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Cover image:  The path of caudalization 
An illustration of the sequential acquisition of progressively more caudal character 
visualized by the regionally restricted gene expression pattern specified in the gastrula 
stage neural plate.  
 
A gastrula stage chick neural plate explant cultured in vitro for 24 hours. Consecutive 8µm 
sections were analyzed for gene expression characteristic of distinct regional identities 
along the rostrocaudal axis of the neural tube. The co-expression of Otx2/Pax6 is 
characteristic of the caudal forebrain (yellow), co-expression of Otx2/Pax2 is characteristic 
of the midbrain (red), En1 – midbrain-hindbrain border, Gbx2 - rostral hindbrain (light 
blue), and finally Krox20 (dark blue), which is characteristic of rhombomeres 3 and 5 in the 
hindbrain of a 12 somite embryo. Three consecutive sections were merged by overlay, and 
distorted using Adobe Photoshop. 
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                                                                                                      ABSTRACT 

ABSTRACT 
 

The transformation of an initially uniform population of epiblast cells 
into an intricately complex central nervous system (CNS) is one of the most 
fascinating processes during embryonic development. Presumptive neural 
cells are initially specified as cells of forebrain character. Studies in various 
vertebrates have indicated that cells of more caudal neural character, that 
will generate the brain stem and spinal cord, are generated through the 
reprogramming of these initial rostral cells. The initial regionalization of 
these neural progenitor cells is central to all further diversification of 
neuronal cell types and the subsequent formation of functional neuronal 
circuits. The aim of this thesis has been to enhance our understanding of 
which stages of embryonic development that are critical for the initial 
rostrocaudal regionalization of neural precursor cells, and which signaling 
mechanisms that orchestrate this early diversification. 

 
Both human and chick embryos have the shape of a flat disc during 

gastrulation. At this early stage, the chick neural plate is already 
regionalized and cells positioned at distinct rostrocaudal levels are specified 
to generate cells exhibiting a gene expression profile characteristic of the 
forebrain, midbrain, rostral hindbrain and caudal spinal cord, respectively. 
In addition, the Isthmic organizer (IsO), a secondary signaling centre at the 
midbrain–hindbrain border that is required for the further development of 
this region, is also specified already at the gastrula stage.  

Caudal neural character is induced by signals from adjacent tissues - 
the primitive streak and the paraxial mesoderm. Wingless/Wnts, 
Fibroblastic growth factors (FGFs) and retinoids (RA) are signaling 
molecules that have been proposed to promote caudal embryonic 
development, and exhibit spatio-temporal expression patterns that coincide 
with early caudalizing activities. The caudalizing activity that emanates 
from the gastrula stage paraxial mesoderm is mediated by Wnt signals, and 
the induction of caudal neural character by Wnts results from a direct action 
on neural precursor cells.  

In the presence of FGF activity, graded Wnt signaling is sufficient to 
induce cells exhibiting caudal forebrain, midbrain and rostral hindbrain 
character. The discrimination between rostral hindbrain and caudal spinal 
cord character appear to depend on a gradient of both Wnt and FGF signals. 
At hindbrain and spinal cord levels the patterned generation of neural 
progenitor cells along the rostrocaudal axis controls the generation of 
different classes of motor neurons in response to diffusible Sonic hedgehog 
(Shh) signals. Gastrula stage Wnt signaling is also required for the 
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subsequent generation of motor neuron subtypes characteristic of the 
hindbrain and spinal cord.   

Later, at the early somite stage, cells characteristic of the caudal 
hindbrain and rostral spinal cord are specified adjacent to RA producing 
paraxial mesoderm. Opponent RA and FGF signals appear to act on, and 
refine the rostrocaudal identity of the initial hindbrain and spinal cord cells 
induced by gastrula stage Wnt based signals. Consistently, combinatorial 
Wnt, FGF and/or RA signals are sufficient to reconstruct neural progenitor 
cells that differentiate into motor neurons characteristic of the caudal 
hindbrain, rostral spinal cord and caudal spinal cord, respectively, in 
response to Shh. 

 
 

Key words: CNS development, neural patterning, neural specification, Wnt, 
FGF, RA, Isthmic organizer, motor neurons, rostrocaudal patterning.  

 8 



                                                                                                          PAPERS 

PAPERS IN THIS THESIS 

 
This thesis is based on the following papers, which will be referred to in the 
text by their roman numerals: 
 
 
I. Nordström U., Jessell T. M., and Edlund T. (2002) Progressive 

induction of caudal neural character by graded Wnt signaling.  Nature 
Neuroscience 5(6):525-32. 

 
 

II. Olander S., Nordström U., Patthey C., and Edlund T. (2005) 
Convergent Wnt and FGF signaling at the gastrula stage induce the 
formation of the Isthmic organizer.  Submitted 

 
 
III. Nordström U., Maier E., Jessell T. M., and Edlund T. (2005) Early 
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INTRODUCTION 
 

The transformation of a simple fertilized cell into the complexity of a 
developing embryo and subsequently a fully functional organism is a truly 
miraculous process. During embryonic development an apparently uniform 
two-dimensional sheet of epiblast cells is transformed into an intricately 
complex three dimensional array of cell types within the CNS. Amongst 
these, and with unerring precision, 100 billion highly specialized and 
ordered neurons are formed, which have been estimated to generate more 
neuronal connections than there are stars in the universe. These 
interconnected cells construct our thoughts and perceptions of the world. 
They control our actions, learning, hope and ability to love. 

 
 

“ You start out as a single cell derived from the coupling of a sperm and an egg; this 
divides in two, then four, then eight, and so on, and at a certain stage there emerges a 
single cell which has as all its progeny the human brain. The mere existence of such a cell 
should be one of the great astonishments of the earth. People ought to be walking around 
all day, all through their waking hours calling to each other in endless wonderment, talking 
of nothing except that cell.” 
   Lewis Thomas (1979) 
 
CNS at a first glance 

The first morphological sign of the developing central nervous system 
(CNS) is the delimitation of the neural plate, which forms around the node 
in the ectodermal layer of the gastrulating embryo. As development 
proceeds, the neural plate folds along its rostrocaudal axis to form a tubular 
structure in a process called neurulation. In the rostral part of the neural 
tube, which will give rise to the brain, proliferating cells generate three 
brain vesicles the forebrain (prosencephalon), the midbrain 
(mesencephalon) and the hindbrain (rhombencephalon). Caudally, the 
uniformly narrow tube generates the spinal cord (Fig. 1A). Each of these 
four initial regions will become further subdivided (Fig. 1B) and 
subsequently generate a region-specific array of neuronal cell types. 
Integration of differential signals along the rostrocaudal (nose-to-tail) and 
dorsoventral (back-to-belly) axes results in this progressive regionalization 
and distinct neuronal cell fates. Thus, the developmental fate of a progenitor 
cell is largely dependent on the cells position along these two axes. This 
progressive specification of distinct positional cell identity is crucial to 
generate the defined spatial order of regionally specialized neurons that is 
essential for the subsequent formation of functional neuronal circuitry.  
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Figure 1. Progressive regionalization of the neural tube 
A) Primary vesicles of the neural tube. B) Secondary vesicles. 
C) Major adult derivatives. (a)The Cerebral hemispheres are concerned with perception, 
and motor- and cognitive functions, such as memory and emotions. (b)Olfactory lobes – 
relays smell sensory signals. (c) Thalamus – relay station for optic and audiotory sensory 
information, Hypothalamus – regulates hormones secreted from the pituitary gland that 
control eating-, drinking-, and maternal behaviour. (d) Midbrain – relays motor control 
information between cerebellum, basal ganglia and cerebral cortex. (e) Pons – is involved 
in breathing, sleep, and taste, relays movement information from the cerebral cortex to the 
cerebellum. (f) Cerebellum – receives somatosensory information from the spinal cord and 
co-ordinates complex muscular movements. (g) Medulla Oblongata – control neck and 
facial muscles, involved in regulating breathing and blood pressure. (h) Spinal cord – 
receives sensory information from the trunk and limbs, and contains motor neurons that 
control both reflex- and voluntary movements.  
 
 
 
Inductive signaling and transcriptional codes 

On the molecular level, morphological changes of the developing CNS 
are orchestrated by the region-specific expression of developmental control 
genes – signaling factors and their downstream effectors/transcription 
factors. The development of all organs in the embryo is dependent on 
inductive signals that are propagated by either freely diffusible factors, 
deriving from adjacent tissues/regions, or membrane bound factors that are 
presented by juxtaposing cells. There are a surprisingly small number of 
conserved signaling factor/receptor families that orchestrate development – 
Fibroblastic growth factors (FGF), Wingless/Int (Wnt), Hedgehogs, 
Transforming growth factor-βs/Bone morphogenetic proteins (TGFβ/BMP), 
Notch, and finally the small molecule retinoic acid (RA) (Jessell, 2000; 
Kandel et al., 2000). The generation of different cell types depends on the 
temporal and spatial restriction of expression of the genes encoding these 
signaling factors, receptors, activators, inhibitors and downstream effectors. 
The sum of prior exposures to inductive signals modulates the distinct gene 
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expression profile of the target cell and, thus, decides the outcome of the 
signaling response.  

Each of the initial – morphologically distinct - regions of the 
vertebrate CNS can be recognized, on the molecular level, by a region 
specific profile of transcription factor expression. Many of these region 
specific transcription factors are highly conserved homeodomain- or zinc 
finger-containing proteins that are repeatedly used to convey regional cell 
identity in many different species - from fruit fly to human. Inductive 
signals are conveyed to the cell nucleus by intrinsic programs that regulate 
the activation and expression of transcription factors. In turn, the 
transcription factors will control future gene expression profile and the 
subsequent pathway of differentiation. Thus, the expression profile of 
transcription factors – the transcriptional code - reveals positional character, 
and can be used to predict, in part, the normal fate of a developing cell. 
(Edlund and Jessell, 1999; Kandel et al., 2000) 

 
 
 

Steps along the pathway of differentiation  
The acquisition of cell identity during the developmental process can 

be dissected into several steps. Some of the frequently used conceptions are 
defined below. 
Fate – The identity cells acquire if maintained in their normal environment 
of signaling input. Fate maps generated by tracing cell lineage have revealed 
the early position of cells that will contribute to a specific tissue or structure.   
Competence – Competence describes the ability of the cell to respond to a 
specific combination of signals. It is tightly linked to the cells history of 
signaling input that in turn controls the expression profile of transcription 
factors and receptors.  
Specification – Cells have been specified to generate cells of a defined 
progenitor identity when they have received sufficient signaling input to 
maintain this developmental program in an isolated and neutral 
environment. They are, however, still able to respond to further signals that 
might change the fate of these cells. 
Commitment – Committed cells will progress to their differentiation 
predefined program even in the presence of factors or environments that can 
repress or change the developmental fate in as yet uncommitted cells.  
Differentiation – when the progenitor cells leave the cell cycle to become 
post-mitotic and subsequently specialized cells.  
(Wilson and Edlund, 2001; Wolpert et al., 1998) 
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Neural induction 
In the 1920’s, classic transplantation experiments by Spemann and 

Mangold showed that the dorsal lip of the blastopore of the amphibian 
embryo has the ability to induce neural character in adjacent cells (Spemann 
and Mangold, 2001; Spemann, 1924). They termed this region of neural 
inducing cells ‘the Organizer’ and the inductive activity mediated by it has 
since been attributed to secreted factors that inhibit signaling by the BMP 
receptor family. Noggin, Chordin and Follistatin are all inhibitors of BMP 
signaling, expressed in the amphibian organizer and are each sufficient to 
induce neural character when exposed to Xenopus animal cap explants, 
which differentiate into epidermal cells when cultured in vitro in the 
absence of BMP inhibition (Fainsod et al., 1997; Piccolo et al., 1996; 
Zimmerman et al., 1996). A series of experiments involving these inhibitors, 
mainly performed in the frog, led to the ‘default model’ of neural induction, 
which suggested release from the influence of BMP signals to be sufficient 
to generate cells of neural character (Hansen et al., 1997; Hawley et al., 
1995; Hemmati-Brivanlou et al., 1994; Hemmati-Brivanlou and Melton, 
1994; Lamb et al., 1993; Sasai et al., 1995). However, genetic studies in 
mice lacking functional Noggin, Follistatin, Chordin or both Noggin and 
Chordin showed that neural tissue still forms in the absence of these BMP 
inhibitors (Bachiller et al., 2000; Matzuk et al., 1995; McMahon et al., 
1998). Moreover, a neural plate still develops in the HNF3β knock out 
mouse that fails to generate a node, which is the avian and mammalian 
equivalent of the amphibian organizer (Ang and Rossant, 1994; 
Klingensmith et al., 1999). Collectively these findings suggest that the 
organizer/node, once believed to be “The” neural inducing centre, is 
dispensable for the initial steps of neural induction. 

 
 

Blastula stage FGF signals induce neural character  
Consistent with the idea that neural induction is an earlier event, recent 

studies in chick have shown that it is initiated already at the blastula stage, 
before initiation of gastrulation and node formation (Streit et al., 2000; 
Wilson et al., 2000). Medial epiblast cells isolated from chick blastula stage 
embryos and grown in vitro generate cells of neural character in an FGF-
dependent manner, whereas epiblast cells isolated from the lateral region 
generate cells of epidermal character, in response to Wnt and BMP signals 
(Wilson et al., 2001; Wilson and Edlund, 2001). Moreover, frog animal cap 
cells differentiate into cells of neural character upon dissociation of these 
explants into single cells. Recent studies have provided evidence that neural 
induction in animal cap cells, both through dissociation and exposure to 
BMP inhibitors, requires FGF signaling (Delaune et al., 2005; Kuroda et al., 
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2005; Reversade et al., 2005). Thus, in chick, and recently also in Xenopus, 
pre-gastrula FGF signaling has been shown to be required for neural 
induction (Delaune et al., 2005; Kuroda et al., 2005; Launay et al., 1996; 
Wilson et al., 2001; Wilson and Edlund, 2001). Collectively these results 
have led to a re-evaluation of the ‘default’ neural induction model and 
resulted in a new, more complex one. 

The recent emerging model of neural induction suggests that the initial 
neural specification of epiblast cells occurs in response to FGF signaling 
during the blastula stage. To maintain their neural character it is crucial that 
they are protected from high level BMP and Wnt signals, which promote the 
generation of epidermal ectoderm. In this model, the role of the node is thus 
to maintain and stabilize neural fate by the secretion of BMP inhibitors. 
Indeed, soon after the node has formed, presumptive neural cells in close 
proximity to it become committed to a neural fate and, thus, refractory to 
BMP epidermalizing activity (Pera et al., 1999; Streit et al., 1998; Wilson et 
al., 2000).  

Lateral neural plate cells continue to be sensitive to BMP 
epidermalizing signals. Hence, in this region an important role of BMPs 
appears to be in regulating the size of the neural plate. Depletion of BMP2, 
4 and 7 in frog embryos results in a massive expansion of neural plate tissue 
(Reversade et al., 2005), and zebrafish mutants with decreased levels of 
BMP signaling are associated with an expanded neural plate (Dick et al., 
2000; Hild et al., 1999; Nguyen et al., 1998). In agreement with these 
studies, mutations in genes that act as BMP inhibitors result in smaller 
neural plates (Fekany-Lee et al., 2000; Hammerschmidt et al., 1996). 

 
 

Rostrocaudal regionalization of the early CNS  
Presumptive neural cells specified at the blastula stage in the chick 

generate cells of forebrain, but not of more caudal neural character (Wilson 
et al., 2000) (Fig. 2A). Moreover, the amphibian ‘neural inducers’ Noggin, 
Chordin and Follistatin have the common ability to ‘induce’ exclusively 
rostral neural tissue, but not hindbrain or spinal neural progenitor cells 
(Streit and Stern, 1999). Collectively, these findings raise the question of 
how caudal neural cells are specified. 

 
Presumptive caudal neural cells are initially specif ed as cells of 
forebrain character 

i

Two main mechanisms have been put forward to account for the 
induction of caudal neural tissue. The ‘two inducer model’ was invoked by 
Speman (1938) and states that anterior and posterior neural tissue is 
generated through the activities of two distinct neural inducers. The 
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alternative ‘two step’ or ‘activation and transformation’ model was initially 
proposed by Niewkoop (1952), and has gained extensive experimental 
support during the last decade. A fate map of the caudal neural plate in a 
mid-gastrula (HH stage 3) (Hamburger and Hamilton, 1951) chick embryo 
shows that these cells will contribute to the caudal nervous system, but not 
to the forebrain. Yet, stage 3 prospective caudal explants that are maintained 
in isolation from extrinsic signaling input generate cells characteristic of the 
forebrain, but not of caudal neural derivatives (Muhr et al., 1999a) (Fig. 
2B). This suggests that presumptive caudal neural cells are initially 
specified as rostral and require exposure to further, caudalizing, signals to 
acquire their caudal neural character. That is, they are first ‘activated’ to 
become neural and then ‘transformed’ into caudal neural cells. (Doniach, 
1995; Harland, 2000; Stern, 2001). Future studies will reveal whether all 
caudal neural cells derive from this initial population or whether a 
secondary, caudal-specific, neural inductive process exists.  

 
 

Specification of midbrain, hindbrain and spinal cord character is 
initiated at the gastrula stage  

A spatio-temporal specification map of caudal character revealed 
that already a few hours later, at the late gastrula stage (HH stage 4), the 
neural plate has been regionalized and distinct domains, along the 
rostrocaudal axis, are specified to generate cells of forebrain, midbrain, 
hindbrain and spinal cord character (Fig. 2C). The rostrocaudal distribution 
of progenitor domains in this specification map coincides with fate maps of 
the gastrula stage neural plate (Fernandez-Garre et al., 2002). Along the 
rostrocaudal axis of the hindbrain and spinal cord, different progenitor 
domains are fated to generate distinct neuronal subtypes, with specialized 
functions and trajectories. When these different domains are initially 
specified remains unresolved. 

The initial induction of distinct rostrocaudal character of neural 
plate cells may be controlled, in part, by the spatially restricted expression 
of a secreted caudalizing activity derived from paraxial mesoderm (PMC) 
(Bang et al., 1997; Muhr et al., 1999; Muhr et al., 1997). In the presence of 
FGF or RA signals PMC activity can impose caudal properties on rostral 
progenitor cells (Muhr et al., 1999; Muhr et al., 1997). In turn, the 
establishment of telencephalic progenitor properties appears to depend on 
the exclusion of PMC activity and requires an additional rostralizing signal 
derived from the prechordal mesoderm (Kiecker and Niehrs, 2001b). 
Although the molecular nature of PMC signaling remains unknown 
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Specification of caudal neural character is initiated at the gastrula stage.  
 blastula stage, presumtive neural cells are specified as cells of forebrain (FB) 
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FGFs and RA are, however, both required for normal development of 
paraxial mesoderm (Bottcher and Niehrs, 2005; Moreno and Kintner, 2004) 
and thus it has not been established whether the induction of caudal neural 
cells by these factors is a direct or a secondary effect of altered paraxial 
mesoderm patterning and development.  

Genes of the Wnt family are expressed in the posterior region of 
vertebrate embryos during gastrula stages at the time that caudal neural cells 
become specified (Chapman et al., 2004), and several lines of evidence have 
implicated Wnt signaling as a candidate factor for the specification of 
caudal neural character (Bang et al., 1999; Domingos, et al., 2001; Erter et 
al., 2001; Fekany-Lee et al., 2000; Fredieu et al., 1997; Heisenberg et al., 
2001; Huelsken et al., 2000; Hume and Dodd, 1993; Kiecker and Niehrs, 
2001a; Lekven et al., 2001; Liu et al., 1999b; McGrew et al., 1997; 
Mukhopadhyay et al., 2001; van de Water et al., 2001; Yamaguchi, 2001). 
However, Wnt signaling is required at several different stages, and in 
several different germ layers, during early development. For example, it is 
required to establish the anteroposterior body axis and to initiate 
gastrulation (Huelsken et al., 2000; Liu et al., 1999b). Consistent with this 
role, mis-expression of Wnts or downstream components of the Wnt 
signaling pathway before the onset of gastrulation leads to axis duplication 
and/or other malformations of the embryonic body plan 
(http://www.stanford.edu/%7Ernusse/wntwindow.html). During gastrula-
tion, for example, Wnt signaling is needed to generate and pattern the 
paraxial mesoderm, and the inactivation of Wnt genes that are expressed at 
gastrula stages in mouse and zebrafish embryos leads to defects in trunk and 
tail structures (Greco et al., 1996; Lekven et al., 2001; Liu et al., 1999b; 
Takada et al., 1994; Yoshikawa et al., 1997). The multiple patterning roles 
of Wnts at early developmental stages has made it difficult to determine 
whether the later Wnt signals implicated in rostrocaudal neural patterning 
act directly on neural cells or indirectly by patterning adjacent tissues (Bang 
et al., 1999; Domingos et al., 2001; Erter et al., 2001; Fredieu et al., 1997; 
Kiecker and Niehrs, 2001a; Liu et al., 1999b; Popperl et al., 1997). 

PMC activity has been most clearly implicated in the establishment of 
an early caudal neural character (Muhr et al., 1997). This early neural 
positional identity is later maintained and/or refined by further signaling 
activity. At hindbrain and spinal levels, refinements in positional identity 
appear to be controlled by the activity of somite and node derived factors 
(Itasaki et al., 1996; Grapin-Botton et al., 1997, Liu et al., 2001). These late-
acting signal(s) that refine the rostrocaudal identity of progenitor cells in the 
hindbrain and spinal cord, and also control motor neuron identity, have been 
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extensively studied (Begemann et al., 2004; Bel-Vialar et al., 2002; Dasen et 
al., 2003; Diez del Corral and Storey, 2004; Eisen, 1991; Ensini et al., 1998; 
Guidato et al., 2003b; Guthrie, 2004; Liu et al., 2001; Sockanathan et al., 
2003). However, our knowledge about the molecular mechanisms 
responsible for the initial induction of caudal neural character still remains 
rudimentary. 

 

The Isthmic organizer 
Inductive centres termed ‘secondary organizers’ that emerge within 

the developing neural tube impose later refinements of cell pattern. The 
Isthmuic organizer (IsO) that, which is the best characterized, develops at 
the morphological constriction at the midbrain-hindbrain boundary (MHB) 
and influences the patterning of adjacent midbrain and hindbrain cells (Liu 
and Joyner, 2001; Wurst and Bally-Cuif, 2001). The inductive capacity of 
the isthmus was first recognized in transplantation experiments in chick. 
When isolated and transplanted into the caudal diencephalon or the rostral 
hindbrain, the adjacent host tissue is induced to generate cells of midbrain, 
or cerebellar character, respectively (Marin and Puelles, 1994; Martinez et 
al., 1995; Martinez et al., 1991).  

The MHB is characterized by the evolutionary conserved expression 
of several transcription factors that act to position and maintain the IsO and 
secreted signaling molecules that mediate its growth promoting and 
patterning activities. Wnt1 and FGF8 are expressed in distinct bands just 
rostral, and caudal, to the MHB, respectively (Fig. 3). Ectopic FGF8 
signaling mimics the patterning effects of the Isthmic region, and induces 
genes normally expressed at the isthmus, such as Wnt1, En1, Pax2 and Gbx2 
(Crossley et al., 1996; Liu et al., 1999a). The zebrafish mutant acerebellar 
that results in impaired FGF8 function shows that FGF8 signaling is 
required for the maintenance, but not for the initial induction of En1, Pax2, 
and Wnt1, characteristic of the Isthmic region (Reifers et al., 1998). At later 
stages, FGF8 signals from the isthmus are involved in the specification of 
midbrain dopaminergic neurons, whose degeneration is characteristic of 
Parkinson´s disease, serotonergic neurons of the pons, and noradrenergic 
neurons in the rostral hindbrain (Wurst and Bally-Cuif, 2001).  

In contrast to the activity of FGF8, ectopic Wnt1 is unable to mimic 
the inductive activity of the isthmus (Danielian and McMahon, 1996; 
Dickinson et al., 1994). Wnt1 appears to be required to promote prolifera-
tion and progenitor state in the early midbrain (Wurst and Bally-Cuif, 2001), 
and  in  the Wnt1  mutant  the  entire  midbrain and  rhombomere (r) 1 of the  
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Figure 3. Region specific gene expression characterizes the Isthmic organizer  
Schematic image of the neural tube vesicles of a 10 somite (HH stage10) chick embryo. 
Dashed line indicate the midbrain-hindbrain boundary (MHB). Staples represent the 
rostrocaudal boundaries of genes that are expressed at theMHB and are characteristic of the 
Isthmic organizer (IsO).  

 
 

hindbrain are lost (McMahon and Bradley, 1990). Although the initial 
induction of En1/2, Pax2, and Fgf8 expression, characteristic of the IsO, 
appears to be unaffected in the Wnt1 mutant, Wnt1 signals do appear to be 
required for the maintenance of En1 and Fgf8 expression (McMahon et al., 
1992), and, thereby, the further development of the midbrain-hindbrain 
region.  

Otx2 and Gbx2 are transcription factors that are expressed in 
complementary domains rostral and caudal to the midbrain–hindbrain 
boundary. Analyses of their expression domains resulted in speculations that 
the generation of the Otx2/Gbx2 border would be sufficient to induce the 
formation and positioning of an isthmus. Both gain and loss of function 
experiments of Otx2 and Gbx2, and analysis of Otx2/Gbx2 double mutant 
mice, have shown that these genes do indeed act as antagonists to one 
another, are involved in positioning the IsO and are required for normal 
midbrain and anterior hindbrain development, respectively. The two genes 
are, however, not required for the initial induction of the IsO, as 
characterized by the expression of Fgf8, Wnt1, En1 and Pax2 (Acampora et 
al., 1997; Broccoli et al., 1999; Li and Joyner, 2001; Millet et al., 1999; 
Suda et al., 1997; Wassarman et al., 1997). 

  Thus, many facets of the intricate regulatory network, required to 
position and maintain gene expression characteristic of the IsO, have been 
described in detail, but the signaling mechanisms responsible for the initial 
induction of a functional Isthmic organizer remains unresolved. 
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Dorsoventral patterning of the neural tube 
The generation of distinct classes of neurons at defined positions 

within the developing neural tube depends on differential exposure to 
inductive signals along the rostrocaudal and dorsoventral axes. Dorsoventral 
patterning has been most extensively studied in the spinal cord, which has a 
relatively simple organization along the dorsoventral axis. Dorsoventral 
patterning of the midbrain and hindbrain is less well studied but is 
considered to arise in a similar manner to that in the spinal cord, whereas the 
basic mechanisms governing dorsoventral regionalization of the 
telencephalic primordium appear to differ (Gunhaga et al., 2003; Lee and 
Jessell, 1999; Marklund et al., 2004).  

Progenitor cells in the dorsal spinal cord generate sensory input 
neurons and interneurons that relay sensory information to higher brain 
regions. Cells in the ventral spinal cord generate interneurons and motor 
neurons that integrate proprioceptive input and motor output (Jessell, 2000; 
Lumsden and Krumlauf, 1996). A number of distinct progenitor domains 
have been characterized along the dorsoventral axis, each defined by a 
unique combination of transcription factor expression: Four interneuron 
subtype domains (V0-V3) that are located in the ventromedial region, 
interspersed by a single ventral domain of motor neurons, and six initial 
interneuron subtype domains in the dorsal region (dI1-6) (Briscoe and 
Ericson, 2001; Briscoe et al., 2000; Gross et al., 2002; Helms and Johnson, 
2003; Muller et al., 2002) (Fig. 4).  

In the ventral midline of the neural tube, Shh from the underlying 
notochord induces glial cells to generate a floor plate that, in turn, also 
expresses Shh (Placzek, 1995). The diffusible N-terminal fragment of the 
Shh protein (Shh-N) exhibits motor neuron-inducing activity (Porter et al., 
1995; Roelink et al., 1995), and different threshold concentrations of Shh-N 
defines five progenitor domains in the ventral spinal cord, by mediating 
repression and activation of complementarily expressed class I, and class II 
homeodomain proteins, respectively. Thus, progenitor cells at different 
dorsoventral positions will express different combinations of (the more 
dorsal) class I and (the more ventral) class II genes. As a result they will 
differentiate into distinct neuronal populations. 

In vitro experiments have shown that progenitor cells with a gene 
expression profile that results in the generation of V3 interneurons is 
induced by high levels of Shh signaling, whereas motor neurons and V2, V1 
and V0 interneurons are induced by progressively lower concentrations of 
Shh-N (Briscoe and Ericson, 1999; Briscoe et al., 2000). Shh knockout mice 
do not generate a floor plate and lack V3, motor-, and V2 neurons. 
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 Figure 4. Patterning signals and neuronal 
diversification along the dorsoventral axis of 
the spinal cord.  
Schematic cross-section of a vertebrate spinal 
cord, showing patterning signals to the left and 
populations of neuronal subtypes to the right. 
A ventral-high, dorsal-low gradient of Shh that 
emanates sequentially from the notochord (N) 
and then floor plate (FP) induces distinct 
ventral neuronal subtypes, ventral interneurons 
(V0-V3) and motor neurons (MN). Presomitic 
mesoderm- and somite-derived RA is involved 
in the specification of V0-MN progenitor cells 
and neuronal differentiation. 
BMPs, initially expressed in the adjacent 
epidermal ectoderm, and later in the roof plate 
(RP) and the dorsal neural tube, act together 
with GDF7 to specify dorsal interneuron (dI) 
subtypes (dI1-dI3) and neural crest cells (NC) 
that generate sensory neurons.    

 

 

However, Shh is not required for the generation of V1 and V0 interneurons, 
which are still generated in the Shh -/- mice (Pierani et al., 1999). Thus, 
there appears to be an additional, Shh-independent, pathway that controls 
neuronal diversification in the ventral spinal cord. This parallel pathway 
appears to be mediated by FGFs and/or retinoids that have been shown to 
promote ventral cell types in the absence of Shh signaling (Gabay et al., 
2003; Novitch et al., 2003; Pierani et al., 1999). 

Dorsal spinal cord patterning is not as well understood as the 
generation of ventral cell types. During neural tube closure, BMP signals 
from the adjacent epidermal ectoderm induce midline glial cells to form a 
roof plate and neural crest cells (Lee and Jessell, 1999). The neural crest 
cells delaminate from the neural tube to form the sensory neurons of the 
dorsal root ganglia and several other cell types (Gammill and Bronner-
Fraser, 2003). Subsequent expression of BMPs, and several other TGFβ 
family members, in, and adjacent to, the roof plate promotes the 
specification of dorsal interneurons (dI1-dI3) (Lee et al., 2000; Lee and 
Jessell, 1999; Lee et al., 1998; Liem et al., 1997; Liem et al., 1995). In 
contrast to ventral neural tube patterning by graded signaling from a single 
factor, Shh, dorsal spinal cord patterning appears to depend on several 
TGFβ family members with qualitatively different roles. The inductive 
signals involved in the specification of the more ventrally located dorsal cell 
types, dI4-dI6, remains unknown (Caspary and Anderson, 2003). 
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The Wnt family members Wnt 1 and Wnt3A are also expressed in the 
roof plate at the time dorsal interneurons are specified, and in Wnt1/Wnt3A 
double mutants the number of dI1-dI3 neurons are decreased, whereas the 
number of dI4 neurons is increased (Muroyama et al., 2002).  It is unclear 
whether this effect is due to a selective decrease in proliferation of dI1-dI3 
progenitors or a direct patterning.  Wnt signaling has been shown to impose 
dorsal character on presumptive telencephalic cells (Backman et al., 2005; 
Gunhaga et al., 2003; Theil et al., 2002).  This might implicate that Wnts are 
involved in dorsal patterning at other rostrocaudal levels of the neural tube.  
However, according to fate maps, the dorsal primordium of the 
telencephalon is specified at a more caudal position than the region fated to 
generate ventral telencephalic cell types.  This raises the possibility that the 
Wnt dependent dorsoventral regionalization of the telencephalon might have 
more resemblance to the rostrocaudal patterning, than that of dorsoventral 
patterning mechanisms, at more caudal domains of the neural tube. 
 
 
Motor neuron subtype specification 

Motor neurons are generated from a ventral pool of progenitor cells in 
the midbrain, hindbrain and spinal cord, in response to Shh signals. Based on 
the position of differentiated cell bodies,, axonal trajectory, target specificity 
and differential codes of LIM-homeodomain transcription factor expression, 
motor neurons can be subdivided into different classes, columns and pools 
(Jessell, 2000).  

Perhaps the most basic distinction in motor neuron subtype identity is 
linked to the rostrocaudal position of motor neuron generation in the 
hindbrain and spinal cord and to their initial patterns of axonal projections. 
One motor neuron subclass, termed ventral exiting motor neurons (vMNs) 
(Sharma et al., 1998), is typified by most spinal motor neurons, and by 
abducens and hypoglossal motor neurons in the caudal hindbrain (r5,6 and 
caudal r8) (Guidato et al., 2003b; Guthrie, 2004; Sharma et al., 1998). vMNs 
extend axons out of the neural tube via a ventral exit point to innervate 
somatic muscle and neuronal or glandular targets (Ericson et al., 1997; 
Guidato et al., 2003b). A second class of motor neurons, termed dorsal 
exiting motor neurons (dMNs), which send axons out of the neural tube via a 
dorsal exit point (Briscoe et al., 1999; Ericson et al., 1997; Sharma et al., 
1998) to innervate visceral and branchial muscle targets (Lumsden and 
Keynes, 1989; Sharma et al., 1998), are generated in the hindbrain and at 
cervical levels of the spinal cord (Fig. 5). Finer distinctions in motor neuron 
subtype identity in the hindbrain and spinal cord emerge later through the 
diversification of these two basic neuronal classes (Jessell, 2000). However, 
the mechanisms that initially induce neural progenitors in the hindbrain and 
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spinal cord to acquire rostrocaudal positional character that prefigures the 
generation of dMN and vMN subclasses have not been defined.  

Subclasses of dMNs and vMNs are organized into regionally restricted 
longitudinal columns along the rostrocaudal axis of the hindbrain and spinal 
cord (Jessell, 2000). Motor neurons within a single column will project their 
axons to a common peripheral target (Tosney et al., 1995). In the midbrain 
and hindbrain these columns form nuclei that extend axons to form the 
cranial nerves. In the spinal cord, a medial motor column that sends axons to 
axial musculature runs throughout the entire length of the rostrocaudal axis. 
Regionally restricted lateral motor columns, which innervate and control 
movement of the forelimb and hindlimb, form at brachial and lumbar levels, 
respectively. At the thoracic level, sympathetic preganglionic neurons are 
generated in an intermediolateral column (Carpenter, 2002).  

It has been suggested that this regional restriction of column specific 
motor neurons is, in part, directed by signals from the paraxial mesoderm 
(Ensini et al., 1998; Maden, 2002). Other recent studies have also revealed a 
determinative role of Hox genes in motor neuron subtype specification. Hox 
genes encode evolutionary conserved homeodomain containing transcription 
factors that are involved in specifying regional identity along the rostrocaudal 
axis in all animals, and are organized into four chromasomally arranged gene 
clusters in avians and mammals (Kandel et al., 2000). At both hindbrain and 
spinal levels, Hox genes appear to be informative markers of the rostrocaudal 
positional identity of progenitor cells. Distinct rhombomeres within the 
hindbrain are delineated by the nested expression of 3΄ Hox genes, (Lumsden 
and Krumlauf, 1996; Trainor and Krumlauf, 2001), whereas more caudally, 
the expression of 5΄ Hox genes by progenitor cells and post-mitotic neurons, 
distinguishes cervical, brachial, thoracic and lumbar levels of the spinal cord 
(Bel-Vialar et al., 2002; Carpenter, 2002; Dasen et al., 2003; Guthrie, 2004; 
Liu et al., 2001; Shah et al., 2004). 
In addition, Hox proteins appear to be determinants of motor neuron subtype 
identity. In the hindbrain, Hoxb1 is expressed at high levels in r4, and has 
been shown to be required for the specification of facial branchiomotor 
neurons (dMNs that form cranial ganglia VII) (Bell et al., 1999; Jungbluth et 
al., 1999; McClintock et al., 2002). Similarly, Hoxa3 that is normally 
expressed in r5 and r6 where somatic vMNs are generated, but not in more 
rostral rhombomeres, induces ectopic somatic vMNs upon ectopic expression 
in r1-r4 (Guidato et al., 2003b). In the spinal cord, the rostrocaudal profile of 
Hoxc6 (brachial), Hoxc9 (thoracic) and Hoxd10 (lumbar) expression has 
been shown to establish regional distinctions in motor neuron columnar 
subtype (Dasen et al., 2003; Shah et al., 2004). 
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Figure 5. Dorsal-, and ventral exiting motor neurons in the hindbrain and spinal cord 
A) Schematic image of a 3 day (~40 somite) chick neural tube with transversal sections at 
hindbrain (HB), and cervical-, brachial-, thoracic- and lumbar spinal cord (SC) levels. The 
image illustrates the regional distribution of motor neurons that send their axons out of the 
neural tube at a dorsal exit point (dMNs) and motor neurons that have a ventral exit point 
(vMNs).  
B) Lateral view of a 3 day chick embryo showing the axon bundles of the cranial- and spinal 
nerves in the hindbrain and spinal cord. dMNs send their axons to the dorsal (black) cranial 
nerves that emanate from the hindbrain and project towards the branchial arches (BA). vMNs 
are not generated in r1-4, r7 and rostral r8 of the hindbrain. The axons of vMNs form the 
cranial nerves in r5/6 and through the spinal nerves. 

 
 
The signals and mechanisms that act to refine rostrocaudal regional 

identity on hindbrain and spinal cord progenitor cells have been examined in 
some detail. RA supplied by the paraxial mesoderm and newly-formed 
somites promotes the expression of Hox genes characteristic of the caudal 
hindbrain and rostral levels of the spinal cord (Begemann et al., 2001; Bel-
Vialar et al., 2002; Grandel et al., 2002; Kolm et al., 1997; Kudoh et al., 
2002; Liu et al., 2001; Muhr et al., 1999a; Niederreither et al., 1999). 
Blockade of RA signaling in chick and mouse embryos leads to an expansion 
of rostral hindbrain territory at the expense of caudal hindbrain (Dupe and 
Lumsden, 2001; Guidato et al., 2003b; Niederreither et al., 1999), and 
conversely, exposure of embryos to RA leads to the expansion of caudal 
hindbrain at the expense of rostral hindbrain territory (Dupe and Lumsden, 
2001; Guidato et al., 2003b; Maden, 2002). In the spinal cord, FGF signals 
derived from the regressing node and primitive streak promote the expression 
of progressively more caudal Hox-c proteins, and the subsequent generation 
of distinct motor neuron subtypes, in a concentration-dependent manner 
(Dasen et al., 2003; Liu et al., 2001). Thus, RA and FGF signals act in an 
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opposing manner on caudal neural cells to impose rostrocaudal subregional 
identity on hindbrain and spinal cord progenitor cells (Bel-Vialar et al., 2002; 
Diez del Corral and Storey, 2004) and motor neurons (Dasen et al., 2003; Liu 
et al., 2001; Sockanathan et al., 2003).  

However, presumptive caudal neural cells are initially specified as cells 
of rostral character and exposure of prospective rostral neural cells to RA 
and/or FGF is not sufficient to induce cells of hindbrain or spinal character 
(Muhr et al., 1999). This suggests that presumptive caudal neural cells 
require additional caudalizing signals, which might impose an initial caudal 
‘generic hindbrain/spinal cord’ character, to acquire hindbrain and spinal 
cord subregional character in response to opponent RA and FGF signals. This 
idea of an initial specification of generic hindbrain and spinal cord character 
remains unresolved.  

 
 

In vitro growth of tissue explants 
In an attempt to dissect when and how a specific tissue or cell type 

becomes specified, a major problem lies in the fact that the same families of 
signaling molecules are repeatedly used in different combinations and 
spatio-temporal restrictions to pattern most embryonic structures. Moreover, 
most developing structures appear to depend on inter-tissue signaling and, 
therefore, the correct development of adjacent tissues is important. This 
makes in vivo loss of function approaches problematical, as perturbing 
transduction of the signaling pathway of interest may conflict with the 
development of many different tissues, either directly or indirectly. The 
direct effect of a signaling activity in a specific tissue can therefore be hard 
to establish. Another problem that has to be accounted for is functional 
redundancy amongst multiple members of the same class of signaling 
molecules, receptors or antagonists that may have evolved in vertebrate 
species. Thus, knock down of one family member may be compensated for 
by another with similar spatio-temporal expression and activity. 

To avoid these problems our approach has been to establish an in 
vitro differentiation assay, where chick neural tissue is isolated and cultured 
in a defined medium under serum free conditions. Thus, tissue can be 
allowed to develop in isolation from further extrinsic signals. In this way we 
are able to take specification ‘snap shots’ of different regions of the 
neuroepithelium at different times during development, i.e., to examine the 
developmental fate resulting from the total signaling input a cell has 
received up to a specific developmental time point. After culture these 
explants can be cryo-sectioned and the gene expression profile of the 
generated cells be monitored on consecutive sections. This advance allowed 
us to decide when during embryonic development different cell types are 
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specified. A common misconception of the specification data that needs to 
be clarified is that the isolated tissue that have been specified to generate 
cells of a defined character are not necessarily determined, and have not 
acquired a gene expression profile of that defined character when they are 
isolated. The defined cell character will be acquired during cultivation in 
isolation of further extrinsic signals.  

To decide which signals are involved in the inductive process, one 
efficient approach has been to decide where the inductive signals emanate 
from. This can be achieved by recombining competent but naïve isolated 
tissue with neighbouring tissue that might be a potential signaling source. 
When the inductive signaling source has been identified it is possible to find 
candidate molecules that show the appropriate spatial and temporal 
expression pattern. The requirement for a candidate signaling molecule in 
the induction of a specific cell type can be elucidated by blocking 
experiments, whereas sufficiency can be tested by replacing inductive tissue 
with a candidate signaling molecule. The explant technique also provides an 
efficient means to test the direct effect of a signaling pathway without the 
possible confounding influence of surrounding tissue. 

Using this in vitro tissue explant method we have also been able to 
study the mechanisms of the combined activity of multiple signaling 
molecules, and differential concentration dependence in a way that would be 
extremely complicated to achieve and interpret in vivo. Obviously, the in 
vitro culture conditions are never likely to be absolutely neutral in terms of 
their influence on further development and an in vitro study is not 
necessarily a direct reproduction of the in vivo event. However, in general, 
in vitro studies of dorsoventral and rostrocaudal neural patterning have 
predicted in vivo results and provide an efficient tool to study complex 
multi-signaling mechanisms. 
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AIMS OF THIS THESIS 

 

The general aim of this thesis was to understand when and how early neural 
plate cells acquire their initial rostrocaudal regional identity. The specific 
goals were to: 
 

 Identify the molecular nature of the caudalizing activity deriving from 

the gastrula stage paraxial mesoderm (PMC). 

 

 Elucidate a potential mechanism of direct Wnt signaling in neural 

progenitor cells in the generation of caudal neural fate. 

 

 Determine when and how the Isthmic organizer is specified. 

 

 Investigate when and how progenitor cells that differentiate into motor 

neurons characteristic of the caudal hindbrain, rostral spinal cord and 

caudal spinal cord are initially specified. 
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RESULTS 

 

Progressive induction of caudal neural character by graded 
Wnt signaling (Paper I) 
 
 
Wnt signaling mediates PMC activity  

The caudal paraxial mesoderm has been shown to express a 
caudalizing activity (PMC) that imposes caudal identity on prospective 
forebrain cells (Muhr et al., 1997). What is the molecular nature of this 
PMC activity? 

Wnt signaling has been implicated in caudal neural patterning by 
several earlier studies (Bang et al., 1999; Fekany-Lee et al., 2000; Fredieu et 
al., 1997; Huelsken et al., 2000; Liu et al., 1999b; McGrew et al., 1997), and 
we found that the expression of Wnt8c and Wnt11 in the paraxial mesoderm 
corresponds to the temporal and spatial map of PMC activity (Muhr et al., 
1997). Thus, we wanted to test whether PMC is mediated by Wnt signals. 
Mid gastula (HH stage 3) prospective caudal (C) explants have not been 
exposed to caudalizing signals and generate cells characteristic of the 
forebrain (Muhr et al., 1999). If recombined and cultured with early, HH 
stage 4, caudal paraxial mesoderm cells of midbrain character were 
generated, and recombination with HH stage 5 paraxial mesoderm induced 
cells of rostral hindbrain character in stage 3 C explants. Exposure of both 
these conjugates to a soluble fragment of the mouse Frizzled 8 receptor 
protein (mFrz8CRD-IgG), a selective antagonist of Wnt signals (Hsieh et 
al., 1999b; Wilson et al., 2001), blocked the generation of cells of midbrain 
and hindbrain character, and the forebrain character was maintained. Thus, 
Wnt signaling is required for PMC activity to induce cells of caudal neural 
character. 

 
 

Direct caudalizing action of Wnts 
Wnt signaling is essential for the development of paraxial mesoderm 

(Marom et al., 1999; Takada et al., 1994; Yamaguchi, 2001; Yoshikawa et 
al., 1997) and the generation of caudal neural character depends on paraxial 
mesoderm-derived signals. This raises the question of whether Wnt 
signaling is required only for paraxial mesoderm development and the 
subsequent induction of PMC activity, or if the acquisition of caudal neural 
character requires direct Wnt signaling in neural plate cells themselves?  
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By stage 4, explants isolated at different rostrocaudal levels of the 
prospective neural plate have been specified to generate cells of rostral 
forebrain, caudal forebrain, midbrain, and rostral hindbrain, respectively. 
However, when Wnt signaling was inhibited by the presence of mFrz8CRD-
IgG during culture, the acquisition of caudal neural character was blocked 
and cells of forebrain character were generated. Thus, there is a direct 
requirement of Wnt signaling in prospective neural cells for the generation 
of cells of diencephalic, midbrain and rostral hindbrain character. 

 
 

Inh bition of Wnt signals causes a caudal-to-rostral shift in intact
embryos 

i   

i

Does attenuation of Wnt signaling by mFrz8CRD-IgG impose a more 
rostral character in neural cells also in intact embryos? To address this 
question we used New culture methods (New, 1955) and implanted beads 
containing mFrz8CRD-IgG in the prospective caudal forebrain/midbrain of 
stage 4 embryos. This resulted in an expansion of the caudal forebrain 
region, at the expense of the midbrain and hindbrain domains, and provides 
evidence of a caudal-to-rostral shift in the positional character of neural 
cells in embryos, as a result of decreased levels of Wnt signaling.  

 
 

Ectopic Wnt s gnals causes a rostral-to-caudal shift in intact 
embryos 

Next we used New culture methods (New, 1955) to test whether 
ectopic Wnt3A signals could induce a rostral-to-caudal shift in anterior 
neural tissue in intact chick embryos. Stage 4 embryos with Wnt3A-coated 
beads grafted underneath the forebrain typically exhibited a reduction in 
rostral forebrain tissue, and the domains of caudal forebrain and midbrain 
cells were shifted rostrally. These findings support earlier studies and the 
idea that elevated Wnt signaling in the anterior region of the embryo leads 
to loss of anterior neural tissue and/or head structures, and to a rostral-to-
caudal shift in neural pattern (Domingos et al., 2001; Fredieu et al., 1997; 
Heisenberg et al., 2001; Kim et al., 2000; Lekven et al., 2001; McGrew et 
al., 1997; Mukhopadhyay et al., 2001; Niehrs, 1999).  

 
 

Distinct caudal fates are imposed by graded Wnt signaling 
The requirement for Wnt signaling in the generation of neural cells of 

three different rostrocaudal characters in explant assays raises two 
possibilities; either this could be an effect of Wnt acting in combination 
with qualitatively different factors to induce different rostrocaudal character, 
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in a process similar to the patterning of dorsal cell types in the spinal cord, 
or it could be the result of a process similar to ventral spinal cord patterning 
in which a gradient of a single factor is sufficient to generate different cell 
fates.  

The rostrocaudal shift in positional character in response to lowered or 
increased levels of Wnt signaling in the New culture assays, led us to 
examine whether Wnts induce different positional identities through actions 
at different concentration thresholds. Naïve stage 4 prospective rostral 
forebrain (RFB) explants were exposed to different concentrations of Wnt 
3A. Wnt3A alone did not induce caudal neural cells in stage 4 RFB explants 
at any concentration tested. However, since FGF signals are required for the 
Wnt mediated induction of caudal neural character by the paraxial 
mesoderm (Muhr et al., 1999), we included a low constant concentration of 
FGF8 in this assay. In the presence of low levels of Wnt3A and FGF8, cells 
of rostral and caudal forebrain character were generated. A two fold increase 
of the Wnt3A concentration in combination with FGF8 induced caudal 
forebrain cells and midbrain cells. Finally, a four fold elevation of Wnt3A in 
the presence of FGF8 induced midbrain cells and rostral hindbrain cells. 
Moreover, the concentration of mFrz8CRD-IgG required to block the 
generation of cells of rostral hindbrain character in stage 4 prospective 
rostral hindbrain explants was four-fold higher than that required to block 
the generation of caudal forebrain character in prospective caudal forebrain 
explants. Taken together, these results provide in vitro evidence that graded 
Wnt signaling, in combination with FGFs, specifies cells of caudal 
forebrain, midbrain and rostral hindbrain character. 

  
 
 

Convergent Wnt and FGF signaling at the gastrula stage 
induce the formation of the Isthmic organizer (Paper II) 
 
 
The Isthmic organizer is specif ed at the late gastrula stage i

The IsO forms at the midbrain-hindbrain boundary and is required for 
the growth and ordered development of midbrain and rostral hindbrain 
structures (Liu and Joyner, 2001; Reifers et al., 1998; Rhinn and Brand, 
2001).  Prospective neural plate cells are specified as midbrain and rostral 
hindbrain cells by the late gastrula stage (HH stage 4) (Muhr et al., 1999). 
The patterning of this initial midbrain and hindbrain character is at later 
stages progressively refined and the subsequent specification of distinct 
neuronal subtypes around the midbrain-hindbrain border require further 
signaling from non neural tissues (Guo et al., 1999; Hynes et al., 1995; Ye 
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et al., 1998).  However, if we isolate a large explant that spans most of the 
rostro caudal length of the neural plate, a precise pattern of regionally 
restricted domains of gene expression characteristic of the caudal forebrain, 
and rostral- and caudal-, midbrain and hindbrain (r1-r6) is generated (see 
cover image). Although none of these genes (Otx2, Gbx2, Pax2 and En1) 
are required for the initial induction of the Isthmic organizer (IsO), this 
distinct pattern led us to speculate whether or not prospective midbrain-
rostral hindbrain (MHB) cells also have been specified to generate an IsO at 
this early stage.  To test this we cultured isolated stage 4 neural tissue 
explants and monitored the generation of cells expressing markers 
characteristic of the IsO. 

Since the formation of the IsO may require planar signals that act at 
long range, we initially isolated large explants that included most of the 
rostrocaudal extent of the stage 4 prospective neural plate. In these explants 
Wnt1 and Fgf8 were expressed in two adjacent narrow stripes within the 
Pax2+/En1+ domain – a pattern of gene expression characteristic of the IsO. 
Thus, gastrula stage, prospective MHB neural plate cells appear to have 
received sufficient positional information to form the complex pattern of 
cells characteristic of the Isthmic organizer independently of further signals 
derived from adjacent non-neural tissues. 

To examine whether establishment of the IsO in stage 4 prospective 
neural plate explants require long-range planar signals within the neural 
plate, we monitored the expression of characteristic Isthmic markers in 
small stage 4 explants that were limited to the prospective MHB region 
(Paper I). These explants displayed a profile of gene expression 
characteristic of the IsO, whereas explants isolated from regions located 
rostral, or caudal, to the prospective MHB region did not. Thus, the 
prospective MHB region of stage 4 embryos is sufficient to generate a gene 
expression pattern characteristic of the IsO, indicating that the formation of 
the IsO is independent of long-range planar signals derived from adjacent 
rostral or caudal regions of the neural plate.  

 
 

Early Wnt and FGF signaling are required for the specification of 
the IsO 

Ongoing Wnt and FGF signaling in prospective caudal neural cells are 
required for the specification of cells of midbrain and rostral hindbrain. This 
suggests that the establishment of the IsO may also require early Wnt and 
FGF signaling. To test this, we exposed stage 4 MHB explants to Frz8CRD-
IgG, or to SU5402, a selective antagonist of FGF receptor signaling 
(Mohammadi et al., 1997; Moreno and Kintner, 2004; Wilson et al., 2001). 
Under these conditions, both SU5402 and Frz8CRD-IgG blocked the 
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generation of cells of Isthmic character, and instead forebrain cells were 
generated. Thus, the acquisition of the IsO requires both Wnt and FGF 
signaling in prospective MHB neural plate cells. 

Wnt1 signaling is not required for the initial induction of the Isthmic 
organizer, but is required for maintenance of MHB region specific gene 
expression pattern after the 20 somite stage (McMahon et al., 1992).  Thus, 
to ensure that we were not studying the later Wnt signaling dependent 
maintenance of the MHB region, but indeed the dependence of gastrula 
stage Wnt signaling for the initial induction of the IsO, we cultured the 
explants corresponding to the development of a 10-13 somite chick embryo, 
and as a further we isolated explants specified as MHB from head fold stage 
(HH stage 6) embryos. Like the stage 4 MHB explants, stage 6 MHB 
explants generated a gene expression pattern characteristic of the Isthmic 
organizer, when cultured in isolation. However, in contrast to the stage 4 
MHB explants, blockade of Wnt signals in stage 6 MHB explants, by 
exposure of mFrz8CRD-IgG, did not block the initial induction of the IsO 
(Fig. 4). These results provide evidence that gastrula stage Wnt signals are 
responsible for the initial induction of the Isthmic region. Moreover, that 
Wnt signaling in neural plate cells, beyond stage 6, is not required for the 
initial induction of Pax2, En1, Wnt1 and Fgf8 expression characteristic of 
the IsO. 

 
 

Convergent Wnt and FGF signaling reconstruct the complex 
pattern of gene expression characteristic of the IsO 

Graded Wnt signals together with FGF signals specify cells of caudal 
forebrain, midbrain and rostral hindbrain character. Combined Wnt and FGF 
signals are able to induce midbrain and rostral hindbrain markers in stage 4 
“naïve” forebrain (FB) explants. Under these conditions, cells at the 
periphery of stage 4 FB explants acquire rostral hindbrain character and 
cells at the core acquire a midbrain character (Paper I). To examine whether 
convergent Wnt and FGF signaling is sufficient to reconstitute the more 
complex pattern of expression characteristic of the IsO, we exposed stage 4 
FB explants to a combination of Wnt3A and FGF4. Under these conditions, 
Otx2+, En1+ and Wnt1+ cells were generated at the core of the explant, 
Pax2+ cells were detected throughout most of the explant, and Gbx2+/Fgf8+ 
rostral hindbrain cells were located at the periphery. FGF4 or Wnt3A alone 
did not induce cells of Isthmic character. Thus, exposure of stage 4 RFB 
explants to Wnt3A and FGF4 in combination induce a central to peripheral 
pattern of cells characteristic of the Isthmic organizer. Taken together, our 
results provide evidence that convergent Wnt and FGF signaling at the late 
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gastrula stage are both required and sufficient to induce the complex pattern 
of cells characteristic of the Isthmic organizer in naïve neuroepithelial cells.  

 
 

Convergent Wnt and FGF signaling reconstruct a functional IsO 
We next addressed whether the cells characteristic of the Isthmic 

organizer induced in, stage 4, prospective forebrain cells also possesses an 
inductive organizing activity. Transplantation of the IsO into the prospective 
diencephalon of 8-12 somite (HH stage 9-10) chick embryos induces the 
generation of Pax2+ and En1+ midbrain cells in the surrounding neural tissue 
{Martinez, 1999 #4;Irving, 2000 #3}. Thus, we exposed stage 4 quail 
prospective FB explants to combinatorial Wnt and FGF signals. The 
explants were maintained in culture to allow the generation of a gene 
expression pattern characteristic of the Isthmic organizer, before they were 
grafted into the caudal forebrain of stage 10 chick embryos that were 
allowed to develop, in ovo, until the ~30 somites stage (HH stage 17). These 
explants induced Pax2+ and En1+ midbrain cells in the surrounding host 
cells, but stage 4 FB explants cultured alone, or with FGF alone, did not. 
These results indicate that convergent Wnt and FGF activity is sufficient to 
reconstitute a functional Isthmic organizer in ‘naïve’ neural plate cells of 
rostral character. 
 
 
 
Early Wnt signaling is required to establish Hox gene profiles 
and motor neuron subtypes in the developing hindbrain and 
spinal cord (PaperIII) 
 
 
Spinal cord cells specified at the late gastrula stage are of caudal 
character  

The hindbrain and spinal cord is regionalized into different progenitor 
domains along the rostrocaudal axis that will generate region specific types 
of neurons with specialized functions and trajectories. Thus, we wanted to 
study when these different domains are initially specified. Earlier studies in 
the lab have shown that cells of rostral hindbrain and spinal cord character 
have both been specified at the late gastrula stage (HH stage 4) (Muhr et al., 
1999). To examine the rostrocaudal identity of these early spinal cord cells, 
and whether stage 4 neural plate tissue is also specified to generate cells of 
caudal hindbrain character, we examined the generation of cells expressing 
Hox-genes characteristic of neural progenitor cells in r7 and r8 of the caudal 
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hindbrain, somite (s) 5-19 level of the rostral (cervical-brachial) spinal cord 
and s19-tail level of the caudal spinal cord, respectively.   

 
Stage 4 caudal neural plate (C) explants grown in vitro generated rostral 

hindbrain cells and, in a separate domain, cells characteristic of the caudal 
spinal cord. In contrast, no expression characteristic of the caudal hindbrain 
was observed and only a small domain of rostral spinal cord was evident. 
Thus at stage 4, prospective caudal neural plate cells appear to be specified 
preferentially as cells of rostral hindbrain or caudal spinal cord character. 

 
 

Wnt and FGF signals are required for the acquisition of spinal cord
character 

 
 

The next question we sought to answer was which inductive signaling 
molecules are involved in the generation of the initial hindbrain and spinal 
cord character? In late gastrula stage (HH stage 4) embryos, several Wnt and 
Fgf family members are expressed in or around the region destined to give 
rise to the caudal neural plate (Chapman et al., 2004; Karabagli et al., 2002; 
Liu et al., 2001; Yamaguchi, 2001) (Fig. 6). Our earlier results show that the 
specification of rostral hindbrain cells involves convergent Wnt and FGF 
signaling (Paper I). To test whether Wnt and FGF signaling in prospective 
caudal neural cells are also required for the specification of cells of initial 
spinal cord positional character, we cultured stage 4 C explants in the 
presence of Frz8CRD-IgG or SU5402. Inhibition of Wnt, and of FGF signals, 
both resulted in a next to complete block of both rostral hindbrain and spinal 
cord character and instead cells of forebrain character were generated. These 
results suggest that the specification of spinal cord character, as well as 
caudal forebrain, midbrain and rostral hindbrain positional character (Paper 
I), is critically dependent on Wnt and FGF signaling.  

 
 

Graded Wnt and FGF signaling discriminate between hindbrain and 
spinal cord fate 

By tracing the orientation of stage 4 C explants by DiI labeling, we 
noted that the cells that had been positioned at the caudal tip and closest to 
the streak were specified to generate cells of caudal spinal cord character. 
Furthermore, cells specified as rostral hindbrain was consistently found at a 
more rostro-lateral position. (Fig. 6).  

The temporal and spatial expression of several Wnt and Fgf family 
members in the primitive streak and neural plate implicate that differences 
in the level and/or duration of exposure to Wnt and FGF signals might 
contribute to the early distinction between hindbrain and spinal cord 
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character. To examine this possibility we exposed stage 4 C explants, which 
have previously received caudalizing signals in vivo, to a further period of 
exogenously applied Wnt and FGF signaling in vitro.  The generation of 
cells of rostral hindbrain character was suppressed in these explants and 
most cells acquired caudal spinal cord character. Exposure to FGF4 or 
Wnt3A alone did not change the relative amounts of hindbrain and spinal 
cord marker expression. These results support the idea that Wnt and FGF 
signals, emanating from the primitive streak and caudal neural plate, 
generate a caudomedial-to-rostrolateral gradient, and that exposure of cells 
to prolonged or higher level Wnt and FGF signaling promotes the 
specification of cells of spinal cord rather than hindbrain character.  

 
 

 
 
Figure 6.  Several Wnt and Fgf family members are expressed in the primitive streak 
and caudal neural plate when cells of RHB and CSC character are specified  
(A) Schematic image of a stage 4 chick embryo. The expressions of Wnts and Fgfs in the 
caudal ectoderm and primitive streak are summarized on the left. Grey dashed box indicates 
the region magnified in B.   
(A,B)  The black dashed line marks the neural plate and the border between the caudo-
medial region of neural plate that is specified to generate cells of caudal spinal cord (CSC) 
character, and the more rostro-lateral region that is specified to generate cells of rostral 
hindbrain character. 
(C) Prolonged or higher level Wnt and FGF signaling blocks the generation of RHB 
character and induces cells of CSC character.    
 

 
 

Caudal hindbrain and rostral spinal cord cel s have been specif ed 
by the early somite stage 

l i

When are the progenitor domains of caudal hindbrain cells and rostral 
spinal cord cells specified?  To answer this question we isolated neural plate 
explants from HH stages 5, 6, 7 and 8 (3-4somites) chick embryos. At stage 5 
neural plate cells caudal to the node are specified as cells of rostral spinal 
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cord character (data not shown). In stage 8 embryos (but not earlier) cells 
characteristic of the caudal hindbrain were generated in neural plate explants 
isolated at a position rostral to the regressing Hensen’s node. Stage 8 explants 
isolated at the level of the node generated rostral spinal cord cells and 
explants isolated caudal to the node generated caudal spinal cord cells.  Thus, 
by stage 8, distinct rostrocaudal regions within the caudal neural plate are 
specified to generate progenitor cells characteristic of the rostral- and caudal 
hindbrain, and rostral- and caudal spinal cord, respectively.  

  
 

RA imparts caudal character to hindbrain cells and rostral character 
to spinal cord cells 

How then are the caudal hindbrain and rostral spinal cord subdomains 
established? To address this issue, we first examined whether exposure of 
prospective hindbrain and spinal cord cells to Wnt signals beyond stage 8 
was required for the distinction between rostral and caudal hindbrain and 
spinal cord. Inhibition of Wnt signaling did not change the rostrocaudal 
character of stage 8 caudal neural plate explants, indicating that prolonged 
exposure to Wnt signals is not required for the generation of these 
subdomains and that, beyond stage 8, Wnt signaling is no longer required for 
the generation of progenitor cells exhibiting hindbrain and spinal cord 
character.   

Previous studies have provided evidence that retinoic acid (RA) 
supplied by the paraxial mesoderm participates in the differentiation of cells 
of caudal hindbrain character (Begemann et al., 2001; Kolm et al., 1997; 
Maden, 2002; Niederreither et al., 1999). RA synthesis depends on a rate-
limiting step catalysed by the enzyme retinaldehyde dehydrogenase 2 
(Raldh2), which is expressed at increasing levels in the paraxial mesoderm 
adjacent to the prospective caudal hindbrain and rostral spinal cord at stages 
5-8 (Berggren et al., 1999; Muhr et al., 1999; Swindell et al., 1999). In 
addition Dupé et al (2001) showed that RA signaling starts to affect neural 
patterning at stage 5 when a distinct domain of presumptive rostral spinal 
cord cells is first specified (data not shown). Together these observations 
raise the possibility that RA promotes the generation of cells of caudal 
hindbrain and rostral spinal cord character by acting on neural cells that have 
already acquired an initial caudal character.  

To test this idea, we exposed stage 4 C explants to RA and found that 
the generation of rostral hindbrain and caudal spinal cord was blocked. 
Instead cells characteristic of the caudal hindbrain were generated in the 
rostral domain of the explant (that normally generated rostral hindbrain 
cells), and cells characteristic of the rostral spinal cord appeared in the caudal 
domain (which normally generated caudal spinal cord cells). Consistent with 
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previous studies(Muhr et al., 1999), RA was unable to induce caudal 
character in stage 4 prospective forebrain cells, which had not been 
previously exposed to caudalizing signals. These results further support the 
idea that RA promotes the generation of caudal hindbrain cells at the expense 
of rostral hindbrain cells (Dupe and Lumsden, 2001; Guidato et al., 2003b; 
Maden, 2002; Niederreither et al., 1999). Furthermore, that RA induces 
rostral spinal cord identity by acting on caudal cells initially specified as 
prospective caudal spinal cord. 

 
 

FGF signaling contributes to the distinction between cells of caudal 
hindbrain and rostral spinal cord character 

What distinguishes the cells that become specified as cells of caudal 
hindbrain from those that adopt a rostral spinal cord fate in response to RA 
signaling?   

 

In the stage 8 embry
plate specified to genera
Hensen’s node and the pri
characteristic of the spinal
Liu et al., 2001; Pownall 
act in an opponent man
expression in the spinal co

To test whether FGF
spinal cord versus caudal h
explants to a combination
presence of RA, prolonged
of cells of rostral spinal c

 

Figure 7.  Regionally restricted expression of Raldh2 
and Fgfs adjacent to caudal neural plate cells in the 
early somite embryo. 
Schematic representation of a stage 8 embryo, showing the 
expression of the RA producing enzyme, Raldh2, in the 
presomitic- and somitic mesoderm, and Fgfs expressed in 
the node and primitive streak, on the left. The right side 
illustrates the rostrocaudally restricted domains of neural 
plate cells specified as caudal hindbrain (CHB), rostral 
spinal cord (RSC) and caudal spinal cord (CSC), 
respectively.
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 exposure to FGF signals promotes the generation 
ord at the expense of caudal hindbrain character. 
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This finding suggests that antagonism between different levels of FGF and 
RA signaling discriminates between induction of a Hox gene profile 
characteristic of the caudal hindbrain, or of the rostral spinal cord. 

 
 

Early hindbrain and spinal cord progenitor cells differentiate into 
dMNs and vMNs in response to Shh 

The rostrocaudal character of progenitor cells in the hindbrain and 
spinal cord is manifested by the generation of distinct subclasses of motor 
neurons. Shh-N, exhibits motor neuron-inducing activity (Porter et al., 1995; 
Roelink et al., 1995) and induces vMNs in stage 4 C explants (Muhr et al., 
1999a).  To determine the rostrocaudal identity of these vMNs, and to 
examine whether stage 4 C explants also generate dMNs, these explants were 
exposed to Shh-N.  

This resulted in the generation of dMNs and vMNs in separate domains 
of the explants, and a majority of the vMNs expressed Hoxc9 - a marker 
characteristic of vMNs at caudal (thoracic) levels of the spinal cord. Thus, 
stage 4 caudal neural plate cells have acquired rostrocaudal positional 
information that permits them to differentiate into dMNs and vMNs 
characteristic of the rostral hindbrain and caudal spinal cord when exposed to 
Shh-N. Stage 4 C explants grown alone generated Pax7+ cells of dorsal 
character. 

 
 

Early Wnt signals are required for the generation of dMNs and 
vMNs 

Our next question was whether Wnt signaling in prospective caudal 
neural plate cells is required for the generation of vMNs and dMNs?  To test 
this, stage 4 C explants were cultured in the presence of mFrz8CRD-IgG and 
Shh-N. Under these conditions, the generation of dMNs and vMNs was 
blocked, and instead neurons characteristic of the ventral forebrain were 
generated. Thus, exposure of prospective caudal neural plate cells to Wnt 
signals is required for the generation of vMNs and dMNs. 

 
 

Combinatorial Wnt, RA and/or FGF Signals Impose Hindbra n and 
Spinal Cord Character in ‘Naïve’ Neural Cells  

i

In summary we show that a gastrula stage gradient of Wnt and FGF 
signals induce an initial hindbrain and spinal cord progenitor pool that is 
further subdivided by opposing RA and FGF signals at the early somite stage.  
We next addressed whether a combination of Wnt, RA and FGF signals is 
sufficient to reconstruct the Hox gene expression profiles characteristic of 
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hindbrain and spinal cord in stage 4 rostral forebrain (RFB) cells. Consistent 
with previous studies (Muhr et al., 1999; and Paper I) Wnt3A, FGF4 or RA 
added separately, or FGF4 and RA added in combination, did not induce cells 
of caudal neural character in stage 4 RFB explants. Wnt3A and FGF4 in 
combination, however, resulted in the generation of cells expressing Hox 
genes characteristic of the caudal spinal cord in these explants. Wnt in 
combination with RA and FGF predominantly induced a Hox gene profile 
characteristic of the rostral spinal cord, whereas a combination of Wnt3A and 
RA generated caudal hindbrain cells. Taken together, these results provide 
evidence that Wnt signals, in combination with RA and/or FGF, are sufficient 
to reconstruct Hox gene profiles characteristic of caudal hindbrain and both 
rostral and caudal spinal cord in ‘naïve’ neuroepithelial cells.   
  
 
Hox gene profiles prefigure later motor neuron subtype 

Hox proteins appear to be determinants of motor neuron subtype 
identity (Briscoe and Wilkinson, 2004; Carpenter, 2002; Guthrie, 2004). 
Consistent with this idea, stage 8 neural plate explants specified to express 
Hox profiles characteristic of caudal hindbrain, and rostral- or caudal spinal 
cord progenitor cells, generate profiles of dMNs and vMNs characteristic of 
the respective domain, in the presence of Shh-N.   

Finally, we addressed whether Hox gene profiles induced by Wnt, RA 
and/or FGF signals in ‘naïve’ RFB cells predict the later generation of dMNs 
and vMNs.  Stage 4 RFB explants were cultivated in the presence of Wnt, 
RA and/or FGF signals for 44 hours, to allow hindbrain and spinal cord 
progenitor cells to acquire their rostrocaudal positional identity. They were 
then cultured for an additional 22 hours in the presence of Shh-N.  Exposing 
stage 4 RFB explants to a combination of Wnt3A, RA and Shh-N resulted in 
the generation of many dMNs and only few vMNs - a motor neuron profile 
characteristic of caudal hindbrain (r7 and rostral r8).  Progenitor cells of 
rostral spinal cord character were induced by Wnt3A, RA and FGF4. 
Addition of Shh-N induced a large number of vMNs but few dMNs – a motor 
neuron profile characteristic of the rostral spinal cord. RFB cells exposed to 
Wnt3A and FGF4, which generate caudal spinal cord progenitor cells, 
generated vMNs, which also co-expressed Hoxc9, but no dMNs in the 
presence of Shh-N. Collectively, these findings provide evidence that, in 
naïve neural tissue of rostral character, Wnt in combination with RA and/or 
FGF signals is sufficient to induce Hox profiles that prefigure the later 
emergence of vMNs and dMNs characteristic of the hindbrain and spinal 
cord.  
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DISCUSSION 
 

In summary, the results in this thesis suggest a model of how early 
rostrocaudal regional identity in the CNS is generated (Fig. 8):   

 
At gastrula stages, prospective caudal neural plate cells are exposed to 

Wnt signals derived from the emerging caudal paraxial mesoderm and from 
caudal epiblast cells, and to FGF signals derived from the primitive streak 
(Chapman et al., 2004; Crossley and Martin, 1995; Hume and Dodd, 1993; 
Karabagli et al., 2002; and Paper I). In response to graded Wnt and FGF 
signaling, the late gastrula neural plate is regionalized into distinct 
rostrocaudal domains that are specified to generate cells characteristic of the 
caudal forebrain, midbrain, rostral hindbrain or caudal/thoracic spinal cord, 
respectively. Blockade of Wnt signaling by Wnt inhibitors, which are 
expressed in the rostral neural plate and in the head mesendoderm (Niehrs, 
1999; Yamaguchi, 2001), is required to maintain a domain of rostral 
forebrain character.  

At early somite stages, RA derived from caudal paraxial mesoderm and 
newly formed somites (Berggren et al., 1999; Swindell et al., 1999) induce 
caudal hindbrain and rostral spinal cord character in the adjacent neural plate 
cells that have previously been exposed to Wnt and FGF caudalizing activity. 
Our results suggest that RA specifies cells of r7/r8 caudal hindbrain character 
in prospective rostral hindbrain cells, and cells of rostral spinal cord identity 
in prospective caudal spinal cord cells. At these stages, FGFs derived from 
the regressing Hensen’s node and primitive streak adjacent to the developing 
spinal cord (Crossley and Martin, 1995; Karabagli et al., 2002; Liu et al., 
2001) maintain the specification of caudal spinal cord cells, and in the 
presence of RA, promote the generation of rostral spinal cord cells.  

 
 
In support of this model, the results provide evidence that in the 

presence of FGF, graded Wnt signals induce caudal forebrain, midbrain and 
rostral hindbrain in naïve neuroepithelial cells of rostral character. 
Furthermore, Wnt, RA and/or FGF signals can induce cells with Hox gene 
profiles characteristic of caudal hindbrain and rostral and caudal spinal cord 
progenitor cells that differentiate into corresponding dMNs and vMNs when 
exposed to Shh-N.  Thus, these findings suggest a tight link between Wnt, 
FGF and RA signals, gene expression profiles of progenitor cell and, later, 
the rostrocaudal pattern of dMN and vMN generation in the hindbrain and 
spinal cord.  
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Figure 8.  Model of early rostrocaudal patterning of the CNS 
Gastrula stage graded Wnt and FGF signals are necessary and sufficient to specify initial 
caudal neural character that is refined by opposing activities by RA and FGF signals at the 
somite stage.  The acquired neural character is depicted in the adjacent schematic neural 
tubes.  
Head mesoderm, HM; primitive streak, PS; paraxial mesoderm, PM; neural plate, NP; pre-
somitic mesoderm, PSM; somite, S; node, N. 
 

 

Wnt/β-catenin signaling mediates caudal neural patterning 
 Wnts are secreted glycoproteins that bind to Frizzled transmembrane 
receptor proteins and Lipoprotein receptor related proteins (LRP5 and 
LRP6) to form a ternary complex. The activated Frizzled receptors have the 
potential to activate three different intracellular pathways, of which the best 
characterized canonical/β-catenin pathway has been proposed to act directly 
or indirectly in the specification of rostrocaudal neural patterning (Ciani and 
Salinas, 2005; Yamaguchi, 2001) (Fig. 9).  

Exposing gastrula stage Xenopus embryos to lithium chloride (LiCl), 
which inhibits the kinase activity of GSK3β and thus activates the canonical 
pathway (Klein and Melton, 1996), blocks the formation of anterior 
structures (Heisenberg et al., 2001; Yamaguchi and Shinagawa, 1989). Both 
Wnt3A and Wnt8 that were used in the studies of this thesis (Paper I-III), 
have been reported to signal through this pathway (Fredieu et al., 1997; 
McGrew et al., 1995), and in our caudalizing assays activation of the β-
catenin pathway, by a 15 minute pulse of LiCl (20mM) treatment, mimics 
the caudalizing activity of Wnt3A (150ng/ml) (data not shown). In 
combination these observations suggest that the Wnt mediated caudalizing 
activity is transduced via the canonical, β-catenin dependent, pathway.  
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Figure 9.  The canonical Wnt signa-
ling pathway 
In the absence of Wnt signals (left), a 
complex of Axin, APC, and the protein 
kinase GSK3β, phosphorylates and thus 
mediates degradation of β-catenin.  
In the presence of Wnt proteins (right), 
binding to the Frizzled/LRP receptor 
complex at the cell surface activates 
Dishevelled (Dsh) that inhibits the 
kinase activity of GSK3β. Consequently, 
the degradation of β-catenin is inhibited, 
which results in β-catenin accumulation 
in the cytoplasm and nucleus. β-catenin 
interacts with TCF to control 
transcription. Extra-cellular antagonists, 
here exemplified by SFRP and Dkk, and 
negative regulators in the cytoplasm are 
shown in black. Positively acting 
components are illustrated in grey. 
Cystein rich domain, CRD  
Figure modified from Logan C. Y. and 
Nusse R. (2004). 

 
 

 
 

 
 
 
 

Various genetic studies provide evidence that Wnt signaling is 
involved in the induction and patterning of both neural and mesodermal 
tissues. In the mouse, Wnt3/Wnt3A double mutant embryos lack all 
mesoderm, and Wnt3A mutants generate ectopic neural plate tissue at the 
expence of of caudal paraxial mesoderm (Liu et al., 1999b; Takada et al., 
1994; Yoshikawa et al., 1997).  Moreover, both mouse and Xenopus laevis 
embryos that lack the function of the Wnt inhibitor Dkk1 fail to develop 
head structures rostral to the midbrain (Glinka et al., 1998; Mukhopadhyay 
et al., 2001). Zebrafish Wnt8 mutant embryos lack trunk and tail structures, 
demonstrating that Wnt8 is required during the gastrula stage for the 
generation and patterning of both mesoderm and neural ectoderm (Lekven 
et al., 2001).  In the headless zebrafish mutant that lack TCF3 activity, a 
transcriptional repressor of Wnt responsive genes, the forebrain and the 
anterior part of the midbrain is absent, whereas midbrain and hindbrain 
markers show a rostral expansion. Zebrafish masterblind mutant embryos, 
exhibit an apparent reduction in Axin-dependent inhibition of Wnt signaling 
that is accompanied by loss of telencephalic structures and expansion of 
more caudal neural tissue (Heisenberg et al., 2001).  Another Wnt 
antagonist promoting forebrain development is the zebrafish Tlc, a member 
of the secreted Frizzled related proteins (SFRP) family. Tlc translation is 
required to establish the telencephalon, and Tlc expressing cells can rescue 
the telencephalon in masterblind mutants (Houart et al., 2002).  
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These genetic studies provide evidence that Wnt signaling is involved 
in the patterning of both neural and mesodermal tissue. Such genetic 
analyses do not, however, address whether the reported alterations in neural 
patterning depend on Wnts acting directly on neural cells or indirectly by 
patterning of adjacent tissues that might act as potential signaling sources.  

The results in Paper I provide evidence that attenuation of Wnt 
signaling blocks the paraxial mesoderm derived caudalizing (PMC) activity 
described previously in chick assays (Bang et al., 1997; Muhr et al., 1999; 
Muhr et al., 1997). Thus, Wnts mediate PMC activity. These experiments do 
not, however, exclude the possibility that Wnts are solely required for the 
development and patterning of paraxial mesoderm and that caudal neural 
character is induced by a secondary inductive signal. In principle, the 
expression of Wnts in prospective caudal neural cells does not exclude the 
possibility that a distinct signal derived from the paraxial mesoderm induces 
Wnt expression in neural cells, and that neurally derived Wnts impose 
caudal neural characters. However, the expression of Wnt11 in the caudal 
paraxial mesoderm precisely mimics the distribution of tissues that possess 
high PMC activity (Muhr et al., 1997) (Fig. 10). Moreover, Wnt3A, in 
combination with FGF8, induces Wnt8c in prospective rostral forebrain 
cells. Although we do not exclude the possible involvement of other Wnts, 
the results show that Wnt8c and Wnt11 are likely mediators of PMC 
activity. 

 

 

Figure 10.  Wnt11 expression 
mimics the spatio-temporal 
distribution of PMC activity. 
Expression of caudalizing (PMC) 
activity (upper panel), and Wnt11 
( lower panel )  in  the  paraxial 
mesoderm. 
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Early Wnt signaling in prospective neural cells is required for 
the acquisition of caudal neural character 

The direct role of Wnts in neural patterning presented in this thesis 
extends the findings from studies of vertebrate embryos that exhibit 
alterations in components of the Wnt signaling pathway. To avoid the 
involvement of indirect effects we examined the direct effects of alternated 
Wnt signaling in prospective neural tissue in isolation of further signaling 
input from adjacent tissues. These experiments provide evidence that the 
acquisition of caudal neural character requires ongoing Wnt signaling in 
gastrula stage neural plate cells. This requirement is, however, temporally 
restricted and, beyond stage 8, Wnt activity is no longer required for the 
initial induction of cells characteristic of the midbrain, hindbrain, the IsO or 
the cervical-brachial-, and thoracic spinal cord (data not shown). Thus, the 
specification of initial caudal neural character requires direct Wnt signaling 
in neural plate cells at gastrula-to-early somite stages. 

In addition we have shown that, in the presence of permissive FGF 
signals, direct exposure of Wnt signals is sufficient to induce caudal neural 
character in ‘naïve’ neural plate cells of rostral character. These results 
indicate that Wnts can mimic the caudalizing activity of the paraxial 
mesoderm, and that no further mesodermally derived signals are required to 
generate cells of initial caudal character.  

Wnts have been implicated in caudal neural patterning by several 
studies in Xenopus embryos, but again the earlier involvement of Wnts in 
induction of mesoderm and epidermal ectoderm complicates the task of 
distinguishing direct from indirect Wnt action in rostrocaudal neural 
patterning (McGrew et al., 1997; Niehrs, 1999). A direct caudalizing effect 
of Wnt signaling in neural cells was suggested by Kiecker et al. (2001) from 
their experiments on blastula stage ectoderm that has been neuralized by 
dissociation in Ca2+- and Mg2+-free medium. Under these conditions 
exposure of xWnt8 is sufficient to induce caudal neural markers in the 
absence of the mesodermal muscle actin marker (Kiecker and Niehrs, 
2001a). However, recent studies provide evidence that neuralization by 
dissociation is blocked in the absence of FGF signaling (Kuroda et al., 
2005), implicating that these conditions, indeed, provide a permissive FGF 
signal that modifies the Wnt signaling response. In gastrula-stage ectoderm, 
enhanced Wnt signaling leads to the induction of caudal neural markers in 
adjacent cells, in the absence of induction of mesodermal markers 
(Domingos et al., 2001). Under these conditions, cells expressing caudal 
neural markers are induced by an indirect, non-cell-autonomous mechanism 
that apparently involves FGF signaling. Thus, these studies in Xenopus 
laevis are consistent with our findings in chick, suggesting that the 
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combined actions of Wnt and FGF signals on prospective neural cells 
induce cells of caudal neural character. 
 
 
Graded Wnt activity impose progressively more caudal 
neural character 

A gradient of caudalizing factors has been predicted by classical 
studies that resulted in the ‘activation and transformation model’, initially 
proposed by Niewkoop in 1952 (Nieuwkoop et al., 1952). Nevertheless, the 
molecular nature of such a signaling gradient has remained unidentified. 
The results in this thesis provide evidence that, in the presence of FGF 
signals, graded Wnt activity induces progressively more caudal neural 
character.  

Neural plate cells start to become caudalized at the mid-gastrula stage, 
(HH stage 3+) (Muhr et al 1999). At this developmental stage, several 
members of the Wnt family of signaling molecules are expressed in the 
primitive streak (there are 11 Wnts expressed in the mouse primitive streak,) 
and in the paraxial mesoderm, adjacent to the prospective caudal neural 
plate (Chapman et al., 2004; Hume and Dodd, 1993; Yamaguchi, 2001). 
Moreover, Wnt8c is expressed in a graded pattern in the caudal ectoderm 
(neural plate included). At stage 4, Wnt8c is expressed at high levels in the 
caudal-most ectoderm and at gradually lover levels rostrally (Hume and 
Dodd, 1993 and data not shown). These Wnt expression patterns implicate 
that caudal/medial neural plate cells might be exposed to higher levels of 
Wnt signals than cells at more rostral levels.  

As the node starts to regress caudally, the rostral borders of all of these 
Wnt expressions follow the regression of the node. Consequently, Wnt 
expression become temporally excluded from regions rostral of the node, 
both in, and adjacent to the neural plate (Chapman et al., 2004; Hume and 
Dodd, 1993) (Supplementary Fig. 1). Thus, the caudal-most regions of the 
neural plate appear to be exposed to higher levels of Wnt signaling and are, 
in addition, under exposure of active Wnt signaling for a gradually longer 
period of time. Accordingly, exposing ‘naïve’ prospective neural cells, of 
rostral character, to a low concentration of Wnt signals result in the 
generation of caudal forebrain cells, whereas an increased concentration of 
Wnt signals result in the generation of cells of progressively more caudal 
character (Paper I). In support of this idea studies in Xenopus, using a Wnt 
responsive reporter, have provided evidence of an endogenous rostrocaudal 
gradient of Wnt/β-catenin signaling in the late gastrula neural plate (Kiecker 
and Niehrs, 2001a).  
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However, during these studies, we found that not only the Wnt 
concentration, but also the time of exposure to Wnt signals, is involved in 
determining the rostrocaudal fate of prospective neural plate cells. Exposing 
cells of prospective rostral character to a concentration of Wnt signals 
during a short, 24 hour, cultivation period results in the generation of cells 
of midbrain-hindbrain character (Paper I), while a prolonged, 48 hour, 
cultivation under the same conditions blocks the generation of midbrain 
cells and instead cells of rostral hindbrain and spinal cord character are 
generated (Supplementary Fig. 2). Thus, in vitro, an increase in Wnt 
concentration, or a prolonged time of exposure to a constant concentration 
of Wnt signals, both result in the generation of cells of more caudal 
character.  

In conclusion, we can not exclude neither time of exposure nor 
concentration dependence as ‘The’ mechanism for the generation of 
progressively more caudal neural character. However, the dynamic 
temporal, and graded spatial expression pattern of Wnts observed in the 
embryo (Chapman et al., 2004; Hume and Dodd, 1993; Yamaguchi, 2001), 
in combination with our in vitro findings, suggest that both spatial and 
temporal gradients of Wnt signaling activity might be involved in the 
sequential generation of progressively more caudal regional identity in 
neural precursor cells. 

 
 

Temporal and spatial regulation of Wnt signaling directs 
neural diversification 
 
 Neural Induction - Neural character is first specified in the medial 
epiblast cells in the blastula stage chick embryo (Streit et al., 2000; Wilson 
et al., 2000). At this early stage exposure of Wnt signals promote epidermal 
fate and block the generation of neural progenitor cells (Wilson et al., 2001). 
Thus, at the blastula stage, the absence of Wnt signaling is crucial for the 
initial specification of the progeny of all presumptive neural cells.  

 
Head maintenance - Our data show that gastrula stage prospective 

rostral forebrain cells are respecified to adopt a caudal neural fate when 
exposed to Wnt signals. Several zebrafish mutants demonstrate the 
importance of repressing Wnt signals in the rostral most neural plate. 
(Fekany-Lee et al., 2000; Heisenberg et al., 2001; Houart et al., 2002; Kim 
et al., 2000). Moreover, there are several extra-cellular Wnt inhibitors, that 
directly bind and inactivate Wnt proteins, expressed in and adjacent to the 
rostral presumptive neural plate; sFRP1-3 (Leyns et al., 1997; Rattner et al., 
1997; Wang et al., 1997), Dkk1 (Mukhopadhyay et al., 2001), Crescent 
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(Pfeffer, 1997) and Cerberus (Bouwmeester et al., 1996; Glinka et al., 1997; 
Piccolo et al., 1999). Both Dkk1 and Cerberus have been designated a role 
as ‘head inducers’ during vertebrate gastrulation since mutations in these 
genes result in loss or reduction of the forebrain (Bouwmeester et al., 1996; 
Glinka et al., 1998; Glinka et al., 1997; Mukhopadhyay et al., 2001; Piccolo 
et al., 1999; Shinya et al., 2000). Thus the repression of Wnt signaling in the 
rostral most neural plate is fundamental to maintain the initial rostral 
forebrain character in these cells (Ciani and Salinas, 2005; Kiecker and 
Niehrs, 2001b; Yamaguchi, 2001). However, our and other data show that 
cells of forebrain character start to be specified already at the blastula stage. 
Thus, the role of these rostral Wnt inhibiting molecules is not inductive but 
rather to maintain the early forebrain character specified during the initial 
neural induction process.  

 
Acquisition of caudal neural fate - This early neural character is 

subsequently stabilized (Stern, 2001; Wilson and Edlund, 2001) and at the 
late gastrula stage, as the node is forming, the caudal region of the 
presumptive neural plate starts to be exposed to Wnt signals. At this 
developmental stage, however, activation of Wnt signaling in prospective 
neural cells does not result in the generation of epidermal cells (Wilson et 
al., 2001). The neural plate cells have, at this developmental stage, changed 
their competence to respond to Wnt signals that now result in the acquisition 
of progressively more caudal character (Paper I). Thus, the Wnt signaling 
cascade that, at blastula and early gastrula stages, acts to repress neural 
character is later required to generate the normal neural rostrocaudal 
diversification.  

 

Our results indicate that prolonged exposure of Wnt signaling activity 
imposes progressively more caudal character in neural plate cells. This 
implicates that there is a requirement for a limited time window of Wnt 
exposure to induce distinct regional identities along the rostrocaudal axis of 
the neural tube, and thus that the dynamic down regulation of expression 
rostral of the node is crucial to generate the more rostral regions of the 
caudal neural tube. Another way to fine-tune the spatial and temporal 
patterns of Wnt activity might be the array of structurally diverse extra 
cellular inhibitors that are able to bind and interact with Wnt proteins. WIF-
1 is one example of a secreted protein that binds Wnt proteins and inhibits 
their activities. Interestingly, in both Xenopus and zebrafish Wif-1 starts to 
be expressed in the paraxial presomitic mesoderm at the onset of 
somitogenesis (Hsieh et al., 1999a), flanking the neural plate region that at 
the same time break away from the influence of streak derived Wnt signals 
and seizes to express Wnt8c. This presomitic mesodermal Wif-1 expression 
persists until the late stages of somitogenesis (Hsieh et al., 1999a). It is 
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tempting to speculate that the presence of a Wnt inhibiting molecule is 
another way of temporally restricting the Wnt activity rostral to the 
regressing node and thereby protecting these neural regions from further 
caudalization.  

The withdrawal of Wnt expression and signaling activity from 
prospective caudal cells positioned rostral to the regressing node (Chapman 
et al., 2004; Hume and Dodd, 1993) (Supplementary Fig. 1) also indicates 
that, at these later stages, the acquisition of caudal neural character become 
temporally independent of additional Wnt signalling. Consistent with this 
idea, inhibition of Wnt signaling by soluble mFrz8CRD-IgG in caudal 
neural plate cells isolated from stage 6-8 (headfold – 3-5 somites) embryos 
did not block the generation of caudal neural character (Paper II and data 
not shown). However, a few hours later in development, at the 5-6 somite 
stage, a new wave of Wnt signaling is initiated in the midbrain region in 
mice (Supplementary Fig. 1). At this stage Wnt1 is widely expressed in the 
presumptive midbrain and has been shown to be required for the 
maintenance, but not the induction, of midbrain and Isthmic regional 
identity (McMahon and Bradley, 1990; McMahon et al., 1992) 
(Supplementary Fig. 1). Thus, a restricted wave of graded Wnt signals 
between gastrula and early somite stages mediates the progressive induction 
of the restricted regional expressions characteristic of the caudal forebrain, 
midbrain, IsO, hindbrain and spinal cord. 

 
Acquisition of dorsal telencephalic character – Prospective 

neural cells are initially specified as prospective forebrain cells of ventral 
character (Stern, 2001; Streit et al., 2000; Wilson and Edlund, 2001; Wilson 
et al., 2000). Repression of gastrula stage Wnt signals appear to be crucial 
for the maintenance of the telencephalic primordium. But again, a few hours 
later in development, at early somite stages, Wnt signals are essential to 
pattern the prospective telencephalon. At this developmental stage, 
however, activation of Wnt signaling in prospective telencephalic cells does 
not result in the generation of caudal neural cells, but in the specification of 
dorsal telencephalic character (Backman et al., 2005; Gunhaga et al., 2003). 
Thus, the Wnt signaling cascade that, at gastrula stages, acts to repress 
telencephalic character is later required for the proper patterning of the 
telencephalon and the subsequent generation of the dorsal presumptive 
cortical region. 
 Thus, depending on their developmental age, cells specified to 
generate cells of ventral forebrain character respond completely different to 
Wnt signaling exposure (early gastrula – epidermal, late gastrula – caudal 
neural, early somite – dorsal telencephalic).  In summary, these examples of 
the necessity of subsequent absence or presence of Wnt signals to generate a 
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complete repertoire of neural precursor cells, show the importance of timing 
in attempts to investigate the role of potential inductive signals. In light of 
this strict temporal restriction of competence to respond accordingly, the 
importance of specification maps as well as spatio-temporal restrictions of 
manipulations of signals, or signaling transduction, becomes exceedingly 
evident. 
 
 
Early FGF signaling in prospective neural cells is required for 
the acquisition of caudal neural character 

The FGF family of signaling molecules induce both neural and 
mesodermal cells, and have been implicated in specifying, directly or 
indirectly, caudal neural character (Alvarez et al., 1998; Cox and Hemmati-
Brivanlou, 1995; Storey et al., 1998; Sun et al., 1999). Although FGFs can 
act directly on prospective neural cells, they are not able to induce caudal 
character in the absence of additional Wnt activity or possibly other paraxial 
mesoderm derived signals (Paper I and Muhr et al., 1999). At blastula and 
early gastrula stages high level FGF signaling induces mesodermal markers 
in presumptive neural cells (Muhr et al., 1999 and Rydström A. et al, 
personal communications). However, at the late gastrula stage presumptive 
neural cells start to express Sox2 (Rex et al., 1997; Uwanogho et al., 1995) 
and the neural character appear to become stabilized (Stern, 2001; Wilson 
and Edlund, 2001). Consequently, their neural character is maintained in the 
presence of high FGF signals (Muhr et al., 1999; Stern, 2001; Wilson and 
Edlund, 2001 and Papers I-III), and at this stage FGF signals mediate the 
acquisition of caudal neural, instead of mesodermal fate. 

At this stage multiple FGFs are expressed in the primitive streak 
adjacent to the caudal neural plate (Crossley and Martin, 1995; Karabagli et 
al., 2002) and the acquisition of caudal neural character in stage 4 
presumptive caudal neural plate cells is blocked by the presence of FGF 
signaling inhibitor SU5402. Under these conditions the presumptive caudal 
neural plate reverts and generates cells of rostral character. Thus, at the late 
gastrula stage, direct FGF signaling in prospective neural cells is required 
for the acquisition of caudal neural character. 

 
 

Permissive role of FGF signals in the specification of caudal 
forebrain, midbrain and rostral hindbrain 

The results in this thesis provide evidence that, in the presence of FGF, 
increasing thresh hold levels of Wnt signaling impose progressively more 
caudal neural character. However, varying the concentration of FGF (10-
40ng/ml FGF8) did not change the proportion or distribution of caudal 
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forebrain, midbrain or rostral hindbrain cells induced by Wnt signals (Paper 
I). This indicates that FGF acts solely in a permissive manner during the 
establishment of these caudal characters.  

Combinatorial exposure to the BMP inhibitor, xNoggin, and Wnt3A 
is, however, also sufficient to induce cells of midbrain and hindbrain 
character in stage 4 RFB cells (data not shown), suggesting that the role of 
FGFs in the acquisition of caudal neural cells is to block BMP signaling. To 
test this we added FGF inhibitor, SU5402. In the absence of FGF signals the 
induction of caudal neural cells by combinatorial Wnt signaling and BMP 
inhibition was blocked.  Thus, one role of FGFs might be to attenuate BMP 
signaling, but as Wnt and BMP inhibition is not sufficient to induce caudal 
neural cells FGFs appear to have an additional role in the acquisition of 
caudal neural character. 

 
 

Graded FGF and Wnt signals discriminate between initial 
hindbrain and spinal cord fate 

In our attempts to elucidate which signaling factors that specify early 
spinal cord character, we found that both inhibition of FGF and of Wnt 
signals block the generation of spinal cord cells in stage 4 C explants. As 
exposure to increasing concentrations of Wnt signals appear to induce 
progressively more caudal character in the presence of low, permissive FGF 
signaling, we first attempted to induce spinal cord cells by increasing the 
Wnt concentration. However, an increased Wnt concentration did not induce 
spinal cord cells in stage 4 FB cells after 24h culture. Exposure of stage 4 
prospective forebrain cells to levels of Wnt3A and FGF4 (15ng/ml) that 
generate midbrain and hindbrain cells after 24h of culture, during a 
prolonged 48h culture results in the generation of rostral hindbrain cells and 
caudal spinal cord cells in different domains of the explant (Supplementary 
Fig. 3b). Thus, prolonged exposure of Wnt and FGF results in the 
generation of spinal cord cells at the expense of midbrain cells. Varying the 
Wnt concentration did not change the proportion of rostral hindbrain and 
caudal spinal cord cells. Conversely, increased level of FGF signals 
(60ng/ml FGF4), under these conditions, blocked the generation of rostral 
hindbrain cells and instead cells of caudal spinal cord character was 
generated in the entire explant (Supplementary Fig. 3c). These results 
implicate that in the presence of Wnt signals a gradient of FGF might be 
sufficient to discriminate between the acquisition of rostral hindbrain and 
caudal spinal cord character. 

The results in Paper III show that neither Wnt, nor FGF alone, could 
impose caudal spinal cord character on prospective hindbrain cells in stage 4 
C explants. Increased level, or longer exposure, of combinatorial FGF and 
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Wnt signals did, however, block the generation of rostral spinal cord cells in 
stage 4 C explants, and instead caudal spinal cord cells were generated in 
the entire explant. These results suggest that stage 4 neural plate cells 
specified to generate cells of rostral hindbrain character require higher level 
of, or prolonged exposure to Wnt signals to be respecified into caudal spinal 
cord cells by increased levels of FGF activity. Thus, in the caudal most 
domain of the neural plate a combination of graded Wnt activity and a 
gradient of FGF signals acts to discriminate between rostral hindbrain and 
caudal spinal cord fate.  

 
 
RA is essential for the development of the caudal hindbrain  

Retinoids have a wide range of rostrocaudal patterning effects in the 
developing CNS. Exposure of embryos to ectopic RA inhibits rostral neural 
tube development, through the suppression of forebrain and midbrain 
specific genes. These embryos exhibit a rostral expansion of hindbrain and 
spinal cord specific gene expression. This suggests that endogenous RA 
may be a candidate molecule for the rostral-to-caudal ‘transforming’ 
signal(s). RA is a metabolic product of vitamin A, and its production relies 
on the rate limiting retinaldehyde hydrogenase (Raldh) enzymes. Vitamin A 
deficient (VAD) quail and rat embryos, and Raldh2-/- mice, lack 
rhombomeres caudal to r3/4 and exhibit an expanded r3/4 region (Gale et 
al., 1999; Maden, 2002; Maden et al., 1996; Niederreither et al., 1999) Thus, 
RA is essential for the development of the caudal hindbrain, and alterations 
in RA signaling changes the regional identity of both motor neurons and 
neural crest cells (Begemann et al., 2004; Briscoe and Wilkinson, 2004; 
Guidato et al., 2003a; Niederreither et al., 2000).  

Raldh2 starts to be expressed in the caudal paraxial mesoderm, 
underlying the prospective caudal neural plate, at the late gastrula stage 
(Muhr et al., 1999a; Swindell et al., 1999), and RA appears to start 
influencing neural rostrocaudal patterning at stage 5 (Dupe and Lumsden, 
2001). Accordingly, at stage 4, the caudal neural plate is specified to 
generate Krox20+ cells of rostral hindbrain character and cells of spinal cord 
character in adjacent domains, whereas no domain of caudal hindbrain cells 
have been specified.  The gene expression pattern displayed in these explant 
mimics the neural patterning in both VAD quail and Raldh2 -/- mouse 
embryos where the Krox20 expression is expanded caudally to the spinal 
cord level (Maden, 2002; Maden et al., 1996; Niederreither et al., 2000).  
Ectopic supply of RA or retinol to these embryos rescues this phenotype and 
restore the caudal hindbrain (Gale et al., 1999; Niederreither et al., 1999). 
Similarly, exposure of stage 4 C explants to RA (10nM) during culture 
blocks the generation of rostral hindbrain cells and instead cells 
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characteristic of the caudal hindbrain are generated in this domain. In 
contrast, RA alone did not induce a gene expression profile characteristic of 
the caudal hindbrain in naïve neural cells that have not previously been 
exposed to caudalizing signals. However, under these conditions additional 
Wnt activity was sufficient to generate caudal hindbrain cells. This suggests 
that the caudal hindbrain domain is specified by RA acting on cells initially 
specified to acquire rostral hindbrain fate by a preceding wave of Wnt based 
caudalization.  
 
 
RA imposes rostral identity on spinal cord cells 

Our specification maps of the caudal neural plate at stages 4-8, suggest 
that not only the specification of cells of caudal hindbrain character, but also 
the rostrocaudal divergence of regionally restricted spinal cord cells might 
depend on this spatio-temporal dynamic Raldh2 expression (Fig. 7 and 
Paper III). Indeed, exposure of stage 4 C explants to RA (10nM) during 
culture blocks the generation of Hoxc9+ caudal spinal cord cells and instead 
cells characteristic of the rostral spinal cord are generated. Thus, our results 
suggest that the rostral spinal cord region is acquired through a retinoid 
dependent repression of Hoxc9 expression. Combinatorial Wnt and FGF 
signals are sufficient to induce Hoxc9+ caudal spinal cord cells in naïve 
neural cells of rostral character, whereas the generation of Hoxc9- rostral 
spinal cord cells depend on additional RA signaling activity. At stage 5-7 
the caudal most neural plate is predominantly specified as rostral spinal cord 
cells, and the domain of cells specified to express Hoxc9, characteristic of 
the caudal spinal cord, appear to be temporally distinct (data not shown). At 
these stages Raldh2+ paraxial mesoderm caudal to the node underlies the 
entire caudal neural plate (Swindell et al., 1999). At stage 8, Raldh2 
expression in the presomitic mesoderm display a caudal limit just posterior 
to the node (Berggren et al., 1999; Hochgreb et al., 2003). Thus, RA is not 
produced at the level of the caudal most neural plate that, again, has become 
specified as caudal spinal cord. These dynamic specification patterns in 
combination with the Raldh2 expression pattern are in line with the idea that 
RA exposure suppresses Hoxc9 expression and thereby promotes the 
generation of rostral spinal cord cells (Paper III). 

Interestingly, Raldh2 continues to be expressed adjacent to rostral 
spinal progenitor cells, and excluded from caudal /thoracic spinal domains, 
also at later stages. Following the regression of the node, Raldh2 is 
expressed in the somites and in the presomitic mesoderm. However, in the 
17 somite embryo Raldh2 protein in the pre-somitic mesoderm starts to be 
reduced, and as somite 20 is forming, at the juxtaposition of the rostral and 
caudal/thoracic spinal cord, Raldh2 is no longer detectable in the pre-

 52 



                                                                                                   DISCUSSION 

somitic mesoderm. Moreover, in contrast to more rostral somites, which 
show an intense and even distribution of Raldh2, the thoracic/lumbar 
somites does not express Raldh2 in the ventral region adjacent to the motor 
neuron progenitor cells of the caudal spinal cord (Berggren et al., 1999). 
Thus, the expression pattern of Raldh2 strongly suggests that in vivo there is 
a clear difference in RA exposure, during the establishment of rostral 
(cervical-brachial) versus caudal (thoracic-lumbar) spinal cord cells. 
Translocations of the paraxial mesoderm along the rostrocaudal axis, prior 
to HH stage 13 (19 somites), alters rostrocaudal identity of progenitor cells 
and the columnar subtype identity of motor neurons in the spinal cord 
(Ensini et al., 1998). Hence, at later stages somite derived RA appears to be 
essential to maintain the rostrocaudal identity of spinal cord cells.  

The idea that the acquisition of a gene expression profile characteristic 
of the rostral spinal cord is dependent on RA activity is further supported by 
the finding that double mutations of the retinoic acid receptors, RARα and 
RARγ, in mice lead to altered Hox gene expression within the cervical 
region and at the cervical-brachical/thoracic boundary but not in the thoracic 
and lumbar regions (Lohnes et al.,1994). Moreover, Liu et al (2001) showed 
that retinoid signals are necessary to establish a cervical gene expression 
profile in motor neurons. Indeed, it would be interesting to test whether cells 
of rostral spinal cord regional character are generated in VAD quail, and/or 
Raldh2 -/- embryos, or if caudal spinal cord regional gene expression is 
expanded rostrally to the level of s5/6.  

 
 

Graded RA signaling imposes distinct caudal character 
Blocking experiments of RA signaling in whole embryos have shown 

that r7 develops in absence of additional RA signaling after stage 7+, but is 
absent if blockade of RA signaling is commenced at earlier stages (Dupe 
and Lumsden, 2001). Consistently our results showed that neural plate cells 
specified as caudal hindbrain (r7/r8) could not be isolated before stage 8. 
The level of Raldh2 expression in the paraxial mesoderm increases 
progressively between stage 5 and 8 and is simultaneously restricted to a 
more defined region (Berggren et al., 1999; Swindell et al., 1999). At stage 
8 (3 somite stage), the expression display a rostral border at the level of the 
first somite, corresponding with the future level of the r6/7 border and the 
rostral border of the neural plate domain specified to express genes 
characteristic of the caudal hindbrain (Paper III). These results suggest that 
the specification of caudal hindbrain cells requires higher concentration 
and/or longer time of exposure to RA activity than the specification of 
rostral spinal cord cells. This was confirmed by exposing stage 4 C explants 
to different concentrations of RA. These explants normally generate 
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Krox20+ rostral hindbrain cells and Hoxc9+ caudal spinal cord cells in 
adjacent domains. In the presence of 10 nM RA these explants generated 
caudal hindbrain cells in the rostral region, and rostral spinal cord cells 
caudally. In the presence of lower concentrations of RA (5nM) Hoxc9 
expression was blocked and cells of rostral spinal cord character were 
generated in this domain. Interestingly, rostral hindbrain character was 
sustained at this low RA concentration and no domain of caudal hindbrain 
was induced (data not shown). Thus, the induction of caudal hindbrain cells 
appears to require higher levels of RA signaling than that of rostral spinal 
cord cells.  

Dupé and Lumsden (2001) have shown that RA acts in a graded 
manner to pattern the hindbrain. Progressively higher concentrations are 
required to establish more caudal regions. Moreover, by blocking RA 
signaling at different stages they could show that the specification of r4-8 
occurs sequentially between stages 5-10 (Dupe and Lumsden, 2001). 
Blockade of RA signaling in mouse embryos at the corresponding 
developmental stages resulted in essentially the same variation of 
phenotypes (Wendling et al., 2001). It has been proposed that the apposition 
of somite derived RA and the rostrally expressed RA degrading p450/Cyp26 
enzymes (Reijntjes et al., 2004; Swindell et al., 1999) would generate a 
gradient of RA signaling in the hindbrain, and that this graded activity 
induces distinct rhombomere identity. However, the RA dependence for r5-
r7 induction is sequentially lost between stages 5-8, corresponding to the 
time when levels of Raldh2 is progressively increasing and, according to our 
specification maps, restricted to the level of the more caudal rhombomeres. 
This suggests that RA is not acting in a long range, somite derived gradient. 
Instead, it appears as if it is an increasing level of RA, between the late 
gastrula and the early somite stages, that sequentially induces progressively 
more caudal hindbrain character in the adjacent neural plate. Thus, these 
findings suggest that both spatial and temporal gradients of early RA 
signaling activity might be involved in the sequential generation of 
progressively more caudal hindbrain identity in neural precursor cells. 

 
 

Opposing FGF and RA activities 
Previous studies have shown that, from early somite stages, RA 

supplied by the paraxial mesoderm and newly-formed somites promotes the 
expression of Hox genes characteristic of the caudal hindbrain and rostral 
levels of the spinal cord (Bel-Vialar et al., 2002; Grandel et al., 2002; Kolm 
et al., 1997; Kudoh et al., 2002; Liu et al., 2001; Muhr et al., 1999; 
Niederreither et al., 1999).  FGF signals derived from the regressing 
primitive streak promote the expression of progressively more caudal Hox-c 
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proteins in a concentration-dependent manner (Dasen et al., 2003; Liu et al., 
2001).  Thus, RA and FGF signals act in an opponent manner to impose 
rostrocaudal regional identity on hindbrain and spinal cord progenitor cells 
(Bel-Vialar et al., 2002; Diez del Corral and Storey, 2004).  However, our 
results suggest that early neural plate cells require gastrula stage caudalizing 
Wnt signals to acquire hindbrain and spinal cord identity in response to RA 
and FGF opponent activities.  

The results in Paper III show that RA exposure of stage 4 caudal 
neural plate explants, which have been exposed to Wnt caudalizing signals, 
result in respecification of prospective rostral hindbrain cells into cells of 
caudal hindbrain character.  This indicates that to maintain a domain of cells 
that will generate the rostral hindbrain it is crucial to protect these cells from 
high RA activity. One way of regulating the level of RA activity in this 
region, appears to be by the RA degrading p450/Cyp26 enzymes (Reijntjes 
et al., 2004; Swindell et al., 1999) described above. Another way would be 
by opponent FGF activity. 

Indeed, at stage 8, both Fgf3 and Fgf19 (Ladher et al., 2005; 
Mahmood et al., 1995) are expressed in the paraxial mesoderm rostral to the 
newly formed somites, underlying the neural plate cells specified to express 
genes characteristic of the rostral hindbrain. We found that these neural 
plate cells are specified to express Krox20 (r3, r5) and MafB/kreisler (r5,6) 
(data not shown), which both have been described to expand caudally in 
response to ectopic FGF signals (Marin and Charnay, 2000). It is tempting 
to speculate that this early expression of Fgfs in the adjacent paraxial 
mesoderm is involved in the maintenance and positioning of the 
presumptive rostral hindbrain through the opposition of RA activity.   
 At more caudal levels, Fgfs are expressed in the node and the 
primitive streak adjacent to the presumptive spinal cod cells (Karabagli et 
al., 2002; Ladher et al., 2005; Liu et al., 2001). We find that FGF signals are 
required to maintain the specification of caudal spinal cord cells. 
Attenuation of FGF signaling in stage 8 neural plate explants, isolated 
caudal to the node, blocks the generation of Hoxc9+ caudal spinal cord cells 
and instead rostral spinal cord cells are generated (data not shown). A 
similar result is obtained by RA exposure of early stage 4 caudal neural 
plate cells where prospective caudal spinal cord cells are blocked and cells 
exhibiting a gene expression profile characteristic of rostral spinal levels are 
generated. This RA effect can be attenuated by the addition of high levels of 
FGF. Stage 4 C explants exposed to RA and high FGF (60ng/ml) exhibit a 
large caudal domain of caudal spinal cord cells (data not shown). Further, 
we find that in stage 4 C explants that are exposed to RA, FGFs promote the 
generation of rostral spinal cord, at the expense of caudal hindbrain cells 
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(Paper III), which appear to require higher levels of RA signaling than 
rostral spinal cord cells (see previous section).  
 

In summary, our results are consistent with the idea that RA and FGF 
act in an opponent manner to impose rostrocaudal regional identity on 
hindbrain and spinal cord progenitor cells.  Further, we provide additional 
information on how early Wnt signaling provides an essential positional 
context for these later actions of RA and FGF signals to specify hindbrain 
and spinal cord cells of rostral and caudal regional identity.   

 
 
Hox gene profiles induced by combinatorial Wnt RA and FGF 
signaling predict the pattern of dMNs and vMNs  

In the hindbrain and spinal cord distinct rostro caudal identity is 
manifested in the generation of distinct subclasses of motor neurons. Earlier 
studies have suggested that RA and FGF act in an opponent manner on 
caudal neural cells to establish the rostrocaudal pattern of differentiated 
motor neurons (Dasen et al., 2003; Liu et al., 2001; Sockanathan et al., 2003). 
dMNs and vMNs represent two major motor neuron subclasses that are 
generated in distinct rostrocaudal patterns in the hindbrain and spinal cord 
(Ericson et al., 1997; Sharma et al., 1998). Our findings provide evidence that 
gastrula stage Wnt signaling in neural progenitor cells is required for the 
generation of both vMNs and dMNs.  We also show that the combined 
activities Wnt, RA and/or FGF signals can induce cells with Hox gene 
profiles characteristic of caudal hindbrain and rostral and caudal spinal cord 
progenitor cells.  Moreover, these reconstructed progenitor cells differentiate 
into dMNs and vMNs of the corresponding regional identity when exposed to 
Shh-N.  Thus, these findings suggest a tight link between Wnt, RA and FGF 
signals, profiles of progenitor cell Hox expression and the rostrocaudal 
pattern of dMN and vMN generation in the hindbrain and spinal cord.  

Recent studies have revealed a determinative role of Hox genes in 
motor neuron subtype specification.  In the hindbrain, Hoxb1 is expressed 
throughout r4, and has been shown to be required for the specification of 
facial branchiomotor neurons (Bell et al., 1999; Jungbluth et al., 1999; 
McClintock et al., 2002).  Similarly, targeted expression of Hoxa3 in the 
rostral hindbrain leads to the generation of ectopic somatic motor neurons 
(Guidato et al., 2003b).  In the spinal cord, the rostrocaudal profile of Hox6, 
Hox9 and Hox10 expression has been shown to establish distinctions in 
motor neuron columnar subtype (Dasen et al., 2003; Shah et al., 2004).  It 
seems likely, therefore, that the initial profiles of Hox expression are 
involved in establishing domains of dMN and vMN formation.  Our results 
provide evidence that already at the gastrula stage, when cells first are 
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specified to express a Hox gene profile characteristic of the caudal/thoracic 
spinal cord, the cells have also acquired sufficient positional information to 
differentiate into vMNs characteristic of the thoracic region.  Similarly, at the 
early somite stage, when neural plate cells first are specified to generate cells 
exhibiting a Hox gene profile characteristic of r7/r8 of the caudal hindbrain, 
they have also acquired sufficient positional information to differentiate into 
dMNs characteristic of the r7 and rostral r8.  These results support the idea 
that initial profiles of Hox expression are involved in establishing domains of 
dMN and vMN formation.   

 
Future studies will reveal how these three classes of signaling factors, 

Wnts, FGFs and RA – that conspire to regulate the generation of caudal 
progenitor cells and regionally restricted dMNs and vMNs – are integrated to 
regulate gene expression on the single cell level. Interestingly, Hox genes 
appear to represent a common regulatory target for the Wnt, FGF and RA 
signaling pathways through the Cdx transcription factors (Bel-Vialar et al., 
2002; Deschamps et al., 1999; Lohnes, 2003). Three vertebrate Cdx family 
members, expressed in nested domains that overlap caudally but exhibit 
distinct anterior borders, have been identified. Cdx4 (Xcad3) the most 
caudally restricted Cdx gene have been shown to be a direct target of FGF 
signals (Isaacs et al., 1998), whereas Cdx1, which is the most anteriorly 
expressed member of the Cdx family, have both Wnt and RA responsive 
regulatory elements in its promoter. Both Wnt and RA alone induce 
expression of Cdx1 reporter construct in cell lines, whereas combinatorial 
Wnt and RA activity appear to enhance the induction (Houle et al., 2000; 
Prinos et al., 2001), indicating that this might be one node for pathway 
integration that operate in the acquisition of caudal neural character. 

 
 
 

 57 



                                                                                                CONCLUSIONS 

CONCLUSIONS 
 
The general aim of this thesis was to understand when and how early neural 
plate cells acquire their initial rostrocaudal regional identity. The overall 
conclusions are: 
 

 Wnt signaling mediates, and mimic the caudalizing activity deriving 

from the gastrula stage paraxial mesoderm (PMC). 

 

 Direct Wnt signaling in neural progenitor cells is required to generate 

caudal neural progenitor cells and motor neurons.  

 

 Graded Wnt signaling promotes progressively more caudal character.  

 

 Gastrula stage Wnt signaling in caudal neural plate cells impose 

competence to respond to later acting opposing RA and FGF signaling.  

 

 The Isthmic organizer is specified at the gastrula stage by the combined 

activity of Wnt and FGF signals. 

 

 The combined activities of Wnt RA and/or FGF is sufficient to 

reconstruct progenitor cells that, in response to Shh signals, differentiate 

into motor neurons characteristic of the caudal hindbrain, rostral spinal 

cord and caudal spinal cord. 
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SAMMANFATTNING PÅ SVENSKA 
 

Transformationen av en initialt uniform cellpopulation till något så 
komplext som det centrala nervsystemet (CNS) är en av de mest 
fascinerande processerna under fosterutvecklingen.  Anlaget till neuronala 
celler är initialt programmerade att generera nervceller som är typiska för 
den blivande hjärnan (cerebrum). Forskning på olika vertebrata modell-
organsimer har klargjort att nedre regioner av CNS, hjärnstammen 
lillhjärnan och ryggmärgen, genereras genom reprogrammering av dessa 
initiala celler. Målet med avhandlingsarbetet har varit att öka förståelsen för 
vilka perioder under fosterutveckingen som är kritiska för den initiala 
induktionen av neuronala celltyper som är specifika för dessa olika regioner, 
samt vilka signalerings mekanismer som styr den initiala re-
programmeringen. 

 
Under gastruleringen bildar anlaget till neuronala celler en, till synes 

uniform, platta medialt i ektodermet i både humana-, och kyckling embryon. 
Anlaget till neuronal vävnad är dock redan under detta tidiga 
utvecklingsstadie indelat i regioner. Celler inom en specifik region är 
programmerade att generera celler med en genexpressions-profil som är 
specifik för anlaget till hjärnan, de övre delarna av hjärnstammen 
(diencephalon, mesencephalon, metencephalon) eller den nedre delen av 
ryggmärgen. Även Isthmus – ett sekundärt organisations centra som bildas i 
konstriktionen mellan mesencephalon och metencephalon, och som behövs 
för den senare utvecklingen av dessa regioner – specificeras redan på 
gastrula stadiet. 

Dessa nedre neuronala celltyper induceras av signal molekyler från 
närliggande vävnader som t.ex. primitivstrimman och det paraxiala 
mesodermet. Wingless/Wnt, Fibroblast tillväxtfaktorer (FGFs) samt vitamin 
A metaboliter (retinoider, RA) är exempel på signalmolekyler som påverkar 
de nedre vävnaderna under tidig embryonal utveckling. Dessutom indikerar 
spatialt och temporalt reglerade genexpressionsmönster att närvaro av dessa 
signalerings proteiner sammanträffar med när och var nedre neuronala 
celltyper specificeras. Den signal aktivitet som avges från det paraxiala 
mesodermet i det gastrulerande embryot medieras av Wnt signalering. För 
induktion av nedre neuronala identiteter krävs Wnt signalering i de 
presumtivt neuronala cellerna. 

I närvaro av FGF signalerings aktivitet är det tillräckligt med en 
stigande gradient av Wnt signalering för att succesivt generera celler med en 
genexpressions profil som är specifik för diencephalon, mesencephalon och 
metencephalon. Distinktionen mellan, metencephalon och nedre ryggmärgs 
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identitet verkar vara resultatet av en gradient av både Wnt och FGF 
signalering.  

När det paraxiala mesodermet börjar bilda somiter har även celler med 
en genexpressions-profil som är specifik för den förlängda märgen 
(myelencephalon) och den övre delen av ryggmärgen blivit specificerade. 
Dessa celltyper bildas i regioner där det närliggande paraxiala mesodermet 
producerar RA. En gradient av Wnt och FGF signalering ger upphov till en 
initial nedre celltyps identitet som krävs för att dessa celler ska kunna svara 
på RA signaleringen. Antagoniserande aktiviteter av RA och FGF 
signalering avgör vilka celler som sedermera kommer att ge upphov till 
förlängda märgen eller övre-, respektive, nedre ryggmärgen. 

Senare under utvecklingen bildas olika regionspecifika klasser av 
motorneuroner i bla. förlängda märgen och ryggmärgen. Den initiala, Wnt 
medierade, regionaliseringen av neuronala celltyper är central även för 
denna process. Dessutom kan olika klasser av motorneuroner, specifika för 
den förlängda märgen, respective övre-, och nedre ryggmärgs regionerna, 
rekonstrueras in vitro renom att reprogrammera naivt neuroepitel mha. en 
kombination av Wnt, RA och/eller FGF. 
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SUPPLEMENTARY FIGURES 
 
 

 
 
Supplementary Figure 1.  Wnt/β-catenin activity is temporally excluded in the pre-
sumptive midbrain, and rostral hindbrain at headfold to early somite stages.   
X-gal staining of transgenic mouse embryos carrying a β-catenin activated reporter construct.  Seven 
TCF/Lef binding sites drive the expression of nuclear β-galactosidase that can be used as a general 
read-out of β-catenin activity (Maretto et al., 2003).  Black arrows indicate the Isthmic organizer at 
the midbrain-hindbrain boundary. 
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Supplementary Figure 2.  Prolonged exposure of Wnt and FGF signals imposes more 
caudal neural character 
(A) Schematic illustration of a HH stage 10 embryo, depicting the regional restrictions of marker 
expression. 
(B) Schematic illustration of a HH stage 4 embryo. Dotted line, indicate the presumptive neural plate; 
red box, prospective forebrain (FB) neural plate tissue used for in vitro studies. 
(C) Stage 4 FB explants (n = 8) cultured for 24 hours (or 48h, see Suppl. Fig. 3) generated Otx2+ cells 
but no caudal neural cells. 
(D) FB explants (n = 9) cultured for 24 hours in the presence of FGF8 (20ng/ml) and Wnt3A (70µl/ml 
of Wnt3A conditioned medium, ~150ng/ml) generated Otx2+/En1+ cells and Krox20+ and Gbx2+ cells 
whereas no cells expressed Hoxb8. 
(E) FB explants (n = 7) cultured for 48 hours in the presence of FGF8 (20ng/ml) and Wnt3A (70µl/ml 
of Wnt3A conditioned medium, ~150ng/ml) generated Hoxb8+ cells and Krox20+ and Gbx2+ cells 
whereas no cells expressing Otx2 or En1 were generated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 3.  In the presence of prolonged exposure of Wnt, graded FGF 
signals impose progressively more caudal neural character 
(A) Schematic illustration of a HH stage 4 embryo. Dotted line, indicate the presumptive neural plate; 
grey box, prospective forebrain (FB) neural plate tissue cultured in vitro for 48 hours. 
(B-D) Sox 1 was used as a general neural marker 
(B) Control stage 4 FB explants (n =24) generated Sox1+/Otx2+ cells but no caudal neural cells. 
(C) FB explants (n = 9) cultured in the presence of FGF4 (15ng/ml) and Wnt3A (60µl/ml of Wnt3A 
conditioned medium, ~150ng/ml) generated Krox20+ cells and Hoxb4+/b8+/c9+ cells, but no Otx2+ 
cells.  
(D) Stage 4 FB explants cultured in the presence of Wnt3A (~150 ng/ml) and FGF4 (60 ng/ml) 
predominantly generated Hoxb4+/b8+/c9+ cells and only a few Krox20+ cells (n=24 explants). Scale 
bar represent 100µm. 
 

  77


	- Distinct caudal fates are imposed by graded Wnt signaling
	Olander S., Nordström U., Patthey C., and Edlund T. (2005) C
	Wnt signaling mediates PMC activity
	Distinct caudal fates are imposed by graded Wnt signaling



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


