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ABSTRACT 

  I 

ABSTRACT 
From flies to humans, members of the Hedgehog (Hh) family of secreted signalling 

molecules play a vital role in determining cell fate and patterning during embryonic 

development. In vertebrates, Sonic Hedgehog (Shh) act in a graded manner to establish 

distinct neural progenitor populations at different concentration thresholds in the ventral 

neural tube. This is achieved by regulating the expression pattern of progenitor 

homeodomain (HD) proteins. The expression profiles of these HD proteins define five 

progenitor domains in the ventral part of the neural tube that will each generate a distinct 

subtype of neuron. We set out to resolve the mechanism by which HD proteins mediate their 

patterning activities and found that most HD proteins involved in ventral neuronal patterning 

possess a conserved engrailed homology (eh1) motif related to the core region of the 

Engrailed (En) repressor domain. This domain mediates interactions of progenitor HD 

proteins with Groucho/TLE (Gro/TLE) corepressors and renders a repressor function to them 

that is essential for the neural patterning activity of these HD proteins in vivo. Taken together, 

our observations indicate that the pattern of neuronal generation in the ventral neural tube is 

achieved through the spatially controlled repression of transcriptional repressors – a 

derepression model of neuronal fate specification. 

Members of the Ci/Gli family of transcription factors have been implicated as being the 

down stream mediators of the Hh signal. In vertebrates three Gli genes (Gli1, Gli2 and Gli3) 

have been found that are all expressed in the neural tube. We examined the role of Gli 

proteins in patterning of the ventral neural tube by analysing mice lacking Gli3. Our data 

identify a role for Gli3 in patterning of the intermediate region of the spinal cord and also 

show that a repressor form of Gli3 is able to fully substitute for the full length gene in all 

aspects of dorsal-ventral patterning. Furthermore, analysis of Shh/Gli3 compound mutant 

mice substantiates the idea that ventral patterning may involve a mechanism independent, or 

parallel, to graded Shh signalling. In summary, our observations raise the possibility that Gli 

proteins act by integrating Shh signals and other sources of positional information, to control 

patterning of the ventral neural tube.  
The pattern of distinct neuronal cell types in the ventral neural tube is generally believed 

to reflect a concentration gradient of Shh. However, we provide evidence that this patterning 
also relies on changes in the competence of cells to respond to and interpret Shh signalling 
over time. We show that these changes in competence are directly controlled by the temporal 
expression of HD proteins that alters the responsiveness of cells to Shh. Furthermore, these 
competence changes are necessary for the correct patterning of the three ventral-most cell 
types of the neural tube and take place independent of the Shh gradient. The spatial 
differences in the generation of these cell types involve a “non-neuronal-to-neuronal” shift in 
progenitor potential over time. We propose that temporal alterations of competence is an 
integral component of the morphogen activity of Shh, and that competence-based patterning 
requires active Shh signalling but not necessarily a graded distribution of the Shh protein.  
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INTRODUCTION 

INTRODUCTION 

 1

The vertebrate central nervous system (CNS), made up by the brain and spinal 
cord, is an organized structure consisting of thousands of different cell types. Each of 
these cell types, from neurons to the protective glia cells, develops from a population 
of multipotent proliferating cells situated in the embryonic neural plate (see figure 
1A). The neural plate forms as part of a sheet of epithelial cells, with the rest of the 
sheet mainly becoming the skin that will cover the forming body. Once formed, the 
neural plate undergoes multiple processes of growth, patterning and movements 
eventually folding to form a hollow structure called the neural tube (see figure 1B). At 
this time, a pattern of different cell identities arise along the anterior-posterior (AP) 
and dorsal-ventral (DV) axis of the neural tube giving rise to distinct progenitor 
populations at different positions. These will subsequently generate mature neurons 
with properties and identities characteristic for their positions in the CNS. These 
events will underlie the generation of the highly complex mature vertebrate CNS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The spinal cord can be regarded as the least complex part of the vertebrate CNS 
and is also the most conserved part between species. Thus, it is a suitable system to 
study the basic mechanisms of signalling and cell patterning that control the 
generation of specific neuronal subtypes. In a very simplified manner, one could say 
that cells in the dorsal half of the spinal cord will gather and relay sensory 
information from the body, while cells in the ventral half will control body movements 
via distinct classes of motor neurons and ventral interneurons (See figure 1C). In 
addition to the different classes of motor neurons and interneurons that arise at 
characteristic DV positions, a specialized glial structure called the floor plate will form 
at the ventral midline of the neural tube. The floor plate will together with the 
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notochord, underlying the neural tube, form an early organizing centre secreting a 
signalling molecule responsible for the generation of a distinct DV pattern of neurons 
in the developing neural tube. In vertebrates this secreted molecule is Sonic 
Hedgehog (Shh), a homologue of the Drosophila gene Hedgehog (Hh).  

My focus in this thesis has been on the ventral part of the spinal cord and some of 
the signals and mechanisms involved in the Shh signalling pathway that pattern this 
part of the neural tube into distinct regions and functions.  

Identification of the Hedgehog signal 
In the developing embryo, the acquiring of positional information is one of the 

most important principles that helps give rise to specific cell fates according to their 
location in the body. In many cases, positional information is conferred to cells by the 
actions of a morphogen, a secreted organizing molecule creating a concentration 
gradient that will direct the generation of distinct cell fates at different concentration 
thresholds, reviewed in (Vincent and Briscoe, 2001). The Hedgehog (Hh) family of 
signalling molecules is considered to act as morphogens and is further recognised 
as one of the key mediators of many fundamental processes during embryonic 
development. From insects to vertebrates, their activities are important for the 
growth, patterning and morphogenesis of many different regions within the body. 
Mutations in the Hh pathway are associated with numerous disease states, including 
severe developmental defects and several forms of cancer. 

Hh was originally identified in a genetic screen in the fruit fly, Drosophila 
Melanogaster, where several mutations were identified that duplicates the spiky 
processes called denticles that decorate the anterior half of every body segment. 
The ensuing lawn of denticles resembled the spines of a hedgehog, hence the name 
of Hh (Nusslein-Volhard and Wieschaus, 1980). Several years later, three different 
groups isolated the Drosophila Hh gene and showed that it encodes a putative 
secreted peptide expressed in the posterior part of each larval segment (Lee et al., 
1992; Mohler and Vani, 1992; Tabata et al., 1992). Since then, it has been 
established that Hh is important in a number of developmental processes in the fly 
such as the development of legs, wings and eyes, reviewed in (Ingham and 
McMahon, 2001). 

After their initial discovery in the fly, Hh genes have been reported in a variety of 
species, including human, mouse, chick and zebrafish (Echelard et al., 1993; Krauss 
et al., 1993; Marigo et al., 1995; Riddle et al., 1993; Roelink et al., 1994). The high 
level of conservation between different species (Echelard et al., 1993; Krauss et al., 
1993; Tabata et al., 1992) suggests that the Hh signalling system is indeed very 
important during development. Unlike the fly and other invertebrates (Chang et al., 
1994) which possesses a single Hh gene, vertebrates have several Hh related 
genes. Mice for example, have three Hh genes; Sonic Hedgehog (Shh), Indian 
hedgehog (Ihh) and Desert hedgehog (Dhh) (Echelard et al., 1993). Sequence wise, 
Dhh is most closely related to the Drosophila Hh, while Shh and Ihh are more related 
to each other (Echelard et al., 1993). Ihh is expressed in the gut and cartilage of the 
developing embryo while Dhh is mainly expressed in the Sertoli cells of the testis 
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(Echelard et al., 1993). These two genes will not be further discussed in this thesis 
since they are not required during the development of the nervous system. 

 
In brief, Hh is considered to signal into the cell by interacting with the Hh receptor 

complex consisting of two components; Patched (Ptc) that is the Hh interacting 
partner and Smoothened (smo) that transduce the Hh signal into the cell. In the 
absence of Hh ligand, Ptc will inhibit the activities of Smo. Downstream of Smo, the 
transcription factor Cubitus Interruptus (Ci) act as the mediator of Hh signalling in 
Drosophila, while the vertebrate counterparts are called Gli genes, reviewed in 
(Ingham and McMahon, 2001). A more detailed description of the Hh signal 
transduction pathway will be given later in the thesis. 

Shh signalling in vertebrates 
The best studied of the vertebrate Hh homologues is Sonic hedgehog, named 

after the cartoon character in a Sega computer game (Riddle et al., 1993). 
Interestingly, Shh was found to be expressed in three key signalling centres of the 
developing embryo: the notochord and floor plate that pattern the CNS and the zone 
of polarizing activity (ZPA) that patterns the anterior-posterior (AP) aspects of the 
limb (Echelard et al., 1993; Krauss et al., 1993; Riddle et al., 1993). The importance 
of signals emanating from the floor plate and notochord in patterning the ventral 
neural tube in vertebrates had already been implicated before the isolation of Shh 
(Placzek et al., 1993; Placzek et al., 1991; Yamada et al., 1991). Ectopic expression 
studies verified that Shh could regulate DV patterning in the neural tube (Echelard et 
al., 1993; Ericson et al., 1996; Krauss et al., 1993; Roelink et al., 1994; Ruiz i Altaba 
and Jessell, 1993) as well as AP patterning of the limb (Chang et al., 1994; Riddle et 
al., 1993). Today, we know that there are few parts of the developing vertebrate 
embryo that are not influenced by Shh signalling in one way or another.  

Shh signalling in the vertebrate neural tube 
In vertebrates, Shh is initially produced by the notochord underlying the neural 

tube and later on also by the floor plate in the ventral midline. During development, 
the floor plate not only controls the regional differentiation of neurons along the DV 
axis of the neural tube but also direct growing axons to project into specific locations 
(Charron et al., 2003; Placzek et al., 1990a; Tessier-Lavigne, 1994; Tessier-Lavigne 
et al., 1988). The importance of floor plate derived signals in the control of local axon 
guidance is substantiated in mice lacking a floor plate where axons fail to project 
normally (Bovolenta and Dodd, 1991; Matise et al., 1999).  

The floor plate itself is considered to be induced by the notochord in a contact 
dependent manner (Placzek et al., 1993; Placzek et al., 1991; Ruiz i Altaba et al., 
1995b; Yamada et al., 1991). Studies have identified the floor plate inducing signal 
as Shh emanating from the notochord (Roelink et al., 1994). The floor plate express 
FoxA2, a fork head gene known to be an important regulator of floor plate 
development (Sasaki and Hogan, 1994) as well as a marker of floor plate fate (also 
called Hnf3β) (Ruiz i Altaba et al., 1995b; Sasaki and Hogan, 1993; Sasaki and 
Hogan, 1994). The importance for FoxA2 during development is obvious in the 
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phenotype of FoxA2 mutant mice. These mice lack node, notochord and floor plate 
structures and die early during embryogenesis (Ang and Rossant, 1994; Weinstein 
et al., 1994). After being induced by the notochord, FoxA2 in the floor plate elicits the 
expression of Shh in the floor plate (Echelard et al., 1993; Roelink et al., 1994). In 
line with this, a floor plate specific enhancer in the Shh gene has been shown to 
contain FoxA binding sites and to be at least partially dependent on FoxA function 
(Epstein et al., 1999).  

The Shh that is secreted from the notochord and floor plate is considered to 
pattern the ventral neural tube in a long range fashion, giving rise to distinct cell 
types at specific concentration thresholds along the DV axis (Ericson et al., 1997a). 
In support of this, cell-autonomous activation (Hynes et al., 2000) or inhibition 
(Briscoe et al., 2001) of Shh signalling implicate that Shh act as a direct morphogen 
and not via relay mechanisms. Furthermore, in both the limb and neural tube, the 
distribution of Shh ligand (Gritli-Linde et al., 2001; Lewis et al., 2001; Zeng et al., 
2001) as well as the expression of Shh target genes (Lewis et al., 2001; Marigo et 
al., 1996b; Marigo and Tabin, 1996) indicate a long range activity of Shh. Results 
further indicate that Shh forms an activity gradient over the ventral half of the neural 
tube, coincident with its patterning activity. Analysis of different mutations affecting 
the Shh signalling pathway suggests that Shh is required not only in the most ventral 
regions of the neural tube but all the way up to the dorsal parts (Briscoe et al., 2001; 
Wijgerde et al., 2002). Shh is further both necessary (Chiang et al., 1996; Ericson et 
al., 1996) and sufficient (Ericson et al., 1997a; Marti et al., 1995; Roelink et al., 1995) 
for the induction of ventral cell types in the spinal cord and mice that lack Shh 
function exhibit severe developmental defects and die at birth (Chiang et al., 1996). 
In addition to inducing ventral neural tube fates, Shh is required to restrict the 
expression of dorsal markers to their normal dorsal domains probably by opposing 
the activities of bone morphogenetic proteins (BMP) that direct dorsal fate 
specification (Lee and Jessell, 1999; Liem et al., 1995). 

The question of floor plate specification 
The function of the floor plate as an early organizing centre seems to be well 

conserved between different vertebrate species. However, the signalling systems 
involved in floor plate specification seem to diverge in some aspects. The original 
model of floor plate induction in which Shh derived from the notochord act in a 
contact dependent manner to induce floor plate fate in the ventral midline of the 
overlying neural tube (Placzek et al., 2000) differs from findings in zebrafish where 
Hh signalling seem to play a less critical role in the specification of floor plate cells.  

The zebrafish floor plate consists of a medial and a lateral floor plate part which 
differ from each other in both gene expression pattern and mechanism of induction. 
In zebrafish, Shh is neither required nor sufficient to induce medial floor plate fate but 
instead seems to be required to specify lateral floor plate identity (Dodd et al., 1998; 
Odenthal et al., 2000; Schauerte et al., 1998). Fate mapping studies indicate that 
floor plate cells in the zebrafish originate from a common notochord/floor plate 
precursor population located in the zebrafish equivalent to the organizer structure of 
the mouse node (Amacher et al., 2002). Data indicate that the specification of the 
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floor plate is initiated during early gastrulation by the actions of Cyclops (cyc), a 
nodal related gene (Tian et al., 2003) suggesting that the specification of floor plate 
fate is well underway before the formation of the notochord has begun.  

 
Several types of mutants have been identified that in different ways impair the 

development of the zebrafish floor plate. Some mutants affect both notochord and 
floor plate development, like the floating head (flh) mutants where the regulation of 
cell fate decisions in the node is disrupted leading to muscle rather than notochord 
cells (Talbot et al., 1995). Other mutations affect the medial floor plate exclusively 
without interrupting the development of either the notochord or the lateral floor plate. 
Mutants in this category include cyc (Albert et al., 2003; Hatta et al., 1991; Muller et 
al., 2000) and One eyed pinhead (oep) (Schier et al., 1997). Both these genes are 
components of the Nodal signalling pathway implying a possible Hh 
independent/Nodal dependent mode of floor plate induction in zebrafish (Muller et 
al., 2000). At later stages of development however, a medial floor plate like 
population does develop in an Hh dependent way in both cyc and oep mutants 
(Albert et al., 2003). A third class of mutants seem to affect the distribution of cells 
within the notochord and medial floor plate, like No tail (ntl) (Odenthal et al., 1996; 
Strahle et al., 1996). These mutants exhibit an expanded medial floor plate at the 
expense of the notochord suggesting that ntl normally work as a suppressor of floor 
plate fate.  

The last type of mutants exhibit impaired lateral floor plate development even 
though the medial floor plate and notochord seem normal. These mutations affect 
different components of the Hh signalling pathway such as sonic-you (syu, the 
zebrafish homologue of Shh) (Schauerte et al., 1998), slow muscle omitted (smu, the 
zebrafish homologue of Smo) (Chen et al., 2001; Varga et al., 2001). Interestingly, 
defects in the medial floor plate of smu mutants become apparent at later stages of 
development indicating that Hh signalling is required to maintain medial floor plate 
fate (Chen et al., 2001).  

The involvement of Hh signalling in the specification of floor plate fate in zebrafish 
is complicated by the presence of three related Hh genes that are expressed in an 
overlapping manner. In addition to Shh being expressed in the medial floor plate and 
notochord, tiggy-winkle hedgehog (twhh) and echidna hedgehog (ehh) are 
expressed in the medial floor plate and notochord respectively. The expression of 
both ehh and twhh is retained in the syu mutant indicating that they could be 
accountable for rescuing the development of medial floor plate fate in syu mutants 
(Schauerte et al., 1998). However, the temporal aspects in ehh expression make it 
unlikely that the rescue of medial floor plate development in syu mutants is ehh 
dependent. In addition, repressing twhh expression in syu mutants have no effect on 
the medial floor plate suggesting that Hh signalling is not required for the 
specification of medial floor plate fate in zebrafish (Etheridge et al., 2001). Taken 
together, these data suggest that the role of Shh in zebrafish seems to be 
maintenance and lateral expansion of floor plate rather than induction, contrasting to 
the contact dependent induction model in other vertebrates. 
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Observations in chick embryos have also questioned the importance for a contact 
dependent induction of floor plate fate from the notochord. Le Douarin and 
colleagues have instead suggested that floor plate and notochord cells derive from 
common precursors cells in the node (Le Douarin and Halpern, 2000). The fact that 
precursors in the node express Shh and FoxA2, both considered to be markers of 
floor plate development, before the formation of a separate notochord and floor plate 
(Le Douarin and Halpern, 2000; Teillet et al., 1998) has lead to a model of floor plate 
specification where precursor cells from the node are inserted in the ventral midline 
of the neural plate, splitting the neural plate into two parts by forming a medial floor 
plate (Charrier et al., 2001; Le Douarin and Halpern, 2000). Once incorporated, the 
medial floor plate cells will instruct more lateral neural tube cells to take on a floor 
plate fate in a Shh dependent manner (Charrier et al., 2002; Placzek et al., 1993). 
The mere fact that lateral floor plate cells derive from the neural tube and not the 
node argues for an inductive event taking place (Dodd et al., 1998) and emphasizes 
that a shared lineage relationship between some floor plate and notochord cells do 
not constrain the ability of other neural plate cells to take on a floor plate fate 
(Placzek et al., 2000). Further complicating this issue, the floor plate and notochord 
share many molecular properties making it hard to distinguish between their 
respective precursors in the node. FoxA2 for example is expressed in both 
notochord and floor plate precursors, although not all cells in the node seem to 
express FoxA2 leaving open the possibility that FoxA2 negative cells also contribute 
to the floor plate (Placzek et al., 2000; Ruiz i Altaba et al., 1995b). However, it is also 
possible that the induction of floor plate character is initiated already in the node, well 
before the cells have migrated to their final position, a model that would be similar to 
the zebrafish case (Strahle et al., 2004). This does not rule out the possibility that 
Shh from the notochord would be required for the establishment of floor plate fate 
after the precursors have been incorporated into the ventral midline. 

 
If the floor plate is determined in the node, the function of Shh from the notochord 

would probably reflect a role in survival and/or maintenance of floor plate character 
(Charrier et al., 2001; Le Douarin and Halpern, 2000). However, midline cells have 
been shown to be able to survive without signals from the notochord although they 
do not acquire a floor plate fate (Placzek et al., 2000; Placzek et al., 1990b). These 
data argue for a need of Shh in the actual induction of the entire floor plate and not 
only for the survival of midline cells. In addition, notochord grafts induce ectopic floor 
plate development supporting a role for the notochord in inducing floor plate fate 
(Dodd et al., 1998; Ruiz i Altaba, 1993; Ruiz i Altaba et al., 1995a; Ruiz i Altaba et 
al., 1995b; Yamada et al., 1991).  

Mice mutant for Shh (Chiang et al., 1996) or downstream mediators of Shh 
signalling like Gli2 (Ding et al., 1998; Matise et al., 1998) completely lack floor plate 
differentiation despite the presence of a notochord, further suggesting a requirement 
for Shh signalling in the development of floor plate fate in mice. In addition, the 
notochord and floor plate expression of Shh seem to require different regulatory 
mechanism as evident from analysis of the Shh promoter (Jeong and Epstein, 2003) 
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supporting a role for an inductive event in floor plate specification regardless of the 
existence of a common notochord/floor plate precursors in mice. 

Interestingly, floor plate development in more anterior regions of the embryo 
seems to require yet another mechanism of induction. These cells do not acquire 
floor plate properties when grown in isolation (Dodd et al., 1998) and do not seem to 
have any contribution of cells from the node or require the presence of a notochord. 
Instead, both Shh and Nodal signalling seem to be required for induction to take 
place, a situation resembling the floor plate induction in zebrafish (Patten et al., 
2003).  

In conclusion, even though some precursors in the node of the avian embryo will 
give rise to both floor plate and notochord (Dodd et al., 1998; Placzek et al., 2000), 
many cells that contribute to the floor plate share no direct lineage relationship with 
the node. Thus it still remains to be determined whether there is indeed a common 
notochord/floor plate precursor or whether these cells merely derive from separate 
precursors within the node that have not been fully identified yet. 

The establishment of neural progenitor domains in the ventral spinal cord 
Dorsal to the floor plate, five different classes of ventral neurons are generated at 

distinct locations along the DV axis of the ventral neural tube. In vitro experiments 
indicate that the patterning of these cells reflect an exposure to different 
concentrations of Shh (Ericson et al., 1997a; Ericson et al., 1997b) since induction of 
neurons that are generated in more ventral regions close to the floor plate will 
require a higher concentration of Shh in vitro than those generated in more dorsal 
positions, arguing for a concentration gradient of Shh controlling cell fate (Ericson et 
al., 1997b). This gradient of Shh is predicted to confer positional information to the 
progenitor cells thereby directing the differentiation of distinct neuronal subtypes at 
specific locations in the ventral neural tube (Ericson et al., 1997a), Figure 2. 

The patterning of the ventral neural tube by Shh can be schematically divided into 
several steps. As the neural tube folds and closes, graded Shh signalling either 
positively or negatively regulates the expression of homeodomain (HD) proteins, 
including members of the Pax, Nkx, Dbx and Irx families in addition to the basic 
helix-loop-helix (bHLH) protein Olig2 (Briscoe et al., 2000; Briscoe et al., 1999; 
Ericson et al., 1996; Ericson et al., 1997b; Goulding et al., 1993; Novitch et al., 2001; 
Pabst et al., 1998; Pierani et al., 1999; Qiu et al., 1998), in ventral progenitor cells. 
These proteins can be subdivided into two different classes based on their 
differential regulation by Shh. Class I proteins (Pax7, Pax6, Dbx1/2 and Irx3) are 
repressed by Shh while class II (Nkx6.1, Nkx6.2, Nkx2.2, Nkx2.9 and Olig2) proteins 
depend on specific concentration thresholds of Shh for their expression (Briscoe and 
Ericson, 1999; Novitch et al., 2001). Some class I proteins however can also be 
induced by retinoid signalling (Novitch et al., 2003; Pierani et al., 1999). Downstream 
of Shh signalling, the establishment of distinct progenitor domains involves cross-
repressive interactions between complementary pairs of class I and class II proteins 
that share a common boundary, see figure 2 and (Briscoe et al., 2000; Muhr et al., 
2001). This mechanism acts to refine and maintain the spatial extent of the 
progenitor domains (Briscoe and Ericson, 1999) thus ensuring that cells within each 
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individual domain will express a specific combination of progenitor proteins (Briscoe 
and Ericson, 2001; Briscoe et al., 2000).  

In a later step, the distinct expression profiles of class I and class II proteins in 
each progenitor domain will direct the expression of neural subtype determinants 
(Briscoe and Ericson, 2001). In support for the ability of progenitor HD proteins to 
regulate neuronal subtype identity, the generation of selective ventral neuronal 
subtypes is disturbed in mice lacking some of these progenitor proteins (Briscoe et 
al., 1999; Ericson et al., 1997b; Pabst et al., 2003; Pierani et al., 2001; Sander et al., 
2000). Furthermore, several of these progenitor proteins have the ability to induce 
ectopic generation of neuronal subtypes when expressed outside the confines of 
their normal expression domain (Briscoe et al., 2000; Novitch et al., 2003; Pierani et 
al., 2001; Vallstedt et al., 2001).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Interestingly, most of the class I and class II proteins have been found to work as 

transcriptional repressors through the recruitment of members of the Groucho/TLE 
(Gro/TLE) corepressor complex. The Gro/TLE corepressors constitute a conserved 
group of proteins found from insects to humans (Chen and Courey, 2000). They act 
as non-DNA binding corepressors and require the presence of DNA binding proteins 
to be recruited to specific promoters (Fisher and Caudy, 1998) where they actively 
repress transcription via interactions with the histone deacetylase (HDAC) complex 
(Choi et al., 1999). One protein acting as a Gro-dependent repressor is Drosophila 
Engrailed (En). Gro/TLE co-repressors interact with the En repressor via a peptide 
motif called the engrailed homology 1 (eh1) domain. If the eh1 domain is deleted, the 
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repressive capacity of En is reduced (Jimenez et al., 1999). Interestingly, this motif is 
also present in the En class of HD proteins (Smith and Jaynes, 1996) where it 
underlies the ability of these HD transcription factors to interact with Gro (Kobayashi 
et al., 2001), this issue will be further discussed in Paper I.  

In the last step of ventral neural fate determination, HD proteins will direct the 
neuronal subtype identity of cells as they leave the cell cycle to differentiate. The 
induction of down-stream subtype determinants rely on the repressive activity of the 
HD proteins. These findings suggest that derepression strategies control cell fate 
determination in the ventral neural tube (Muhr et al., 2001).  

 
The five different progenitor (p) domains that are induced in the ventral neural 

tube in response to Shh are p3, pMN, p2, p1 and p0 in a ventral to dorsal fashion 
(Briscoe and Ericson, 1999). The three most ventral domains; p3, pMN and p2 will 
generate V3, motor neurons (MN) and V2 neurons respectively. The combined 
actions of Nkx6.1, Nkx2.2, Olig2 and Irx3 will direct the differentiation of these 
neuronal subtypes. Nkx6.1 is expressed in all three progenitor domains. However, 
the actions of Nkx2.2 and the closely related gene Nkx2.9 block the MN inducing 
activity of Nkx6.1 in the p3 domain and instead promote the generation of Sim1 
positive V3 neurons (Briscoe and Ericson, 1999; Briscoe et al., 2000; Ericson et al., 
1997b). Analysis of mice lacking Nkx2.2 has shown that Nkx2.2 is required for the 
development of V3 neurons (Briscoe et al., 1999). In contrast to Nkx2.2 mutant mice, 
mice lacking Nkx2.9 are morphologically normal with only minor CNS defects (Pabst 
et al., 2003). 

Immediately dorsal to the p3 domain, the combined actions of Nkx6.1 and Olig2 
are necessary for the generation of MNs from the pMN domain (Novitch et al., 2001; 
Pattyn et al., 2003; Vallstedt et al., 2001; Zhou and Anderson, 2002). These neurons 
are characterized by the expression of MNR2, Lim3, Hb9 and Isl1/2 (Ericson et al., 
1997b; Novitch et al., 2001; Tanabe et al., 1998). Dorsal to the pMN domain, V2 
interneurons are generated from progenitors expressing Nkx6.1 in addition to Irx3 
(Briscoe et al., 2000; Ericson et al., 1997b; Sander et al., 2000; Tanabe et al., 1998). 
As they leave the cell cycle, differentiating V2 neurons start to express the HD 
proteins Lim3 and Chx10 (Ericson et al., 1997b). In the absence of MNR2 
expression, Lim3 is sufficient to induce the expression of V2 neurons and therefore 
seem to function as a V2 subtype determinant (Tanabe et al., 1998). The phenotype 
of Nkx6.1 mutant indicate that the activity of Nkx6.1 is required for the correct 
generation of both MN and V2 generation (Sander et al., 2000). In addition, Nkx6.1 
seems to dorsally restrict the expression domain of Dbx2 and the generation V1 
neurons (Sander et al., 2000).  

The combined expression of Nkx6.2 and Dbx2 in the p1 domain will give rise to 
V1 interneurons (Ericson et al., 1997b; Matise and Joyner, 1997) characterized by 
the expression of En1 (Ericson et al., 1997b). Interestingly, the closely related genes 
Nkx6.1 and Nkx6.2 seem to have both specific and redundant roles in patterning of 
the ventral neural tube. The amount of Nkx6 repressor activity seem to direct the 
development of different types of neurons with MNs requiring the highest Nkx6 
repressor activity and V1 the lowest (Vallstedt et al., 2001). 
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Most dorsal in the ventral neural tube, p0 progenitors that express Dbx1 will result 
in V0 interneuron generation (Pierani et al., 2001) characterized by the expression of 
Evx1 (Matise and Joyner, 1997). The expression of both Dbx1 and Evx1 are 
essential for the generation of this neuronal subtype since mice lacking Dbx1 
function get an increase in the generation of V1 neurons at the expense of V0 
interneuron fate (Moran-Rivard et al., 2001; Pierani et al., 2001) and see figure 2 for 
summary. 

 

Reception and transduction of the Hh signal 
The Hh proteins are synthesized as large precursor proteins that undergo a series of 

post translational modifications to gain full activity. The first of these modifications is an 
intramolecular cleavage (Bumcrot et al., 1995; Lee et al., 1994) catalyzed by the C-
terminal portion of the protein (Lee et al., 1994; Porter et al., 1995). This yields a C-
terminal fragment that catalyzes the autocleavage, and a N-terminal fragment that is 
responsible for all known Hh signalling activity (Porter et al., 1995; Porter et al., 1996). 
During the autocleavage of Hh, a covalently linked cholesterol moiety is added to the N-
terminal fragment (Porter et al., 1996). This cholesterol modification results in 
membrane retention of the protein, a finding that may seem at odds with the apparent 
long-range activity of the proteins (Bumcrot et al., 1995; Lee et al., 1994; Porter et al., 
1996). However, mice only expressing a non cholesterol modified variant of Shh fail to 
perform long-range signalling and exhibit abnormal development of the brain, face and 
limbs (Lewis et al., 2001). Interestingly, the development of other tissues is more or less 
normal suggesting a differential requirement for the signalling range of Shh in different 
tissues. These observations highlight the importance of the cholesterol modification for 
the long-range signalling capacity of Shh (Lewis et al., 2001). The cholesterol modified 
forms of Hh have been suggested to participate in long-range signalling by forming 
freely diffusible multimeres, shown to be highly potent activators of Hh signalling in cell 
culture assays (Zeng et al., 2001). Furthermore, the secretion of these freely diffusible 
forms of Hh seems to require the actions of the transmembrane protein Dispatched 
(Disp) (Burke et al., 1999; Caspary et al., 2002). Mice mutant for Disp have severe 
defects in the development of the ventral neural tube (Caspary et al., 2002; Kawakami et 
al., 2002; Ma et al., 2002) further indicating a requirement for Disp in the long-range Hh 
signalling.  

In addition to the cholesterol modification, another lipid modification, palmitoylation 
seems to be important for the signalling function of Hh in Drosophila (Chamoun et al., 
2001; Pepinsky et al., 1998). In vertebrates however, variants of Shh that are unable to 
be palmitoylated still retain some activity (Chamoun et al., 2001). In addition, very similar 
levels of activity are obtained with palmitoylated and unmodified forms of Shh in some 
contexts (Pepinsky et al., 1998) questioning the importance for this modification in 
vertebrates in vivo. Recently however, gene targeting of a membrane bound 
acyltransferase called skinny hedgehog (ski, also called central missing, cmn) 
suggested to be required for the palmitoylation of Hh genes (Amanai and Jiang, 2001; 
Chamoun et al., 2001), showed that this modification is essential for all Hh signalling in 
mice (Chen et al., 2004). In addition, non-palmitoylated Shh have a reduced signalling 
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range, resembling the effects of non-cholesterol modified forms (Chen et al., 2004). 
Active multimeres of Shh also seem to require modifications by both cholesterol and 
palmitoylations for their formation (Chen et al., 2004). In all, this suggests that 
palmitoylation of Hh is important for proper function of Hh in both Drosophila and 
vertebrates. 

Hh reception 
The Hh receptor consists of two components; Ptc, a large membrane spanning 

protein (Hooper and Scott, 1989; Nakano et al., 1989) able to interact with the Hh ligand 
(Chen and Struhl, 1996; Chen and Struhl, 1998; Murone et al., 1999; Stone et al., 1996) 
and Smo, a seven transmembrane protein that transduce the Hh signal into the cell. In 
the traditional model of Hh signal transduction (see figure 3), Ptc is considered to 
repress Hh signalling by binding to Smo in the cell membrane thereby inhibiting the 
actions of Smo (Ingham et al., 1991). In the presence of Hh ligand, this repression is 
relieved (Chen and Struhl, 1996; Chen and Struhl, 1998; Murone et al., 1999; Stone et 
al., 1996). Misexpression of Shh leads to ectopic activation of Ptc verifying that Ptc acts 
downstream of Shh (Marigo et al., 1996b; Marigo and Tabin, 1996). Ptc is also 
suggested to limit the range of Hh signalling by sequestering and restricting the 
movement of Hh ligand thereby attenuating Hh signalling (Chen and Struhl, 1996; Chen 
and Struhl, 1998; Goodrich et al., 1999).  

In vertebrates, the range of Shh signalling is further restrained by Hh interacting 
protein (Hip-1), a protein with structural resemblance to Ptc. Hip-1 act as a negative 
regulator of Hh signalling by sequestering the Hh ligand, thereby limiting the range of Hh 
activity (Chuang and McMahon, 1999). Both soluble and membrane associated forms of 
Hip-1 have been identified (Coulombe et al., 2004) and mice mutant for Hip-1 die shortly 
after birth verifying the importance of this gene in vertebrate development. Surprisingly, 
the DV patterning of the neural tube in these mutants seems to be fairly normal probably 
attributable to redundancy with Ptc (Chuang et al., 2003). 

The other partner in the Hh receptor complex is Smo. Smo belongs to a family of G-
protein coupled receptors (Alcedo et al., 1996; van den Heuvel and Ingham, 1996) 
although neither a G-protein nor a ligand had been identified until recently when Kasai et 
al proposed that Smo can interact with the G12 family of G proteins (Kasai et al., 2004). 
Smo is unable to interact directly with Shh (Chen and Struhl, 1996; Chen and Struhl, 
1998; Stone et al., 1996) and is rather required for cells to be able to transduce the Hh 
signal into the responding cell (Chen and Struhl, 1996; Chen and Struhl, 1998). In line 
with these results, Smo has been shown to act downstream of the Ptc receptor (Alcedo 
et al., 1996; Chen and Struhl, 1996; Chen and Struhl, 1998; van den Heuvel and 
Ingham, 1996; Zhang et al., 2001) as the only signalling component of the Hh receptor 
complex (Hynes et al., 2000; Murone et al., 1999; Zhang et al., 2001). 

The importance of Ptc and Smo for Hh signal transduction is clearly evident in the 
severity of the phenotypes in mice that are mutant for these genes. Mice lacking Ptc 
exhibit a dorsal expansion in the expression of Shh and up-regulation of Shh target 
genes. Furthermore, these mice lack most dorsal cell fates suggestive of an almost 
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complete ventralization of the neural tube resembling the effects of a constitutively 
active Shh signalling pathway (Goodrich et al., 1997).  

In contrast to the Ptc mutant, mice lacking Smo have the opposite phenotype, 
resembling Shh mutant mice. The Smo mutants however, have a more severe 
phenotype than that of mice lacking Shh reflecting the fact that Smo affects all Hh 
signalling in the embryo not just that of Shh. This further implicates that Smo is the 
transducer of all Hh signals in the embryo (Zhang et al., 2001).  

A new model of Hh signal transduction 
The traditional model of Hh signal transduction where Ptc directly associates with 

Smo has recently been challenged by a more complex view on the interactions between 
the components of the Hh receptor. Ptc and Smo do not seem to co-localize in the cell 
membrane in the absence of Hh signalling (Incardona et al., 2002; Zhu et al., 2003) as 
was previously believed. This lack of physical association between Ptc and Smo indicate 
that Ptc suppresses the activity of Smo in a catalytic manner rather than by direct 
binding (Taipale et al., 2002). In addition, it seems that upon ligand binding, the entire 
signalling complex including the bound Hh is internalized into the cell. Subsequently, Ptc 
and Shh enter lysosomes for degradation while Smo seems to be stabilized by 
phosphorylations and recycled to the cell surface (Incardona et al., 2002; Zhu et al., 
2003). These results suggest the involvement of vesicular trafficking in Shh signalling. In 
support of this, the mouse mutant open brain (opb), suggested to encode a negative 
regulator of Shh signalling (Eggenschwiler and Anderson, 2000), has been shown to 
affect Rab23, a member of the Rab family of vesicular transport proteins (Eggenschwiler 
et al., 2001). The opb mutants exhibit severe defects (Gunther et al., 1994) resembling 
the loss of Ptc. In line with this, Rab23 acts downstream of Shh and is required for the 
development of dorsal neural fates opposing the ventralizing activity of Shh 
(Eggenschwiler et al., 2001).  

Ci mediates Hh signalling in Drosophila  
In Drosophila, the zinc finger (ZF) containing transcription factor Ci is the key 

mediator of Hh signalling directly controlling the transcriptional response of target genes 
in a Hh dependent manner. The wing imaginal disc, that will give rise to the wing of the 
adult fly, is one of the best studied organs with regard to the Hh signalling pathway. The 
imaginal discs derive from a sheet of epithelial cells that is divided by lineage restriction 
into an anterior (A) and a posterior (P) compartment due to the presence or absence of 
the En selector gene. Hh diffuses over the AP compartment boundary into the A 
compartment eliciting the expression of decapentaplegic (dpp) that in turn act as a long-
range morphogen patterning both the A and P compartments of the imaginal disc, 
reviewed in (Panman and Zeller, 2003). Ci is present throughout the A compartment of 
the wing imaginal disc suggesting that the transcription of Ci is independent of Hh 
signalling (Slusarski et al., 1995). Dependent on the AP position and the closeness to 
the AP compartment border, Ci will take on different functions, either activating or 
repressing Hh mediated transcription.  
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Ci regulation and processing 
In the absence of Hh signalling full length Ci (Ci155), located in the cytoplasm of Hh 

responsive cells, is cleaved into a N-terminal repressor form (CiRep, also called Ci75) 
that is primarily detected in the nucleus, see Figure 3 (Aza-Blanc et al., 1997; Hepker et 
al., 1997). In the presence of Hh, cleavage of Ci155 is inhibited and nuclear localization 
of Ci155 is stimulated (Chen et al., 1999; Wang and Holmgren, 2000). In addition, the 
presence of Hh ligand seems to promote the activation of Ci155 into a labile 
transcriptional activator called CiAct, see Figure 3 and (Jia et al., 2002; Ohlmeyer and 
Kalderon, 1998; Price and Kalderon, 2002). However, merely preventing the processing 
of Ci155 does not render activity to the full length Ci suggesting that activation of Ci into 
CiAct requires further steps in addition to the presence of Hh ligand (Methot and Basler, 
1999).  

Ci regulates the transcription of Hh target genes by binding to a consensus Ci/Gli 
binding site. Interestingly, since all forms of Ci are able to bind to the same Ci/Gli 
binding site other mechanism than differences in their DNA binding activities must 
control the differential actions of these molecules (Muller and Basler, 2000). 

In all, Ci seems to function in different ways depending on the presence or absence 
of a C-terminal trans-activating domain that is supposedly cleaved off in the processing 
of Ci155 to CiRep (Hepker et al., 1997). Thus, Hh may primarily function by controlling 
the production of different forms of Ci rather than affecting the absolute amounts of Ci 
present in the cell (Aza-Blanc et al., 1997). 

The Ci complex 
An additional level of control over Ci activity is the tethering of Ci in the cytoplasm by 

a large complex bound to microtubule in the absence of Hh signalling (Robbins et al., 
1997). In Drosophila the components of this Ci tethering complex include: Fused (Fu) a 
serine-threonine kinase for which no substrate has yet been isolated, Suppressor of 
fused (Sufu) encoding a novel cytoplasmic protein containing a PEST sequence known 
to be involved in rapid protein degradation (Pearse et al., 1999; Simon-Chazottes et al., 
2000), Costal-2 (Cos-2) a kinesin like protein, see also figure 3. 

Fu is a positive regulator of Hh signalling (Robbins et al., 1997) that seems to be 
involved in the regulation of Ci proteolysis (Lefers et al., 2001). Furthermore Fu seems 
to be important to counteract the activity of Sufu, a negative regulator of Hh signalling. 
Sufu controls Ci activity by retaining it in the cytoplasm (Monnier et al., 1998) and Fu 
probably counteracts this activity, by triggering phosphorylation leading to rapid 
degradation of Sufu (Monnier et al., 1998), thereby promoting the formation of CiAct 
(Ohlmeyer and Kalderon, 1998). In support of this, inhibition of Sufu activity enables 
CiAct to accumulate in the nucleus (Methot and Basler, 2000). Sufu seems to act as a 
negative regulator of Hh signalling by recruiting the HDAC corepressor complex to 
promoters containing Ci/Gli binding sites (Cheng and Bishop, 2002). However, although 
Sufu is expressed in tissues that are patterned by Hh signalling (Pearse et al., 1999; 
Simon-Chazottes et al., 2000) the importance of this molecule in the Ci complex is 
unclear. In Drosophila, Sufu activity seems to be redundant with Cos-2, and might 
therefore be dispensable (Methot and Basler, 2000; Monnier et al., 1998). In all, Sufu 
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seems to be important for the restriction of the activity of CiAct rather than the formation 
of repressor or activator forms of Ci while the opposite is true for Fu.  

The third component of the Ci complex is Cos-2. Similar to Sufu, Cos-2 can interact 
with both Fu and Ci. Interestingly, both Sufu and Cos-2 bind the N-terminal region of Ci 
indicating that they are able to bind the full length as well as the truncated repressor 
form of Ci (Dunaeva et al., 2003; Monnier et al., 2002). Cos-2 has also been indicated to 
be able to bind to the N-terminal part of Ci albeit with a much lower affinity than the C-
terminal binding (Wang and Jiang, 2004). This suggest that Cos-2 might be able to form 
several distinct complexes with Ci that might regulate Ci function in different ways 
(Stegman et al., 2003; Stegman et al., 2004; Wang and Jiang, 2004). 

Protein Kinase A (PKA) seems to be involved in the regulation of Ci proteolysis. PKA 
acts as a negative regulator of Hh signalling, probably by phosphorylating and thus 
limiting the activity of Ci155 further promoting the proteolysis of Ci155 to CiRep (Price 
and Kalderon, 1999; Wang et al., 1999). Phosphorylation by PKA primes Ci for further 
phosphorylation by two other kinases, glycogen synthase kinase 3 (GSK3) and casein 
kinase 1 (CK-1). The actions of these three kinases in concert seem to be vital for the 
proteolysis of Ci into CiRep (Jia et al., 2002; Price and Kalderon, 2002). Mutating the 
PKA sites of Ci suppress Ci processing (Chen et al., 1999). In addition, PKA seems to 
regulate the activity of Smo via phosphorylations of the Smo cytoplasmic tail (Alcedo et 
al., 1996; Johnson et al., 2000; van den Heuvel and Ingham, 1996). 

In addition to these components, a novel F-box/WD-40 repeat protein called Slimb 
(supernumerary limbs) seems to regulate the Hh pathway by targeting Ci for 
proteasome dependent degradation. Thus slimb, like PKA, seems to be a negative 
regulator of the Hh signalling pathway normally acting to prevent the activity of Ci in 
absence of Hh ligand (Jiang and Struhl, 1998).  
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In conclusion, different components of the Ci signalling complex seem to be required 
for eliciting the proper responses to different levels of Hh signalling. Interestingly, while 
Ci has been shown to be required for all Hh signalling, Hh is not required for a functional 
Ci since the formation of a repressor form of Ci is stimulated in the absence of Hh 
(Methot and Basler, 2001). This could in turn explain the differences observed between 
the phenotypes of Ci and Hh mutants. 

Direct interaction of the Ci complex with Smo, a novel signalling mechanism 
Recently, results have suggested that Smo might function via a completely novel 

signalling mechanism, directly interacting via the cytoplasmic tail with the Hh pathway 
components Fu and Cos-2. Since these proteins bind to Ci in a complex, this could 
provide a mechanism for the regulation of Ci further indicating that Smo transduces the 
Hh signal by recruiting the Ci complex to the plasma membrane (Hooper, 2003; Jia et 
al., 2003; Lum et al., 2003; Ogden et al., 2003; Ruel et al., 2003). These results further 
suggest that the Smo receptor could take on different states of Hh responsiveness by 
differentially regulating the Hh downstream signalling components. The adoption of 
distinct signalling states of a receptor provides a new mechanism by which a 
morphogen, like Shh, could generate multiple responses in answer to a single ligand 
(Hooper, 2003; Jia et al., 2003; Lum et al., 2003; Ruel et al., 2003). In line with this, Cos-
2 has been suggested to be able to from different complexes with Ci. One indirect 
complex via Smo proposed to promote the formation of CiAct and one direct complex 
binding to endosomes that would promote the formation of CiRep (Stegman et al., 
2004). 

The Gli genes transduce the Hh signal in vertebrates 
In vertebrates, the role of mediating downstream Hh signalling is considered to 

depend on three homologues of the Drosophila Ci; Gli1, Gli2 and Gli3. The Gli genes 
were first identified as being up-regulated in human glioblastoma cancers, hence the 
name Gli (Kinzler et al., 1988). Subsequently, Gli2 and Gli3 were cloned (Ruppert et al., 
1988) and a high sequence similarity was detected between the three, each containing 
five DNA binding ZF motifs (Kinzler et al., 1988; Ruppert et al., 1988). The Gli genes 
contain an N-terminal repressor domain and a C-terminal activator domain (Sasaki et 
al., 1999) that show similarities to the Herpes Simplex Vp16 activation domain (Yoon et 
al., 1998). The C-terminal further include residues involved in cytoplasmic retention 
(Sasaki et al., 1999).  

In vertebrates, all three Gli genes are expressed in partly overlapping domains in the 
neural tube (Hui et al., 1994; Lee et al., 1997; Ruiz i Altaba, 1998). In mouse the 
expression of these genes is first detected in the embryo around e7-7.5, before the 
expression of many of the patterning genes have been initiated. The initial expression is 
broad and subsequently narrows and become more restricted as development 
proceeds. In addition, the Gli proteins all interact with the same Ci/Gli binding site 
(Ruppert et al., 1990) probably competing for DNA binding in much the same way as the 
different forms of Ci in Drosophila. Data have shown that Gli binding sites in a floor plate 
specific FoxA2 enhancer can act as Shh responsive elements, supporting an 
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involvement of the Shh signalling pathway in floor plate specification, further suggesting 
that Gli genes are involved in the induction of FoxA2 expression in the floor plate 
(Sasaki et al., 1997).  

In similarity to Ci in the Drosophila Hh pathway, the Gli genes seem to be the 
differentially regulated by Hh signalling. Results indicates that the Gli genes have all 
taken on different functions of Ci (Aza-Blanc et al., 2000; von Mering and Basler, 1999) 
so that when expressed in Drosophila, Gli1 behaves as CiAct, locating exclusively to the 
cytoplasm, while Gli2 act as both an activator and a repressor of Hh target genes. 
Reflecting this, Gli2 locates to both the nucleus and the cytoplasm, although with 
preference for the cytoplasmic location and activator function. Gli3 on the other hand, 
behaves entirely as CiRep, repressing transcription in a Hh dependent way and locating 
to the nucleus (Aza-Blanc et al., 2000; von Mering and Basler, 1999). Understanding the 
function of each individual Gli gene however, is complicated by the presence of three 
highly related proteins and the possibility of post translational modifications rendering 
them different functions (Aza-Blanc et al., 2000; Hynes et al., 2000).  

The Zic genes are ZF transcription factors related to the Gli genes and suggested to 
be involved in multiple aspects of neural and skeletal development in vertebrates. They 
are expressed in the limb buds and dorsal neural tube (Aruga et al., 2002) and have 
been shown to bind the Ci/Gli binding site albeit with a much lower binding affinity than 
the Gli proteins themselves (Brewster et al., 1998; Koyabu et al., 2001). By physically 
interacting, Zic and Gli can regulate both the sub cellular location and the activity of 
each other leading to context dependent enhancement or suppression of Gli mediated 
transcription (Koyabu et al., 2001). This implies that a combination of Gli and Zic 
activities induces patterned cell differentiation during development (Brewster et al., 
1998; Koyabu et al., 2001). 

Differential activities of Gli1-3 in mediating the Shh response in the neural tube 
In the neural tube, Gli1 is expressed in a restricted pattern in and immediately 

adjacent to the ventral midline (Hui et al., 1994; Lee et al., 1997; Sasaki et al., 1997). In 
contrast to Gli2 and Gli3, Gli1 seems to only function as an activator of transcription 
(Lee et al., 1997; Ruiz i Altaba, 1999) a result that is consistent with the apparent lack of 
the N-terminal repressor domain in Gli1 (Sasaki et al., 1999). These results first lead to 
the suggestion that Gli1 could be the main mediator of active Shh signalling in the 
embryo. However, mice lacking Gli1 function were found to be viable with no obvious 
phenotype (Bai et al., 2002; Park et al., 2000) indicating that Gli1 could not be the 
primary mediator of the early response to Shh. Consistent with this, Gli2 and Gli3 have 
now been shown to be the primary mediators of the Shh signal in mice (Bai et al., 2002; 
Sasaki et al., 1999). This is in contrast to results in the zebrafish where Gli1 seem to 
have an important role in ventral patterning of the CNS (Karlstrom et al., 2003). 

In contrast to Gli1, Gli2 and Gli3 have a broader and more dorsal expression pattern 
in the neural tube with no expression in the ventral midline (Hui et al., 1994; Lee et al., 
1997; Sasaki et al., 1997). However, while Gli2 is expressed at uniform levels in the 
entire neural tube, Gli3 exhibit a dorsal high to ventral low gradient of expression 
opposing that of Shh (Sasaki et al., 1999). Results from analysis of Ptc mutant mice 
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indicate that development of ventral neural cell fates seem to require both Gli2 and Gli3 
function (Bai et al., 2002; Motoyama et al., 2003). These results support the notion that 
Gli2 and Gli3 would act as the primary mediators of Shh signalling. 

Both Gli2 and Gli3 contain the N-terminal repressor and the C-terminal activator 
domains (Marigo et al., 1996a) referred to earlier and in line with this, Gli3 seem to have 
transcriptional activator functions in addition to the repressor activity. However, the main 
activity of Gli3 seem to be as a transcriptional repressor (Bai et al., 2004; Dai et al., 
1999). Gli2 on the other hand seems to act mainly as an activator of Hh target gene 
transcription, contributing to the induction of the most ventral cell types in the neural 
tube in response to Shh signalling (Bai and Joyner, 2001; Ding et al., 1998) although a 
repressor function of Gli2 is revealed in the absence of Gli3 (Buttitta et al., 2003). Mice 
lacking Gli2 function have defects in several tissues including the CNS, lungs and 
skeleton. (Ding et al., 1998; Matise et al., 1998) This is in contrast to the zebrafish where 
Gli1 but not Gli2 seems to have a major role in activating Hh target genes in the CNS. 
Interestingly, truncated forms of Gli2 act as potent repressors of Hh signalling in 
zebrafish while the full length form functions as a transcriptional activator, revealing a 
conserved role of Gli2 between fish and mice (Karlstrom et al., 2003). 

Interestingly, Gli3 has been shown to be both phosporylated and processed in a PKA 
dependent manner (Wang et al., 2000) in the absence of Shh signalling (Aza-Blanc et 
al., 2000; Dai et al., 1999). This processing of Gli3 has not been shown to occur in the 
neural tube yet, although a Shh dependent gradient of Gli3 processing giving rise to a 
ratio of full-length to cleaved Gli3 seems to exist in both chick and mouse limb buds 
(Buscher et al., 1997; Litingtung et al., 2002; Wang et al., 2000). This ratio of activator 
versus repressor forms of Gli3 has been suggested to modulate the expression of Shh 
target genes (Litingtung et al., 2002). It is still unclear if Gli2 is controlled by a similar 
processing event. The results regarding this are inconclusive with no cleavage of Gli2 
observed in cell lines (Wang et al., 2000) although processing of Gli2 in Drosophila yield 
a Hh-independent cleavage product (Aza-Blanc et al., 2000).  

 
Xtra-toes (Xt) mutant mice have been shown to carry a large genomic deletion 

(Maynard et al., 2002) in the Gli3 gene, truncating it shortly after the first ZF (Buscher et 
al., 1998). These mice die around birth with a phenotype including limb and craniofacial 
abnormalities (Aoto et al., 2002; Buscher et al., 1998; Schimmang et al., 1992). They 
also exhibit severe disruptions of forebrain development (Grove et al., 1998; Tole et al., 
2000) possibly due to loss or down-regulation of Emx genes (Theil et al., 1999) or to up-
regulation of Ffg8. The up-regulation of Fgf8 has also been implicated as being 
accountable for some of the abnormalities seen in eye and limb (Aoto et al., 2002).  

Interestingly, double mutants of Gli2 and Gli3 have a more severe phenotype than 
any of the single mutants (Bai and Joyner, 2001; Buttitta et al., 2003; Hardcastle et al., 
1998; Matise et al., 1998; Motoyama et al., 1998; Park et al., 2000) indicating 
overlapping functions between these two genes in addition to their specific roles during 
development. The defects of the neural tube include an expansion of ventral neural fates 
and a disorganization of neurons suggesting that the progenitors have lost their 
positional information (Bai et al., 2004; Buttitta et al., 2003). Triple mutants of 
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Ptc/Gli2/Gli3 further suggest that Gli2 and Gli3 share overlapping activator functions in 
the induction of ventral cell types in the developing neural tube. Interestingly, these 
mutants have a less severe phenotype than mice lacking Shh suggesting that some Shh 
signalling is still present in the absence of both Ptc and Gli function (Motoyama et al., 
2003). 

 
As discussed earlier, Gli3 has been implicated as working mainly as a repressor of 

Shh signalling being able to antagonize the FoxA2 inducing properties of Gli1 as well as 
blocking the endogenous floor plate development (Ruiz i Altaba, 1998) and Gli2 induced 
MN differentiation (Ruiz i Altaba, 1999). Strikingly, in double mutants of Shh and Gli3 
(Litingtung and Chiang, 2000; Persson et al., 2002) or Smo and Gli3 (Wijgerde et al., 
2002) some aspects of DV patterning is restored, indicating that patterning along the DV 
axis of the neural tube can occur in the absence of both Hh and Gli3 function. The fact 
that a lack of Gli3 alleviates the phenotypes of both Shh and Smo single mutants 
substantiates the notion that Gli3 acts as a transcriptional repressor in the specification 
of ventral neural fates and that the primary role of Shh is to repress Gli3 repressor 
function (Litingtung and Chiang, 2000; Persson et al., 2002; Rallu et al., 2002). These 
results not only provide evidence for an antagonistic relationship between Gli3 and Shh 
but also suggest the existence of Shh independent positional information present in the 
neural tube (Litingtung and Chiang, 2000; Persson et al., 2002; Rallu et al., 2002).  

Several signalling pathways have been implicated as being involved in this Shh 
independent patterning of the ventral neural tube, including retinoids (Novitch et al., 
2003; Pierani et al., 2001), Wnt (Lee and Jessell, 1999; Muroyama et al., 2002), BMP 
from the dorsal neural tube (Lee and Jessell, 1999; Liem et al., 2000) and notochord 
derived BMP antagonists (Liem et al., 2000; McMahon et al., 1998; Patten and Placzek, 
2002). In addition, a reduction in BMP signalling leads to an expansion of ventral neural 
fates (Barth et al., 1999; Patten and Placzek, 2002; Timmer et al., 2002). Retinoids have 
further been shown to be able to block Gli activity in cell culture experiments (Goyette et 
al., 2000) and recently, Fgf signalling was implicated to pattern the neural tube in 
concert with retinoid signalling (Novitch et al., 2003). 

In addition, the Gli genes have been implicated as being common mediators of 
several different signalling pathways. In support of this, members of the Wnt family can 
be regulated by Gli proteins in some contexts linking Shh signalling to Wnt function 
(Grove et al., 1998; Liu et al., 2001; Mullor et al., 2001) and Gli2 and Gli3 expression in 
the somites seem to be regulated by Wnt signalling in addition to Shh (Borycki et al., 
2000). Furthermore, GSK-3, a component of the Wnt signalling pathway is implicated in 
influencing Ci regulation (Jia et al., 2002; Price and Kalderon, 2002). The Gli genes 
might also be involved in co-ordinating BMP and Shh signalling as indicated by the 
ability of truncated forms of Gli3 to interact with Smads (Similar to mothers against 
decapentaplegic), the transcriptional effectors of BMP signalling (Liu et al., 1998). 
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To summarize, all three Gli genes seem to have different biochemical properties that 
are needed for the correct DV patterning of cell types in the ventral neural tube. This 
implies that in addition to their individual roles, they together give rise to a specific Gli 
readout in the cells conferring them with spatial information.  
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AIMS OF THIS STUDY 
Since the discovery of Shh little over ten years ago, a lot of work has been done 

to elucidate the role of this morphogen in patterning of the ventral neural tube. The 
importance for this signalling pathway in many aspects of the developing embryo has 
prompted massive research input and ensured that the field is still rapidly 
progressing. The papers included in this thesis have all been aimed at further 
elucidating the role of Shh in regulating the patterning and regionalization of the 
ventral neural tube in vertebrates. 

 
The specific aims of this thesis have been:  
 
 To investigate the mechanisms by which progenitor HD proteins establish 

progenitor cell identity and neuronal fate in the ventral neural tube (Paper I). 
 
 To study the role of Gli genes as mediators of the Shh response in the ventral 

spinal cord and to elucidate if the Gli genes are required for the correct DV 
patterning of neuronal subtypes in the ventral neural tube (Paper II). 

 
 To investigate if all aspects of Shh dependent ventral neuronal patterning 

depend on the presence of a Shh gradient (Paper III).  
 
 

MATERIALS AND METHODS 
The complete list of all the materials and methods are presented in the individual 
papers (I-III). 
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RESULTS AND DISCUSSION 
The results on which this thesis is based are thoroughly presented and discussed in 
the original papers I-III and will be briefly summarized and commented in this 
section. 

Paper I - Groucho-mediated transcriptional repression 
establishes progenitor cell pattern and neuronal fate in the 
ventral neural tube 

It has been well established that in the ventral neural tube, Shh signalling define 
five different progenitor domains by regulating the expression pattern of progenitor 
HD proteins (Briscoe et al., 2000). However, the question of weather these 
progenitor HD proteins act as transcriptional repressors or activators in patterning 
the ventral neural tube had not been answered yet. We set out to resolve the 
mechanism by which progenitor HD proteins establish progenitor cell identity and 
neuronal fate in the developing ventral neural tube.  

We discovered that most of the progenitor HD proteins involved in ventral neural 
patterning share a peptide motif similar to the eh1 domain present in the 
transcriptional repressor Engrailed. The eh1 domain is known to be important for the 
interaction with corepressors of the Gro/TLE family. Indeed, we found that all 
progenitor HD proteins that possessed this eh1 like motif interacted with Gro/TLE 
proteins via this domain both in vivo and in vitro indicating a possible Gro dependent 
repressor activity. In line with this we show that the specification of neuronal fate by 
these proteins relies on their ability to act as eh1 domain dependent transcriptional 
repressors. Inhibiting the function of Gro/TLE corepressors resulted in a deregulated 
pattern of expression of HD proteins in the ventral neural tube. This further indicates 
that Gro/TLE corepressors are necessary for the correct patterning of the ventral 
neural tube by progenitor HD proteins. 

In summary, the neural patterning activity of progenitor HD proteins requires the 
presence of the eh-1 domain in vivo, indicating that they function as Gro/TLE 
dependent repressors, promoting differentiation of individual cell fates by repressing 
the actions of other repressors. This leads to a model where the specific pattern of 
individual neuronal subtypes along the DV axis of the ventral neural tube is achieved 
by repressing all alternative cell fates in a spatially restricted manner – a 
derepression strategy for neuronal fate specification.  

Interestingly, the role of transcriptional activators in promoting the expression of 
neural subtype determinants downstream of the progenitor HD proteins has not been 
resolved yet. There are two possible strategies to achieve this. Either, the expression 
of subtype determinants could be activated by a common, uniformly expressed 
activator protein. Such an activator would be constrained by the HD repressors 
present in each specific domain only being allowed to activate the proper subtype. 
Alternatively, different activators would be required for the generation of the distinct 
neuronal subtypes. This however, poses the question of what would activate these 
activators in a restricted spatial fashion favouring the model of common activators 
that are more broadly expressed along the entire DV axis of the neural tube. In line 
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with this, a role for retinoid receptor-mediated transcriptional activation was recently 
proposed in the specification of different neuronal subtypes in the ventral neural tube 
(Novitch et al., 2003).  

Paper II - Dorsal-ventral patterning of the spinal cord required 
Gli3 transcriptional repressor activity 

The Gli genes are thought to mediate Shh signalling in the developing vertebrate 
embryo, but their precise role in directing neural tube patterning is unclear. The loss 
of individual Gli genes results in relatively minor defects in relation to the severe 
phenotype seen in the Shh single mutant raising the possibility that transcription 
factors other than Gli proteins might contribute to control the generation of some cell 
types in the ventral neural tube. Indeed, Shh signalling not involving Ptc-Smo or Gli 
(Testaz et al., 2001) as well as Shh responsive factors that require the activities of 
HD rather than Gli proteins for function (Krishnan et al., 1997) support this possibility. 
However, results from Drosophila indicate that all Hh signalling is dependent on Ci 
function arguing against the possibility that the Hh pathway would branch into 
several possible down stream mediators (Methot and Basler, 2001). We decided to 
assess the importance of Gli activity in patterning the ventral spinal cord of 
vertebrates. 

Mice mutant for Gli3 have previously been thought to have no discernable 
phenotype in the spinal cord. However, our analysis revealed defects in the 
patterning of the intermediate part of the spinal cord where the expression of specific 
progenitor HD proteins expanded dorsally at the expense of more dorsal markers. 
These changes in the expression pattern of HD proteins were accompanied by a 
corresponding change in the neuronal subtypes generated.  

Interestingly, the spinal cord defects observed in the Gli3 mutants were rescued in 
mice expressing a truncated Gli3 protein similar to the proposed processed 
repressor variant of Gli3. Previous results have indicated that processing of Gli3 can 
occur in the limb bud of chick and mouse (Buscher et al., 1997; Litingtung et al., 
2002; Wang et al., 2000) although no processing has yet been shown to occur in the 
neural tube. Our results identify a specific requirement for Gli3 repressor activity in 
the spinal cord suggesting that proteolytic processing of Gli3 is functionally relevant 
in the vertebrate spinal cord. These results support the idea that a ratio of activator 
versus repressor forms of Gli3 could modulate the expression of Shh target in the 
neural tube (Litingtung et al., 2002). In contrast to the spinal cord, the truncated form 
of Gli3 did not rescue other aspects of development suggesting a distinct 
requirement for Gli3 repressor and activator function in different tissues.  

In order to address the possibility of some cell types being patterned by other 
mechanisms than Gli mediated transcription, we used a dominant negative repressor 
form of Gli3 to block all Gli transcriptional activation. This resulted in changes in the 
expression of all HD proteins examined corresponding to a complete ventral to 
dorsal shift in progenitor cell identity indicating a requirement for Gli activity in 
directing DV pattering throughout the ventral spinal cord. The fact that the generation 
of cell types that are not affected in the individual Gli mutants were blocked by the 
actions of this dominant repressor variant of Gli3 indicate a dependence on Gli 
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function for the generation of all ventral cell types. This in turn suggests a functional 
redundancy between the Gli genes in patterning of the neural tube. However, neither 
Gli gene is able to completely substitute for the other during spinal cord development 
since single mutant embryos show specific patterning defects.  

Gli3 has been shown to act as a negative regulator of ventral spinal cord 
patterning in the absence of Shh. Our analysis of mice lacking both Gli3 and Shh 
suggests that some DV pattering is restored in these mice and support the 
observations by Litingtung and Chiang (Litingtung and Chiang, 2000) that certain 
aspects of ventral neural patterning can occur independent of the Shh gradient in 
these mutants. In addition to these observations, we show that Gli3 is required even 
in the absence of graded Shh signalling to correctly pattern the intermediate part of 
the neural tube. Several different signalling pathways have been suggested to be 
involved in this Shh independent patterning including Wnt (Jia et al., 2002; Mullor et 
al., 2001; Price and Kalderon, 2002) and BMP (Liu et al., 1998). Interestingly, Gli 
proteins have been indicated as being able to co-ordinate some aspects of these 
signalling pathways with that of Shh. Together, these data raise the possibility that 
Gli proteins act as common mediators integrating Shh signals and other sources of 
positional information to control patterning throughout the ventral neural tube.  

Paper III - Changes of Competence and Signal 
Responsiveness are Necessary for the Neural Patterning 
Activity of the Sonic Hedgehog Morphogen. 
The patterning of different cell types along the DV axis in the ventral part of the 
neural tube is generally believed to reflect a concentration gradient of the morphogen 
Shh. Shh is initially produced by the notochord underlying the neural plate and at 
later stages by floor plate cells at the ventral midline of the neural tube. Shh 
signalling is required for the induction of floor plate cells and also for the spatial 
patterning of V3, MN, V2, V1 and V0 neurons, respectively. While a number studies 
have indicated that Shh act in a graded manner, reviewed in (Briscoe and Ericson, 
2001), it remains unclear if all patterning activities of Shh really require a graded 
distribution of Shh ligand. For instance, mice lacking Ptc activity develop multiple 
ventral cell fates in absence of an ability to detect different concentrations of Shh 
(Motoyama et al., 2003) and removing the repressive effect of Gli3 in Shh mutants 
significantly rescues the phenotype of these mice suggesting that some patterning of 
the ventral neural tube can occur in the absence of a Shh gradient (Litingtung and 
Chiang, 2000). In addition, it has proven difficult to separate the generation of the 
most ventral cell types, floor plate and V3 neurons, using different concentrations of 
Shh in vitro (Ericson et al., 1997a; Ericson et al., 1996). These results all argue 
against a simple Shh concentration gradient being the only specifying force in the 
ventral neural tube.  

In addition to the graded Shh signalling, we provide evidence that ventral cell 
patterning also critically depends on the competence of cells to respond to and 
interpret Shh signalling over time. These temporal changes in the expression of HD 
proteins seem to alter the competence of cells to respond to Shh and further to be 
necessary for the correct patterning of floor plate and V3 neurons. In addition, our 



M Persson                    Transcriptional Repression in Shh Signalling and Ventral Neural Tube Patterning 

results indicate that the patterning of floor plate and V3 neurons is independent of 
the Shh gradient. This suggests that a shift in “non-neuronal-to-neuronal” progenitor 
potential over time rather than graded Shh signalling, is the primary method 
underlying the spatial patterning of floor plate cells and V3 neurons. We propose a 
model where the fate of neural cells involves temporal as well as spatial alterations 
in the competence to respond to Shh signalling. This competence based model of 
patterning requires active Shh signalling although not necessarily a graded 
distribution of Shh ligand.  
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FUTURE PROSPECTS 
The results presented in this thesis have provided insight into the role of Shh in 

pattering the ventral neural tube and has further substantiated the requirement for Gli 
genes in mediating the patterning activity of Shh. In addition, we have showed that 
progenitor HD proteins not only work as transcriptional repressors in patterning of 
the ventral neural tube but also that they are able to modulate the competence of 
progenitor cells to respond to Shh signalling. However, many questions remain to be 
answered regarding patterning of the neural tube. It would be interesting to: 

 
 Identify the transcriptional mechanisms that control the activity of HD proteins 

in the neural tube. This could be investigated by identifying important 
regulatory enhancer regions of previously genetically characterized 
progenitor HD proteins. 

 
 Investigate how HD proteins control the competence of progenitor cells to 

respond to Shh signalling at the molecular level and further, how they 
regulate the levels of Gli activity in the neural tube. 

 
 Examine the need for a Shh gradient in neural tube patterning. In theory, the 

ability to modulate the competence of progenitor cells to respond to Shh 
signalling could, in concert with some of the pathways implicated in setting up 
a pre-pattern in the neural tube, be sufficient to pattern the ventral neural 
tube in a manner independent of the graded distribution of Shh ligand. 

 
 Identify candidate up-stream signals and molecular pathways that modulate 

the ability of HD proteins and bHLH proteins to generate a temporal switch in 
the generation of different floor plate and V3 neurons. This would include 
further analysis of involvement of the Notch/Delta and retinoid signalling 
pathways. 

 
 Search for transcriptional activators working down-stream of the HD proteins 

in determining the neuronal subtype fate. 
 

 More thoroughly examine the components of the Gli regulatory complex in 
vertebrates, assessing the similarities and differences to the complex 
regulating the activity of Ci in Drosophila Melanogaster.  
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