus maintaining pallial/subpallial boundary – 
and on the other hand to maintain Raldh3 expression in the LGE and 
thereby promoting striatal differentiation and/or maturation (Waclaw et al., 
2004). 
 
 Our studies provide evidence that RA-mediated signaling is required 
and sufficient to induce intermediate character in telencephalic cells.  A 
similar situation appears to exist in the developing spinal cord, where SHH 
signaling is not required to induce Dbx+ intermediate progenitor cells, and 
RA signaling can establish several molecular aspects of this intermediate 
domain independent of SHH signaling (Pierani et al., 1999; Pierani et al., 
2001).  RA signaling promotes Pax6 expression in the intermediate region 
of the developing spinal cord (del Corral et al., 2003; Novitch et al., 2003), 
and we find that RA induces Pax6 in telencephalic cells.  Thus, RA 
signaling appears to contribute to the generation of an intermediate 
progenitor cell domain in both the telencephalon and the spinal cord, in part 
by inducing the generation Pax6+ progenitor cells. 
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RA and FGF exhibit opposing activities 
 
 In addition to promoting definitive dorsal character in telencephalic 
cells, FGF signaling appears to maintain ventral character in telencephalic 
cells (Shinya et al., 2001; Walshe and Mason, 2003).  These results provide 
a potential explanation for the transient requirement for SHH in the 
generation of ventral cells in the telencephalon (Gunhaga et al., 2000).  Our 
results extend these findings by showing that that FGF signaling also 
maintains ventral progenitor character by suppressing the RA-mediated 
induction of intermediate character in ventral cells.  The opponent activities 
of RA and FGF signals also has a parallel in the developing spinal cord, 
where RA promotes and FGF suppresses, the expression of class I HD 
proteins (Appel and Eisen, 2003; del Corral et al., 2003; Maden et al., 1998; 
Novitch et al., 2003).  RA-mediated signaling has also been shown to be 
required for the generation of the intermediate region of the spinal cord 
since blockade of RA-signaling leads to the loss of intermediate 
interneurons (Mic et al., 2000; Wilson et al., 2004).  Our results from 
blocking either the FGF or the retinoid pathways in intact avian embryos are 
in line with these observations, indicating a conserved pathway for the 
generation of ventral and intermediate character along the entire 
rostrocaudal extent of the CNS.  Thus, in addition to the conserved function 
of SHH in inducing ventral progenitor cells (Briscoe and Ericson, 2001; 
Ericson et al., 1995), RA and FGF signals appear to have similar opponent 
roles in establishing intermediate character at different levels of the 
developing neural tube. 
 
 Finally, our results, together with previous studies, indicate that RA 
signaling has important roles at several sequential stages in the generation of 
striatal neurons.  At gastrula stages, RA signaling appears to refine the 
rostrocaudal identity of the anterior neural plate by modulating signaling 
involved in axial mesoderm specification (Halilagic et al., 2003).  We show 
that during the initial DV patterning of neural progenitor cells in the 
telencephalon, RA signaling induces intermediate/prestriatal cells.  At later 
stages of telencephalic development, glial cells in the developing striatum 
start to express Raldh3 (Smith et al., 2001) and serve as a localized source 
of retinoids (Toresson, 2001; Toresson et al., 1999), which appear to 
enhance neuronal differentiation in the striatum (Toresson, 2001; Toresson 
et al., 1999). 
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Concluding remarks 
 
 
In vivo, dorsoventral regionalization of the developing telencephalon is 
specified gradually.  From an initial, homogenous field of cells exhibiting 
ventral characteristics, dorsal identity is generated.  These early generic 
dorsal cells progressively display a more definitive dorsal/precortical 
character.  Cells that are located in an intermediate position, between 
presumptive ventral and dorsal positions in the developing neural 
epithelium, are thereafter instructed to generate cells of an 
intermediate/prestriatal character, also in a progressive manner. 
 
The neural fold structure, a derivative of the margins of the neural plate 
region, imposes an initial generic dorsal character, thereby re-specifying the 
adjacent telencephalic neural progenitors at the most caudal position of the 
developing telencephalic region.  
 
The secreted determinants contained in the neural folds and which are 
assigned these inductive properties, are members of the WNT family.  Wnt1 
and Wnt4 are expressed in the neural folds initially, coinciding with the time 
point when early dorsal telencephalic cells are specified.  This expression is 
downregulated, and instead, Wnt8b is expressed in the prospective dorsal 
telencephalic cells when definitive dorsal telencephalic cells are specified. 
 
Fgf8 expression in the anterior neural ridge (ANR) and later in the dorsal 
midline, a derivative of the neural folds, is regulated spatio-temporally - 
coinciding with the generation of definitive dorsal telencephalic cells. 
 
In vitro, WNT activity in combination with FGF activity imposes an early 
definitive dorsal/precortical character on telencephalic progenitor cells.  
 
RA-mediated signaling, emanating from the adjacent olfactory epithelium, 
further refines the initial dorsoventral regionalization of the telencephalon.  
Intermediately located telencephalic progenitors, which are exposed to low 
levels of WNT and FGF signaling activity, are exposed to retinoids whereby 
prospective intermediate/prestriatal character are specified. 
 
FGF signaling activity maintains ventromedial character by suppressing 
retinoid-mediated signaling activities. 
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Appendix 
 
 
Figure legends 
 
Figure 1 A)  Schematic drawing depicting the mammalian central nervous system.  The most 
anterior part (towards the top of the figure) of the CNS is the brain consisting of the cerebral 
hemispheres and the enclosed parts that collectively contribute to the structures of the brainstem.  The 
spinal cord makes up the posterior part of the CNS. B)  A transversal section through the brain 
visualizing (arrows) the major nuclei contributing to the basal ganglia of the telencephalon in relation 
to surrounding tissues. (Page 10) 
 
Figure 2)  A Schematic drawing representing a transversal section of the developing mammalian 
telencephalon (dorsal towards the top of the figure).  The figure displays the relative positions of the 
major telencephalic subdivisions, the dorsally positioned cerebral cortex (pallium), the laterally 
located striatum (LGE) and the ventromedial globus pallidum (MGE).  (Page 11) 
 
Figure 3)  A schematic representation of the early 3-vesicle stage of neural tube development 
(anterior towards the top of the figure).  The figure depicts the morphological distinct constrictions 
separating the prospective progenitors that will contribute to the different CNS regions along the AP 
axis of the developing embryo.  (Page 12) 
 
Figure 4)  Schematic drawings depicting the position the telencephalic anlage (red) occupies 
during embryogenesis.  The main AP and DV body axes are for the first three; top-to-bottom and 
dorsal towards the reader, respectively.  For the last representation these same axis are top-to-bottom 
and dorsal to the right, respectively.  The embryonic stages presented are HH stage 4, 8, 10, and 15, 
respectively, in a top-to-bottom direction.  As the flat neural sheet folds the telencephalic anlage 
acquires a position in the anterior margin of the neural plate.  As a consequence of this position the 
telencephalic anlage is situated on the dorsal side of the embryo as the neural plate forms its tubular 
structure.  Later, as the CNS experience massive proliferation and migration, the telencephalon 
acquires a dorsal position at the rostral tip of the developing CNS.  (Page 14) 
 
Figure 5)  A modification of Niewkoop’s model.  Depicted in the schematic representation of the 
progressive specification of the telencephalon, are the known inducers and/or modulators involved in 
the patterning of the neural plate cells.  The initial event, which occurs before gastrulation, specifies 
the flat sheet of epiblast cells with a pre-neural and pre-ventral forebrain character (red).  Secreted 
molecules, including the WNTs, FGFs, and retinoids induce posterior character in the overlying 
neural plate (blue).  Conversely, factors exhibiting antagonistic or opponent activities – emanating 
from the adjacent tissues (the anterior-most junction between neural and non-neural – ANR - & 
underlying head mesoderm) or within the anterior neural plate itself – exposed to the rostral-most 
neural plate cells and thereby maintain their anterior identity.  (Page 18) 
 
Figure 6)  A schematic figure representing the inductive cascade leading up to the specification of 
dorsal cell fates by the flanking non-neural ectoderm.  Dorsalization by the flanking epidermal 
ectoderm has been shown to depend on residual TGF-β signaling activity.  At the margin of the neural 
plate – the neural folds – cells that will give rise to the dorsal roof plate turn on the expression of 
Bmps upon signaling activities emanating from the adjacent non-neural cells, whilst those cells that 
respond to WNT signaling embark on a neural crest pathway.  As the neural folds fuse and form the 
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dorsal axial structure, the roof plate, it will constitute the major contributor to the generation of dorsal 
progenitor domains along distinct DV levels of the developing neural tube.  (Page 21) 
 
Figure 7)  The Proposed model for the DV patterning of the caudal CNS.  The process of 
integrating positional information involving opponent signaling activities of the ventral determinant 
SHH and the dorsal TGF-β, respectively, predicts the generation of progenitor domains at distinct 
positions along the DV axis of the neural tube.  WNT signaling activities in the neural tube expand 
dorsally specified progenitor populations. The establishment of an intermediately positioned 
progenitor domain appears to be regulated by the permissive concentrations of SHH- and BMP-
gradients which are set up and refined by their regulation of class I and class II transcriptional 
modulators.  At low-level signaling activities of these two opponent determinants, retinoid-mediated 
gene expression is promoted and may thereby specify cells of intermediate spinal cord character.  
(Page 26)  
 
Figure 8)  Domains of expression of transcription factors define ventral (V), intermediate and 
dorsal (D) subdivisions of the developing telencephalon.  Left, drawings of a HH stage 15 (top) and a 
HH stage 22 (bottom) chick embryo.  The dorsal to ventral line indicates the level of the transverse 
sections shown in the corresponding panels.  In HH stage 15, Nkx2.1 was expressed in the ventral 
region and Pax6 was expressed in the dorsal region of the telencephalon.  Meis2 and Emx1 positive 
cells could not be detected at this stage, and very few cells expressed Ngn2 in the dorsal-most region 
of the telencephalon.  In the telencephalon of a HH stage 22 embryo, Nkx2.1 was expressed in the 
ventral region, Meis2 (red) was expressed in the intermediate region and Pax6 (green) was expressed 
in the dorsal region and in the most dorsal part of the intermediate region of the telencephalon.  
Double labeling (yellow) show cells that co-expressed Meis2 and Pax6. Emx1 and Ngn2 were 
expressed in the dorsal region of the telencephalon.  (Page 36) 
 
Figure 9)  Domains of expression of transcription factors define ventral (V), intermediate (I), and 
dorsal (D) subdivisions of the developing telencephalon.  A)  A drawing of a HH stage 22.  The line 
indicates the level of the transversal sections shown in the corresponding panel.  B)  In the 
telencephalon of a HH stage 22 embryo, (top panel) Meis2 was expressed at high levels in the 
intermediate region.  Pax6 was expressed in the dorsal region and in the most dorsal domain of the 
intermediate region of the telencephalon.  Nkx2.1 was expressed exclusively in the ventral region and 
Emx1 exclusively in the dorsal region of the telencephalon.  Below, enlargements depict overlapping 
(Meis2/Pax6, Pax6/Emx1) and largely non-overlapping (Nkx2.1/Meis2, Meis2/Emx1) regions of the 
telencephalon at this stage. Yellow color represents double-labeled cells. C)  A schematic 
representation of the patterned expression pattern of transcription factors demarcating the distinct 
progenitor domains in the developing telencephalon.  (Page 43) 
 
Figure 10)  Schematic presentations of the signaling events proposed in neural cells during the 
initial specification of prospective telencephalic cells of ventral, intermediate, and dorsal character.  
A)  A Schematic representation showing when cells in different regions of the prospective 
telencephalon become exposed to SHH-, WNT-, FGF-, and RA-mediated signaling activities to 
acquire their ventral, intermediate, and dorsal character.  At HH stage 8 and 10, cells fated to generate 
ventral and dorsal regions of the telencephalon are located at different positions along the AP axis of 
the anterior prosencephalon.  For simplicity, however, the DV axis of the telencephalon is 
schematically indicated at the same AP level.  The specification of cell fates is represented by the 
expression of telencephalic regional markers – indicative of distinct prospective telencephalic 
subregions. 
B)  The proposed signaling pathways for the induction of telencephalic cells of early ventral, 
intermediate, and dorsal character.  (Page 48) 
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