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And the end of all our exploring 
Will be to arrive where we started 
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                                                                                           Abstract 
 

Abstract 
 
The development of the nervous system is a complex process. Cell divisions, 
cell differentiation and signalling interactions must be tightly regulated. To 
comprehend the mature nervous system, we have to understand its assembly 
during development. Two main questions were addressed in this thesis: (1) 
how is the caudal part of the central nervous system specified and (2) how is 
the early development of the olfactory placode regulated? By using tissue 
and whole embryo assays in the chick, we identified signalling molecules 
involved in these processes and propose possible mechanisms for their 
function. 
 
The central nervous system is regionalized along its rostrocaudal axis during 
development. However, the mechanisms by which cells in the caudal part of 
the neuraxis acquire rostrocaudal regional identity have been unresolved. We 
provide evidence that at gastrula stages cells in the caudal neural plate are 
specified as cells of caudal spinal cord character in response to Wnt and FGF 
signals and that cells of rostral spinal cord and caudal hindbrain character 
only emerge later at neurulation stages in response to retinoic acid signalling 
acting on previously caudalized cells. In the hindbrain and spinal cord 
distinct motor neuron subtypes differentiate at precise rostrocaudal positions 
from progenitor cells. We provide evidence that cells in the caudal neural 
plate have acquired sufficient positional information to differentiate into 
motor neurons of the correct rostrocaudal subtype. 
 
The olfactory placode gives rise to all the structures of the peripheral 
olfactory system, which, in the chick consists of the olfactory nerve, the 
sensory epithelium, where the olfactory sensory neurons (OSN) are located 
and the respiratory epithelium, that produces the mucus. Several studies have 
addressed the role of signalling cues in the specification of OSNs but much 
less is known about the regulation of sensory versus respiratory patterning 
and the events controlling early neurogenesis in the developing olfactory 
placode.  
We show that by stage 14 the olfactory placode is specified to give rise to 
both cells of sensory and respiratory epithelial character. Moreover, cells of 
respiratory epithelial character require BMP signalling, whereas cells of 
sensory epithelial character require FGF signalling. We suggest a mechanism 
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in which FGF and BMP signals act in an opposing manner to regulate 
olfactory versus respiratory epithelial cell fate decision. BMP signalling has 
also been implicated in the regulation of neurogenesis in the sensory 
epithelium, and we show that BMP signals are required for the generation of 
OSNs, because in the absence of BMP signalling cells in the sensory 
epithelium do not mature. 
Independently, we also analyzed the role of Notch signalling during early 
olfactory development both in vitro and in vivo and provide evidence that 
active Notch signalling is required to prevent cells in the olfactory placode 
from premature differentiation.  



                                                                                                              Papers 
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Abbrevations 
 
bHLH   basic helix-loop-helix 
BMP   bone morphogenetic protein 
BMPR   BMP receptor 
Bra   Brachyury 
c   caudal 
CNS   central nervous system 
CRABP  cellular retinoic acid binding protein 
DiI   1,1´-dioctadecyl-3,3,3´,3´-tetramethylinocarbocyanine 
   perchlorate            
Dpp   decapentaplegic 
E   embryonic day 
FB   forebrain 
FGF   fibroblast growth factor 
FGFR    FGF receptor 
GDF   growth/differentiation factor 
HB   hindbrain 
IC   intracellular domain 
INP   immediate neuronal precursor 
mFrz8CRD  mouse frizzled 8 cysteine rich domain 
MN   motor neuron 
OSN   olfactory sensory neuron 
PNS   peripheral nervous system 
r   rhombomere 
RA   retinoic acid 
RAR   RA receptor 
RALDH  retinaldehyde dehydrogenase 
RARE    RA response element 
RXR   retinoid X receptor 
SC   spinal cord 
Sfrp   soluble frizzled related protein 
Shh   sonic hedgehog 
Smad   small mothers against dpp 
TAP   transient amplifying cell 
TGFβ   transforming growth factor β 
Wnt   wingless/Int
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Introduction 
  
The vertebrate nervous system has fascinated scientists for decades, puzzling 
over the wonders of consciousness, movement and the perception of the 
outer world. The complex pattern of the adult nervous system is the product 
of genetic instructions, tissue and cellular interactions and, later on, the 
interactions with the environment.   
Development of the nervous system begins during early embryogenesis with 
the induction of neural cells, then the formation of the neural plate and 
afterwards the establishment of the primordial nervous system of the 
embryo. Neurons are generated from undifferentiated precursor cells and 
some neurons will later migrate from their site of origin to their final position 
within the organism. Axonal pathways form and synapses are established, 
leading to the formation of the complex cellular network the nervous system 
represents. 
 
Organization of the nervous system 
 
The vertebrate nervous system has two anatomical distinct parts: the central 
nervous system (CNS) which consists of the brain and the spinal cord and 
the peripheral nervous system (PNS), which is composed of the sensory 
organs, and the cells and neurons of the autonomic and the enteric nervous 
system.  
Even though the two systems are anatomically distinct they still form a 
functional unit. All the sensory input is either generated or transferred from 
the PNS to the CNS. For example in the olfactory system, the sensory 
information is transmitted from the olfactory sensory neurons (OSN) via the 
olfactory bulbs to the brain, generating the impression of smell. The 
execution of motor commands from the brain and spinal cord is also part of 
the function of the PNS.  
The nervous system is organized along two main axes, the rostrocaudal 
(head-to-tail) and the dorsoventral (back-to-belly) axis, which arise during 
early development. The CNS develops from an initially flat sheet of cells, the 
neural plate. During neurulation the neural plate folds up at the margins and 
forms the neural tube. In the rostral neural tube, three brain vesicles form, the 
forebrain-, the midbrain- and the hindbrain-vesicle. In the caudal part, the 
neural tube gives rise to the spinal cord. These initial regions become further 
subdivided as development proceeds, to give rise to the adult structures of 
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the CNS. The olfactory bulb, the cerebrum, the thalamus and the 
hypothalamus arise from the forebrain vesicle, the midbrain from the 
midbrain vesicle, the cerebellum, the pons and the medulla from the 
hindbrain vesicle and finally the spinal cord. The spinal cord is less complex 
than the brain, nevertheless, the motor neurons located in the ventral area 
display diversity, based on muscle target and axon trajectory (Figure 2). 
How is such complexity created during development? External signalling 
cues are integrated along both axes, to provide a grid of positional 
information. Thus, the fate of progenitor cells in the forming nervous system 
depends on the position of a cell along both the rostrocaudal and the 
dorsoventral axis. But also the state of the responding cell plays a role, since 
the same external signals can produce different outcomes. 
 
Signalling pathways and their effectors 
During embryogenesis only a limited number of signalling pathways control 
the generation of the embryo, generating the vast number of different cell 
types during development. The Wnt, Fibroblast Growth Factor (FGF), Bone 
morphogenetic proteins (BMP), Sonic hedgehog (Shh), retinoic acid (RA)  
and Notch-Delta signalling pathways are some of the most common and 
important pathways acting during development (Table 1). The same 
signalling pathway can act in the same cell linage at different time points; 
elucidating different responses in the cell and subsequently, lead to the 
generation of the vast number of cell types found in the adult. 
 
 
pathway Receptors major intracellular effectors antagonists 

Wnt Frizzeled 1-10, 
LRP 

β-Catenin, Tcf Dkk, Sfrp 

FGF FGFR1-4 MAPK, Ras Sprouty, Pyst 
BMP BMPR-type-I 

(Alk2, 3&6)  
& type-II 

Smad1,5,8, Smad4, p38 
 

Smad6,7 
Bambi 

Shh Patched, 
smoothened 

Gli1-3 Gli3 

RA RAR, RXR CRABP Cyp26 
Notch Delta & Serrate IC of Notch, CSL  

 
Table1: Overview over the signalling pathways and their effectors. Only pathways 
that were manipulated in the course of this thesis are included.  
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Terminology 
It is a long way from the fertilized egg to the adult. The acquisition of cell 
identity during development is a multi-step process, which classically is 
subdivided into the following concepts: 
Fate: 
A cells contribution to the organism proper, if development goes its path. In 
practise, to determine the fate of an area, cell labelling techniques are used. 
Specification: 
A cell is specified to a certain fate when it keeps its fate in an environment 
removed from further signalling cues by surrounding tissues. 
Determination/Commitment: 
A cell is determined/committed to a certain fate if it keeps this fate even if 
challenged by new signalling cues. In practice, to test if a cell is 
determined/committed to a certain fate, a group of cells is often transplanted 
from its site of origin to a new position in the embryo and the further 
development is observed. 
Differentiation: 
Step in the maturation of progenitor cells. The cell leaves the cell cycle and 
start to express genes that determine its specific phenotype. 
(after [209]) 
 
 
Development of the nervous system 
 
The nervous system originates from the ectoderm during embryonic 
development. The neural plate is induced during early development and will 
give rise to the CNS. Cells at the border between neural plate and epidermal 
ectoderm (the border region) generate the placodes and the neural crest, from 
which the structures of the PNS and some non-neural tissues/cells arise.  
 
Development of the CNS 
 
Neural induction and neural plate formation 
Originally the concept of induction was developed by Hans Spemann and 
Hilde Mangold around 1924, simply meaning a process by which one group 
of cells or tissue regulates the development of another group of cells or 
tissues [1]. Neural induction occurs at blastula stages [2, 3]. Epiblast cells are 
specified as cell of rostral neural character, and a dual role for FGF 
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signalling in neural induction in chick has been proposed. First, FGFs act to 
down regulate BMP mRNA expression in the medial part of the epiblast, and 
second FGFs play an instructive role in neural induction [4]. 
After induction of neural cells, these cells will autonomously start the 
process of neural plate formation. This process includes the apicobasal 
thickening of the neuroectoderm and later on during gastrula stages, 
convergent extension movements. Thus the neural plate gets narrower 
mediolaterally and elongated along its rostrocaudal extend [5]. 
 
Rostrocaudal regionalization of the early CNS 
How the caudal part of the nervous system arises during development is a 
relatively old question in the field of developmental biology. Already in 
1927 Spemann proposed a model, wherein independent organizers induce 
tissues with different rostrocaudal identity.  An alternative model was 
proposed by Nieuwkoop in 1952, the so called “activation-transformation”-
model of caudal neural specification. In this model neural tissue is first 
induced by factor(s) X and then transformed to a caudal fate by factor(s) Y 
[6].  
Since all presumptive neural cells initially are specified as cells of forebrain-
like character, a Nieuwkoop-like model is more probable. Nevertheless, this 
still raises the question, when and how the more caudal cells of the CNS 
arise. 
After neural tissue induction and formation of the neural plate, the neural 
plate becomes subdivided into distinct domains along the rostrocaudal axis 
that later will give rise to the distinct regions of the central nervous system: 
the forebrain, midbrain, hindbrain and spinal cord.  
Fate-labelling of cells in the caudal part of the neural plate in chick embryos  
has shown that these cells will contribute to the caudal nervous system [7] 
even though these same cells are specified as rostral neural cells at stage 3 
(early/mid gastrula stages). Just a few hours later at mid/late gastrula stages, 
cells in the neural plate have acquired specific rostrocaudal identities (Figure 
1). Hence, specification of caudal neural character occurs at gastrulation 
stages, by signals emanating from the neighbouring tissues [7, 8]. At gastrula 
stages, Wnts and FGFs are expressed in the caudal part of chick, mouse, frog 
and fish embryos. They are therefore candidates for the caudalizing activity 
since their spatio-temporal expression patterns fit with a role in neural caudal 
specification. A previous study from our lab has shown that graded Wnt and 
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permissive FGF signalling pattern the early neural plate of the chick into the 
caudal forebrain, the midbrain and the rostral hindbrain [9]. Moreover, 
graded Wnt signalling is also involved in the rostrocaudal patterning of 
Xenopus and zebrafish neural tissue [10-12].  Another molecule implicated 
in the early rostrocaudal patterning is RA. In the chick, the RA-producing 
enzyme Raldh2 is expressed from stage 4 onwards in the paraxial mesoderm. 
Moreover, RA has an important in role in the rhombomeric patterning of the 
hindbrain [13], but its role in the early rostrocaudal subdivision is less well 
understood. 

 
Figure 1: cells acquire rostrocaudal positional character at stage 4 
At blastula and early gastrula stages (stage 1-3) all cells in the neural plate are specified as 
cells of forebrain (FB) character. By mid-gastrulation stage (stage 4) rostrocaudal positional 
patterning emerges and cells in the neural plate are specified as cells of FB, midbrain (MB), 
hindbrain (HB) and spinal cord (SC) character. (modified after Muhr 1999). 
 
Since graded Wnt and permissive FGF signals pattern the neural plate until 
the level of the rostral hindbrain the questions remains how the more caudal 
part of the neuraxis is established. Muhr et al (1999) showed that by stage 4 
the caudal most part of the chick neural plate is specified to express Hoxb8, a 
marker for spinal cord cells when expressed in neural tissue. But no 
information is given on the rostrocaudal identity of these spinal cord cells 
and the whereabouts of caudal hindbrain cells. Moreover, it remains unclear, 
how extrinsic signalling molecules, progenitor cell specification in the neural 
plate and the generation of different neurons along the rostrocaudal axis are 
connected.  
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Hox genes and motor neuron subtype  
In the neural tube, interneuron subclasses are generally generated along the 
entire extent of the hindbrain and spinal cord, whereas motor neurons exhibit 
distinct features at the various levels of the caudal neuraxis. One 
fundamental distinction in motor neuron subtype at hindbrain and spinal cord 
levels is the generation of two subtypes of motor neurons that display either 
a dorsal exiting (dMNs) or a ventral exiting (vMNs) axon trajectory [14, 15]. 
Most spinal motor neurons, as well as the hypoglossal and abducens MNs of 
the caudal hindbrain, belong to the vMN subtype, wheras dMNs are found 
mainly in the hindbrain and at cervical spinal cord levels [15-17]. The further 
diversification in motor neuron subtype identity emerges from further 
subdivision of these two most basic subclasses (Figure 2, [18]).  

dMN 
NE visceral MN 

vMN 

somatic MN motor column motor pool  
Figure 2: motor neuron subtype development 
Neuroepithelial cells (NE) generate dMNs or vMNs. Based on their target, vMNs are 
divided into visceral and somatic MNs. Somatic MNs innervate skeletal muscles, whereas 
visceral MNs innervate branchial and smooth muscles and autonomic neurons. Somatic 
MNs are grouped into columns that consist of several motor pools. MNs in the same column 
project axons to major common targets, whereas MNs located in the same pool, project 
axons towards a single muscle group (modified after: [19]). 
 
The vertebrate body plan is patterned in the area approximately located 
caudal to the midbrain-hindbrain boundary by the expression of Hox genes 
[20]. In chick, the four chromosomal Hox clusters contain 39 genes and 
members from each cluster are expressed in either nested or overlapping 
domains in most tissues [210]. In the neural tube, distinct rhombomeres in 
the hindbrain are delineated by the nested expression of 3´Hox genes [21, 22] 
whereas 5´Hox genes are expressed in the spinal cord [23-27]. Positional 
differences of rostrocaudal identity of motor neurons correlates, at the 
molecular level, with the expression of different members of Hox genes 
along the rostrocaudal axis [28-30]. In addition, several lines of evidence 
indicate that Hox genes are determinants of motor neuron subtype identity in 
the caudal neural tube, both at hindbrain [16, 31-33] and spinal cord levels 
[23-25, 30, 34-39]. 
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Cdx genes as potential mediators of Hox induction 
Cdx genes, the vertebrate homologues of the Drosophila caudal gene [40] 
have been implicated as intermediators of external signalling-mediated Hox 
gene induction.  In mouse Cdx1 null mutant embryos, Hox gene boundaries 
are shifted in the mesoderm [41]. Moreover, in Xenopus and chick, FGF-
mediated shifts in Hox gene expression are preceded by changes in Cdx gene 
expression [27, 42]. In addition, RAREs and TCF/Lef binding sites have 
been found in the promoter region of the mouse Cdx1 gene [43, 44]. 
 
Ventral patterning of the neural tube 
Dorsoventral patterning of the neural tube plays an important role in 
generating the functional organization of the mature CNS. Together with 
rostrocaudal positional information a coordinate grid is established in the 
neural tissue.  The readout of this grid is the generation of different neuronal 
progenitors along both axes which later will give rise to the vast array of 
neurons in the CNS. 
The mechanisms responsible for the dorsoventral patterning of the neuraxis 
are best described for the spinal cord, since the structural organization in the 
spinal cord is simpler compared to the brain. Less is known about the 
mechanisms which govern the dorsoventral patterning of the hindbrain and 
midbrain, but all over they are not considered to differ from those in the 
spinal cord. The mechanisms patterning the forebrain however are distinct 
from those acting at more caudal levels [45].  
Neurons involved in the processing of the sensory information reside in the 
dorsal part of the spinal cord. Motor neurons and visceral neurons involved 
in motor output and proprioreception are located in the ventral half of the 
spinal cord [18, 21]. Several interneuron populations connect these two 
neuronal populations. 
During development, neurons arise from distinct progenitor domains along 
the dorsoventral axis, each characterized by a unique combination of 
transcription factors.  
Shh is the main patterning molecule involved in ventral specification. Shh 
secreted by the axial mesoderm induces the floor plate in the ventral most 
region of the spinal cord. The floor plate itself then starts to act as a 
signalling centre. Initially, Shh represses the expression of class I 
transcription factors in the ventral spinal cord which then allows for the 
induction of class II transcription factors at distinct thresholds of Shh [46].  
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Repressive feedback-loops between class I and class II genes act to refine 
and maintain the progenitor domains after the initial induction. The sharp 
domain boundaries are thus created. However, only V3, MN and V2 neurons 
are lost in the Shh -/- mice, whereas V1 and V0 interneurons are still 
generated [47], implicating the involvement of other factors in their 
generation. Both FGF and RA signalling has been implicated in this process 
[48-50].  
 
Development of the PNS 
 
Neural plate border specification 
In chick, cells acquire neural plate border character at the late blastula stage 
in a BMP- and Wnt-dependent manner [51]. Early Wnt and BMP signals 
together block neural and induce epidermal cells [4, 52-55]. Wnt signals play 
no instructive role in the context of border induction but induce BMP gene 
expression in neural cells, thereby avoiding the simultaneous exposure of 
prospective border cell to Wnt and BMP signals. The subsequently later 
BMP signals then specify border cells [51]. At later stages Wnt signals 
distinguish between cells of rostral and cells of caudal border character [53, 
56].  
 
Neural crest and placodes 
Both the cranial placodes and the neural crest are genuine vertebrate 
innovations. The neural crest as well as the placodes develop as specialized 
areas within the ectoderm and share some common features. First both can 
give rise to a variety of non-epidermal cell types, including neurons. Second, 
during development shape changes occur, which enable these cell types to 
either migrate or to undergo morphogenetic movements.  
The neural crest is a transient population of migratory cells, which will give 
rise to most of the mesenchymal structures of the head but also to some of 
the neural cells in the cranial ganglia, and to peripheral neurons, glia and 
melanocytes. 
Wnt, BMP and FGF have been suggested to play a role in the induction of 
the neural crest but the exact mechanism is still unresolved. One current 
model suggests that BMPs and Wnts act sequentially to induce the neural 
crest. First BMPs are thought to induce a region of competence in the neural 
plate border and these cells then respond to Wnt signalling [56-59], whereas 
an other model claims that the Wnt and FGF pathway act in parallel, each 
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activating genes required for neural crest formation [60, 61]. A recent study 
however shows that BMPs have the capability to induce neural crest at late 
gastrula and neurulation stages in chick and Wnt only provides a positional 
context for this induction [53].  
Cranial placodes develop from cranial ectoderm and constitute a quite 
heterogeneous group of structures which form as thickenings in the cranial 
ectoderm mostly after neural tube closure. Some of the placodes will later 
invaginate and/or cells originating from the placodes will migrate away [62]. 
The cranial placodes include in approximately rostrocaudal order: the 
adenohypophyseal, olfactory, lens, trigeminal and profundal placode, a series 
of epibranchial and hypobranchial placodes, the otic placode and a series of 
lateral line organ placodes. Not all of these placodes are present in all the 
vertebrate taxa; lateral line organ placodes for example are lost in amniotes 
[63]. 
In the rostral border, the olfactory and the lens placode in chick are specified 
at gastrula stages by BMP signalling.  The difference in the specification of 
an olfactory or a lens placodal fate is that lens placodal cells  have to be 
exposed to BMP signalling for a longer time than olfactory placodal cells 
[54].  
 
The olfactory system 
 
The sense of smell is very common in animals and is used for food search 
and food evaluation, localization of predators/prey and for the chemical 
communication between conspecific individuals, mainly in regard to mating 
behaviour. A large array of volatile chemical stimuli is detected via the 
olfactory system in terrestrial animals. The human nose for example can 
detect up to 400 000 different odors [64].  
The peripheral olfactory system in vertebrates consists of three subsystems: 
(1) the main olfactory system, (2) the accessory olfactory system and (3) the 
septal organ. Whereas the main olfactory system is present in all terrestrial 
vertebrates, the accessory olfactory system is lacking in salamanders, 
crocodiles, birds and old world monkeys, apes and humans [65, 66].  
In the main olfactory system the odorants enter the nose via the airstream 
and bind to the olfactory sensory neurons (OSN) in the olfactory epithelium. 
The OSNs project their axons in an ordered fashion to the olfactory bulb 
where the neuronal input from the OSNs is processed. The resulting 
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information is send to the cortical areas involved in decoding the neuronal 
activation patterns, into the impression of a smell. 
One of the fascinating features of the olfactory system is the capability of 
OSNs to regenerate throughout life [67, 68]. In mouse the average life span 
of an OSN is 90 days [69] but they may survive up to 12 months [70]. 
Neurogenesis in the sensory epithelium proceeds in an ordered fashion and 
four distinct cell populations have been implicated by both in vivo and in 
vitro studies: neuronal stem cells, which express among others Sox2 and Hes 
genes, the transient amplifying cells (TAP), that express Mash1/Cash1 and 
are generated through uneven division of the stem cells, the immediate 
neural precursor cells (INP), the progeny of the TAPs, which express Ngn 
and generate in some divisions the OSNs. OSNs can be characterized by the 
expression of Gap43, HuC/D and Lhx2 (Figure 3)[71-76]. 
 

SLPC    
Figure 3: neurogenesis in the olfactory sensory lineage 

TAP       INP      OSNi    OSNm     

Stem-like progenitor cells (SLPC) divide asymmetrically to generate the transient 
amplifying cells (TAP) which divide and finally give rise to the immediate neural precursor 
cells (INP) that in their turn divide and differentiate into the immature olfactory sensory 
neurons (OSNi) that further develop into the mature OSN (OSNm) (after Calof 2002). 
 
Several studies have addressed the roles for these intracellular factors in 
OSN generation: Hes genes are direct targets of Notch signalling [77, 78] 
and previous studies in the mouse indicate a dual function for Hes genes in 
olfactory placodal development. First, from around E10.5 in mouse Hes1 
acts as a pre-patterning gene, which defines the neurogenic region in the 
placode and later, Hes genes negatively regulate neurogenesis in the sensory 
epithelial domain of the placode [79]. Mice mutant for Hes1 have an 
enlarged neurogenic region in the olfactory  placode and later on also an 
increased clustering of Mash1-positive cells, suggesting a role in both 
limiting the neurogenic area and regulating the density of Mash1-positive 
precursors. Mice double mutant for Hes1 and Hes5 show a strong increase in 
neuronal density, especially the Ngn-positive INPs are increased, suggesting 
that Hes1 and Hes5 converge on INP regulation [79]. Mice mutant for 
Mash1 (the mouse homologue of chick Cash1) fail to generate olfactory 
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progenitors and thereby also olfactory sensory neurons, among other 
neurogenic defects [80, 81].  In Ngn1 null mutant mice differentiation of 
neural progenitors in the olfactory epithelium is blocked [81], whereas Lhx2-
deficient mice display a relatively normal organization of the olfactory 
epithelium, but show a perturbed generation of olfactory sensory neurons 
[76, 82]. 
 
The cells implied in the regeneration of OSNs are not the only cells to be 
found in the olfactory sensory epithelium. Apart from OSNs, it is composed 
of glial-like sustentacular cells, which have a supporting function and of 
Bowman gland cells, which produce the mucus.   
 
Development and neurogenesis 
During embryonic development the structures of the peripheral olfactory 
system arise from the olfactory placode. In the chick the peripheral olfactory 
system comprises the olfactory sensory epithelium, the olfactory nerve and 
the olfactory respiratory epithelium. As mentioned before, the olfactory 
placode is induced at gastrula stages by BMP signalling. By stage 14 in chick 
the placodal ectoderm, located at the anterior side of the head, starts to 
thicken. Later the placode invaginates into the head mesenchyme, thereby 
forming the olfactory pit from which the structures of the peripheral 
olfactory system start to form. The olfactory sensory epithelium 
differentiates from placodal tissue located deep in the invaginating pit, 
whereas the olfactory respiratory epithelium forms at the rim of the pit.  
 
Molecular regulation 
Several signalling molecules are expressed in and around the olfactory 
placode/pit during development. Most of them have been implicated in the 
specification of the olfactory sensory neurons, especially in the mature 
olfactory epithelium. Less is known about the molecular mechanisms which 
regulate the initial subdivision of the olfactory placode into the sensory and 
the respiratory epithelium and the early neurogenesis in the olfactory 
placode. 
 
In mouse, early addition of FGF2 to cultures of sensory epithelial cells 
(mostly late OE, mature) stimulates TAP division and the maintenance of 
stem cells, thereby affecting neurogenesis [83]. However, FGF2 mutant mice 
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show only very slight defects in developmental neurogenesis [84, 85]. FGF8 
is expressed in the rim of the olfactory pit (mouse E10.5dpc) in the domain 
where cells divide [86]. Mice with a targeted deletion of anterior FGF8 
(FGF8 flox/flox//Foxg1Cre [87]), fail to generate the sensory epithelium proper, 
the vomeronasal organ and the entire nasal cavity [86]. 
 
Several BMPs are expressed in the sensory epithelium [88], but BMP4 is the 
prevalent ligand in mice during mid/late stages of development [89]. 
Moreover, GDF11, another Transforming Growth Factor β (TGFβ) family 
member is also expressed in mouse sensory epithelium from E12.5 to 
adulthood [90]. In vitro studies using neuronal colony forming assays of 
sensory epithelium dissected from E14.5-16.5 mice showed both inhibitory 
and stimulatory effects of TGFβ signalling on neurogenesis [89-91]. In 
addition, Noggin, a BMP inhibitor, strongly inhibited the formation of 
neuronal colonies in the in vitro system [89]. Moreover, cell proliferation is 
increased in the sensory epithelium of mice mutant for GDF11 and 
decreased in mice lacking Follistatin, an antagonist of GDF11 [90].  In 
summary, TGFβ signalling has been implicated in proliferation and 
differentiation of cells in the sensory epithelium of the nose. 
 
The Notch signalling pathway has been shown to regulate the status of cells 
in a variety of systems [92-94]. The best described role of Notch signalling 
during the development of the nervous system is the process of lateral 
inhibition. Hereby, Notch and its ligands are expressed in individual cells in 
a salt-and-pepper-like pattern. Cells containing high ligand levels 
differentiate and stimulate neighbouring cells. Activation of Notch signalling 
leads to the expression of Hes genes and to continuous proliferation [77, 95, 
96]. Other modes of pathway function have been described. In the spinal 
cord stem zone, uniform and high expression of Delta1 is suggested to result 
in uniform Notch signalling between cells [97]. In epidermal stem cells, 
however, high level Delta has been associated with signalling only at the 
edges of the cell group [98]. It is suggested that cells expressing high levels 
of Notch ligands form homodimers, which act as dominant-negative 
inhibitors of Notch signalling [99-101]. 
In the mouse sensory epithelium the expression pattern of several Notch 
pathway components has been described, mostly at later stages of sensory 
epithelium development [102-104]. Differential expression of Notch1/3 
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compared to Notch2 has been implicated in the segregation of neuronal 
versus glial lineages in the sensory epithelium respectively [104]. At 
postnatal stages Notch2 is required to maintain sustentacular cell function in 
the adult sensory epithelium [105]. Furthermore, mice mutant for Hes1 or 
double mutant for Hes1/Hes5, both known target genes of Notch signalling 
[96], display enlarged numbers of TAPs and INPs respectively. Nevertheless, 
Notch function in the developing sensory epithelium has not directly been 
studied. 
 
Why study developmental processes in the chick? 
 
To understand the development of organisms in general it is not sufficient to 
study the developmental processes in just one species. In the comparison of 
data stemming from different model organisms, the general principles of 
developmental biology emerge. Moreover, different model organisms are 
especially suited to address specific question. In the chick, large embryo size 
and the flat morphology of the early embryonic stages together with 
comparatively easy obtainable embryos make it a good model for both in 
vitro and in vivo studies.  
From an evolutionary perspective, birds have an intermediate position: 
cladistically closely related to reptiles they are endothermic, resembling in 
physiology more to mammals. Thus, studying the developmental biology of 
chick may give insights into questions that concern evolutionary versus 
physiological constraints [65; 66]. 
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Aims 
 
The aims of this thesis are to understand when and how cells in the caudal 
neural plate are specified and how patterning and neurogenesis in the 
olfactory placode are controlled. 
 
Specific aims are: 
 

• To determine the character of caudal neural plate cells at gastrula 
stages. 

 
• To determine when cells in the caudal neural plate acquire caudal 

hindbrain and rostral spinal cord character. 
 

 
• To determine the signalling molecules involved in the specification 

of caudal hindbrain and rostral and caudal spinal cord character. 
 

 
• To define early markers for the respiratory epithelium and for the 

sensory epithelial cell types in chick. 
 
 

• To determine how the olfactory placode is patterned into respiratory 
and sensory epithelial domains. 

 
 
• To define signals involved in early neurogenesis in the olfactory 

placode. 
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Results    
 
Project I: Rostrocaudal patterning of the caudal neuraxis 
 

Cells of caudal spinal cord character are specified at the late gastrula stage 
Earlier studies in our lab have shown that cells of rostral hindbrain and spinal 
cord character have both been specified at gastrula stages (stage 4)[7].  To 
further investigate the axial identity of the spinal cord cells and to analyze 
whether cells in the caudal neural plate also are specified as cells of caudal 
hindbrain character, we examined the expression of region-specific Hox 
genes in caudal neural plate explants. By stage 17 neural progenitor cells in 
rhombomere 7 and 8 of the  caudal hindbrain are characterized by the 
expression of Hoxb4, cells in the rostral spinal cord (somites 5-19) by the 
expression of Hoxb4 together with Hoxb8 and cells in the caudal spinal cord  
by the expression of Hoxb4, Hoxb8 and Hoxc9 together (somites 19-tail). 
Stage 4 caudal neural plate explants (4C), grown in vitro for 48hrs, generated 
cells of rostral hindbrain character and of caudal spinal cord character, in 
distinct domains of the explant. Only a few cells of rostral spinal cord 
character were generated but no cells of caudal hindbrain character were 
present. Thus, at mid-gastrula stage, cells in the caudal neural plate are 
mainly specified as cells of rostral hindbrain or caudal spinal cord character. 
 
Wnt and FGF signalling is required to specify spinal cord character  
What are the extrinsic signalling cues involved in the specification of spinal 
cord cells? Earlier studies in our lab have shown that convergent Wnt and 
FGF signalling is required and sufficient for the induction of cells of rostral 
hindbrain character at gastrula stages. To investigate if Wnt and FGF 
signalling play a role in the induction of cells of spinal cord character, we 
cultured 4C explants in the presence of Frz8-CRD-IgG, an inhibitor of Wnt 
signalling or in the presence of SU5402, an inhibitor of FGF signalling. In 
both cases, the generation of cells of caudal and rostral spinal cord character, 
as well as the generation of cells of rostral hindbrain character was blocked 
and instead cells of rostral forebrain character were generated. Thus, both 
Wnt and FGF signalling are required for the generation of spinal cord 
character. 
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Graded Wnt and FGF signalling distinguishes between hindbrain and 
spinal cord character 
If both rostral hindbrain and spinal cord cells are dependent on Wnt and FGF 
signalling for their initial specification, how is the difference between these 
domains established? To investigate this further, we DiI-marked 4C explants 
to keep track of their initial rostrocaudal orientation in the embryo during the 
culture period.  The part of the explant located caudally and close to the 
primitive streak generated cells of caudal spinal cord character, whereas the 
rostral-medial part of the explant generated cells of rostral hindbrain 
character.  
The distribution of several Wnt and FGF ligands in gastrula stage embryos 
suggested that the difference between rostral hindbrain and caudal spinal 
cord character might be imposed by differences in the level/duration of 
exposure to Wnt and/or FGF signals. To investigate this issue, we exposed 
4C explants to Wnt and FGF alone or in combination. Neither Wnt nor FGF 
signalling alone had any effect on the specification state of 4C explants. Wnt 
and FGF signalling in combination however, suppressed the generation of 
cells of rostral hindbrain character and most cells acquired caudal spinal cord 
character. This suggested, together with the fact that cells of caudal spinal 
cord character are located at lateral-caudal positions in the neural plate, that 
Wnt and FGF signals from the primitive streak and the caudal neural plate 
promote the specification of cells of caudal spinal cord character. 
 
Cells of caudal hindbrain character are specified at early neurulation 
stages 
But when are cells of caudal hindbrain and rostral spinal cord character 
specified? To address this question we isolated caudal neural plate explants 
from stages 5-8 embryos. Prior to stage 8, the caudal neural plate is either 
specified as rostral or caudal spinal cord, but no cells of caudal hindbrain 
character can be isolated. By stage 8 however, explants isolated rostral to the 
node generated cells of caudal hindbrain character, explants isolated at the 
level of the node generated cells of rostral spinal cord character and explants 
located caudal to the node generated cells of caudal spinal cord character. 
Hence, by stage 8, cells in the caudal neural plate are specified, in distinct 
domains, as cells of rostral and caudal hindbrain and of rostral and caudal 
spinal cord character. 
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RA imparts caudal character in presumptive hindbrain and rostral 
character in presumptive spinal cord cells 
What are the extrinsic signalling cues establishing the caudal hindbrain and 
the rostral spinal cord? Since Wnt signalling contributes to the distinction 
between cells of rostral hindbrain and cells of caudal spinal cord character at 
gastrula stages, we first examined whether exposure to Wnt was required for 
the further distinction of cells of prospective rostral and caudal hindbrain and 
spinal cord character. Blocking Wnt signalling in vitro in stage 8 caudal 
neural plate explant did not influence the rostrocaudal character in these 
explants, indicating that prolonged Wnt signalling is not required for the 
generation of these subdomains. Thus, by stage 8 rostral hindbrain and 
caudal spinal cord subdomains have become independent of further Wnt 
signalling. 
Several lines of evidence [106-109] indicate a role for RA signalling in the 
differentiation of cells of caudal hindbrain character. Expression of the RA 
synthesizing enzyme Raldh2 in the paraxial mesoderm adjacent to the caudal 
neural plate starts at stage 4+ in the chick. Between stages 5 to 8 Raldh2 
expression in the paraxial mesoderm increases. Since RA is synthesised at 
the right time and place, we asked whether RA signalling is involved in the 
specification of caudal hindbrain and rostral spinal cord cells by acting on 
cells that already have acquired an initial caudal identity. To test this, we 
exposed 4C explants to RA. Under these conditions the generation of rostral 
hindbrain and of caudal spinal cord cells was blocked and instead cells of 
caudal hindbrain and rostral spinal cord character were generated. Caudal 
hindbrain cells emerged in the rostral domain of the explant, which would 
otherwise generate rostral hindbrain cells, and rostral spinal cord cells 
emerged in the caudal domain of the explant normally generating caudal 
spinal cord cells. Thus, these results further strengthen the notion that RA 
can induce caudal hindbrain character in rostral hindbrain cells [16, 108-110] 
and provide evidence that rostral spinal cord cells are induced in cells being 
previously exposed to the caudalizing signals Wnt and FGF.  
 
FGF signalling distinguishes between cells of caudal hindbrain and rostral 
spinal cord character 
Both caudal hindbrain and rostral spinal cord cells depend on RA signalling 
for their induction at approximately the same time in development. How 
then, is the difference between these two regions of the neuraxis established? 
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Several studies have shown that FGF signalling can promote the expression 
of Hox genes characteristic for the spinal cord [10, 24, 27, 42] and that FGFs 
can oppose RA signalling during patterning of Hox gene expression  in the 
neural tube [24, 27].  Moreover, at stage 8, FGF8 is expressed in the node 
and in the primitive streak, close to the cells specified as cells of rostral 
spinal cord character. To investigate whether FGF signalling plays a role in 
the discrimination between cells of caudal hindbrain and cells of rostral 
spinal cord character, we exposed stage 4C explants to RA and FGF in 
combination. No cells of caudal hindbrain character were generated; instead 
all the cells were of rostral spinal cord character. Thus, FGF signalling 
promotes the generation of rostral spinal cord cells at the expense of caudal 
hindbrain cells.  
 
Progenitor cells in the hindbrain and spinal cord have acquired sufficient 
positional information to differentiate into dMNs and vMNs 
The early patterning of progenitor cells along the rostrocaudal and 
dorsoventral axes of the neural tube is a prerequisite for the later generation 
of post-mitotic neurons. Within the ventral hindbrain and spinal cord various 
motor neuron subtypes differentiate at different rostrocaudal levels from 
progenitor cell populations in response to Shh [17, 18, 21, 111].  Therefore, 
we tested whether prospective hindbrain and spinal cord cells have acquired 
sufficient positional information at gastrula stages to differentiate into MNs 
of the correct rostrocaudal subtype in response to Shh-N, the N-terminal 
domain of the Shh protein, which has been shown to exhibit MN inducing 
activity [112, 113]. 4C explants, which normally display a dorsal phenotype, 
were exposed to Shh-N after 28hrs of culture for an additional 38hrs, Under 
these conditions dMNs and vMNs were generated in different regions of the 
explant and most of the vMNs expressed Hoxc9 protein, indicative of a 
caudal (thoracic) character. Hence, by gastrula stages, cells in the caudal 
neural plate have acquired sufficient positional information to permit them to 
differentiate into the correct MN subtypes in responses to Shh activity. 
 
Early Wnt signalling is required for the generation of MN subtype 
Next we wanted to test if Wnt signalling in prospective hindbrain and spinal 
cord cells is required for the generation of dMNs and vMNs. To explore this, 
we exposed stage 4C explants to Frz8CRD-IgG for 28h and Shh-N for an 
additional 38h. No dMNs and vMNs characteristic of the hindbrain and 
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spinal cord were generated under these culture conditions and instead the 
cells acquired the characteristics of ventral forebrain MNs. Thus, Wnt 
signalling is required for the generation of dMNs and vMNs. 
 
Combinatorial Wnt, RA and FGF signals are sufficient to induce 
hindbrain and spinal cord character from neural cells 
To further test the sufficiency of the signals implied in hindbrain and spinal 
cord patterning, we investigated if Wnt, RA and FGF signals alone or in 
combination are sufficient to reconstruct expression profiles characteristic of 
hindbrain and spinal cord cells in rostral forebrain cells, which have not been 
exposed to any caudalizing signal in ovo.  Wnt, FGF and RA alone or FGF 
and RA in combination did not illicit any change in rostral identity in rostral 
forebrain cells in accordance with previous studies [7, 9]. Wnt and FGF in 
combination induced a Hox gene profile characteristic for cells of caudal 
spinal cord character, whereas Wnt and RA in combination induced a Hox 
gene profile characteristic for cells of caudal hindbrain character and a 
combination of Wnt, FGF and RA induced a Hox gene profile characteristic 
for cells of rostral spinal cord character. Thus, Wnt signalling in combination 
with FGF and/or RA signalling is sufficient to reconstruct Hox gene profiles 
characteristic of cells of caudal hindbrain and rostral and caudal spinal cord 
character form rostral forebrain cells. 
 
Acquisition of rostrocaudal specific Hox gene profiles determines the 
emergence of MN subtypes 
Hox gene combinations are informative markers of rostrocaudal positional 
identity of progenitor cells in the hindbrain and spinal cord [26]. Moreover, 
Hox proteins have been suggested to be determinants of MN subtype [17, 26, 
114].  
Therefore we addressed whether Hox gene expression profiles expressed by 
both stage 8 neural explants and induced by Wnt, FGF and/or RA in isolated 
rostral forebrain cells, predict the later generation of dMNs and vMNs. In 
both cases, exposure to Shh-N leads to the generation of dMNs and vMNs of 
the regional identity predicted by the Hox gene profile. Thus, Wnt together 
with FGF and/or RA is sufficient to impart Hox gene profiles that prefigure 
the emergence of position specific MN subtypes. 
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Project II: Patterning and neurogenesis in the olfactory placode 
 

Hes5 is the earliest neurogenic marker expressed in the olfactory placodal 
region in chick 
In chick there are three members of the Hes5 family, Hes5-1, Hes5-2 and 
Hes5-3 [115]. Since the expression patterns of the three genes during the 
development of the olfactory placodal region are rather similar, we focused 
on the pattern of Hes5-1 and hereafter call it Hes5. Interestingly, we found 
that Hes5 expression can be detected in the olfactory region already at stage 
10, indicating earlier onset of expression than previously reported in mouse 
[79]. Moreover, the uniform expression of Hes5 is indicative of a role in pre-
patterning the placodal ectoderm. 
 
Expression of neurogenesis markers in the olfactory region  
To better understand the early events governing neurogenesis in the early 
olfactory area, we analyzed the expression of Hes5 (stem-like cells), Cash1 
(TAPs), Ngn1 (INPs) and Gap43, Lhx2 and HuC/D which are all expressed 
by OSNs [73, 116]. Expression of Cash1, Ngn1, Gap43 and HuC/D can be 
detected from stage 14, when the olfactory placode becomes visible as an 
ectodermal thickening by the side of the head, whereas Lhx2 can first be 
detected by stage 17. At these early stages the majority of Gap43-, HuC/D- 
and Lhx2-positive cells are migrating away from the olfactory placode 
towards the brain and only a few cells positive for these markers are detected 
in the placode. By stage 22 the olfactory placode has started to invaginate 
and all of the analyzed markers (Hes5, Cash1, Ngn1, Gap43, Lhx2 and 
HuC/D) are expressed in the olfactory pit, but in distinct anterior-to-posterior 
and inferior-to-superior patterns. By stage 34 (~E8) first signs of 
stratification can be observed in the sensory epithelium. Cells expressing 
HuC/D, Lhx2 and Gap43 are located in basal positions in the sensory 
epithelium, whereas Hes5 expressing cells are located more apically.  
 
Msx1/2 and Id3 are valid markers for respiratory epithelial character 
During development both the respiratory and the sensory epithelium of the 
nose arise from the olfactory placode, but how the emergence of these two 
distinct epitheliums is regulated during development remains elusive. 
Several transcription factors expressed in the sensory epithelium have been 
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described, but early markers for the respiratory epithelium are poorly 
defined. To gain a better understanding of the subdivision of the olfactory pit 
and the location from which respiratory epithelial cells emerge in vivo, we 
performed homotopic grafting experiments at E3.5. Small explants of the 
medial-posterior rim were dissected out from E3.5 quail embryos and grafted 
in ovo into a chick E3.5 embryo. Chick embryos were allowed to develop to 
E5, when the sensory and respiratory epithelium can be morphologically 
distinguished [117]. The site of integration of the crafted quail cells was 
determined by immunohistochemistry with the quail specific antibody 
QPCN. In the majority of the embryos, the quail derived cells were observed 
in the respiratory epithelium, providing evidence that precursor cells of the 
respiratory epithelium are located at the rim of the olfactory pit at E3.5. Next 
we analyzed the expression of several candidate molecules and among 
others, the expression patterns of the transcription factors Msx1/2 and Id3 at 
stages E3.5 and E5. At E3.5 Msx1/2 and Id3 are expressed in the medial-
posterior rim and in the posterior part of the olfactory pit and at E5 
expression is restricted to the morphologically thinner prospective 
respiratory epithelial region. Thus, we concluded that Msx1/2 and Id3 are 
expressed in the respiratory region of the developing nose and are valid 
molecular markers for cells of respiratory epithelial character.  
 
Cells in the olfactory placodal area are specified as cells of both sensory 
epithelial and respiratory epithelial character 
By stage 14 the olfactory placodes become visible as ectodermal thickenings 
on both sides of the head. Ectodermal explants isolated from the presumptive 
placodal region of stage 14 chick embryos (14OP explants) and cultured in 
vitro for ~35h (approximately corresponding to a stage 22 chick embryo) 
generated Hes5+, Ngn1+, HuC/D+ and Lhx2+ cells, characteristic of the 
sensory epithelium and Id3+, Msx1/2+ cells characteristic of the respiratory 
epithelium in distinct parts of the explants. Thus, at stage 14, progenitor cells 
in the olfactory placodal region are specified as cells of sensory epithelial 
and respiratory epithelial character. 
 
BMP signalling promotes the generation of respiratory epithelial character 
At stage 14 BMP4 is expressed in the proximity of the posterior olfactory 
placodal area and Id and Msx genes are target genes of BMP signalling [118-
120]. Therefore, we asked whether BMP signalling could play a role in 
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sensory versus respiratory patterning of the olfactory placode. To address 
this issue we cultured 14OP explants in the presence of Noggin, an 
antagonist of BMP signalling [121]. In the presence of Noggin, the 
generation of Id3+ and Msx1/2+ respiratory epithelial cells was blocked. 
Moreover, the expression of Ngn1, Lhx2 and HuC/D was downregulated or 
blocked in explants exposed to Noggin and most cells expressed Hes5, 
characteristic of neuronal progenitor cells in the sensory epithelium. Thus, at 
stage 14 BMP signalling is required for both the generation of respiratory 
epithelial cells and the differentiation of progenitor cells in the sensory 
epithelium. 
To investigate whether BMP signalling is sufficient to promote the 
generation of cells of respiratory epithelial character, we exposed 14OP 
explants to BMP4 (3nM) for ~35hours. In the presence of additional BMP 
signals, the generation of Hes5+ and Ngn1+ cells was blocked and the 
expression of HuC/D+ and Lhx2+ cells was greatly reduced and instead most 
cells expressed Msx1/2 and Id3, a marker profile characteristic of cells of 
respiratory epithelial character. Thus, at stage 14, additional BMP signalling 
suppresses the generation of sensory epithelial cells and promotes the 
induction of respiratory epithelial cells. 
 
BMP signals promote the generation of respiratory epithelial cells in vivo 
To further examine the role of BMP signals in the patterning of the olfactory 
placode, the status of BMP signalling was manipulated in vivo. Stage 12 
chick embryos were electroporated with 1//a control GFP-vector 2//a 
Noggin-containing vector [122] or 3//a vector containing a constitutively 
active Alk6 receptor (caAlk6, [123]) and grown in ovo to ~stage 22. 
Embryos electroporated with the control GFP-vector displayed normal 
phenotypes. In Noggin-electroporated embryos, the expression of Msx1/2 
and Id3 was reduced and Hes5 was upregulated in the same area in the 
olfactory pit on the electroporated side of the embryo. In caAlk6-
eletroporated embryos, Hes5 expression was reduced and expression of 
Msx1/2 and of Id3 was upregulated. Moreover, expression of HuC/D was 
reduced in the electroporated region. These results further strengthen the 
notion that BMP signalling is required for the generation of cells of 
respiratory epithelial character and that sensory epithelial character is 
inhibited by BMP signalling.  
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A switch in the competence of sensory epithelial cells to respond to BMP 
signals 
Next we analyzed whether the ability of BMP signalling to induce 
respiratory character in cells of sensory epithelial character persist at later 
stages of olfactory placode development. The BMP activator construct 
caAlk6 was electroporated into stage 17-21 embryos. In stage 17-20 embryos 
electroporated with the caAlk6 construct, Msx1/2 and Id3 expression was 
up-regulated (18/20), but expression of Hes5 remained unaffected (20/20). In 
embryos electroporated with caAlk6 slightly later, at stage 21, no change in 
the expression of Msx1/2, Id3, Hes5 and HuC/D was detected (3/5). Thus, 
the ability of BMP signalling to induce respiratory epithelial character in 
sensory epithelial cells declines around stage 21. 
 
FGF signalling is required for cells of sensory epithelial character 
FGF signalling has been implicated in the development of the olfactory 
placode [86] and in the regulation of neurogenesis within the sensory 
epithelium [83]. To determine whether FGF signalling plays a role in the 
specification of sensory versus respiratoy epithelial character, we exposed 
14OP explants to SU5402 (5-10nM), an inhibitor of FGF signalling and 
cultured them for ~35h. Under these conditions, the generation of Hes5+, 
Ngn1+, HuC/D+ and Lhx2+ cells of sensory epithelial character was blocked 
and most cells expressed Msx1/2 and Id3, characteristic of respiratory 
epithelial cells. Thus, FGF signalling is required for the generation of 
sensory epithelial cells and in the absence of FGF signalling, sensory 
epithelial cells acquire respiratory epithelial character. Next we asked 
whether levels of FGF activity affect the differential generation of sensory 
and respiratory epithelial cells in the olfactory placode. We cultured 14OP 
explants in the presence of FGF4 (200ng) or FGF8 (300ng). Under these 
conditions, no change in the generation of Hes5+, Ngn1+, HuC/D+, Lhx2+ 

sensory epithelial cells could be observed. Moreover, Msx1/2+ and Id3+ 
respiratory epithelial cells are only non-significantly decreased, indicating 
that additional FGF exposure does not affect the differential generation of 
sensory and respiratory epithelial cells. In addition, no shift in the 
distribution of cells in the neurogenic lineage was observed; hence we 
conclude that FGF signalling does not regulate neurogenesis under these 
conditions 
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Manipulation of FGF signalling in vivo 
In order to examine the role of FGF signals in the patterning of the olfactory 
placode in vivo, stage 12 chick embryos were electroporated in ovo with 1//a 
control GFP-vector 2//a truncated FGF-ReceptorIII-containing vector 
(FGFRIII-ΔC, [124]), which inhibits FGF signalling in electroporated cells 
or 3//a vector containing FGF8b [125] and grown in ovo to ~stage 22. 
Embryos with GFP expression in the olfactory region were selected for 
further analysis. In agreement with our explant results, activation of the FGF 
pathway resulted in a mild reduction of Msx1/2 and Id3 expression. 
Inhibition of FGF activity reduced or blocked the expression of Hes5 and 
HuC/D and increased the expression of Msx1/2 and Id3 in the electroporated 
area compared to the non-electroporated control side. In the most severely 
affected embryos the invagination of the olfactory placode was blocked. 
Variation in the severity of the phenotype displayed by embryos 
electroporated with FGFRIII-ΔC, correlated clearly with electroporation 
efficiency, as the amount of transferred GFP/FGF3c-∆C was consistent with 
the reduction in levels of Hes5 and HuC/D expression. Thus, FGF signalling 
in vivo is required for the generation or maintenance of cells of sensory 
epithelial character and for the formation of the nasal cavity. 
In summary our results provide evidence that FGF signals are required for 
the generation of sensory epithelial cells and for proper invagination of the 
olfactory placode, whereas BMP signals promote respiratory epithelial 
character 
 
Notch signalling is required to maintain progenitor cells in the olfactory 
placode 
Notch signalling has been implicated in several regions of the nervous 
system, where it acts to maintain neuronal progenitors or to drive glial 
differentiation [126, 127]. This, together with the expression patterns of 
several members of the Notch signalling pathway during early stages of 
placodal development ([102] and own data) prompted us to analyze the role 
of Notch signalling in the generation of OSNs. We exposed stage 14OP 
explants to DAPT, an inhibitor of Notch signaling. DAPT blocks the γ-
secretase enzyme that cleaves the intracellular domain of Notch after ligand 
binding, which normally translocates into the nucleus and activates target 
genes [95]. Stage 14OP explants exposed to DAPT for 48h generated many 
Gap43-positive and HuC/D-positive cells, but no cells expressing Hes5, 
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Cash1 or Ngn1 could be detected. Thus, in the absence of active Notch 
signalling most cells acquire OSN character. 
 
Hes5-positive cells are primarly affected by perturbed Notch-signalling 
To explore which cells are primarily affected by the inhibition of Notch 
signalling, we cultured stage 14OP explants in the presence of DAPT for 7h, 
15h and 24h. After 7h most cells express Cash1 and the generation of Hes5+  
cells is reduced, by 15h, most cells express Ngn1 and a light expression of 
Gap43 can be detected and by 24h most cells express Ngn1, Gap43 and 
HuC/D.  Thus, the first cells affected by the absence of Notch signalling are 
the Hes5-expressing cells. Subsequently Cash1 and Ngn1 expression is lost 
in olfactory placodal cells and instead the cells acquire characteristics of 
OSNs. Thus, Notch signalling is required to maintain Hes5-expressing cells 
in the olfactory placodal area. In the absence of Notch signalling Hes5 
progenitor cells enter the differentiation pathway prematurely. 
 
In ovo manipulation of Notch signalling  
Next we tested the role of Notch signals in intact embryos. We 
electroporated the olfactory placodal region of stage 14 embryos with 1//a 
GFP-control vector 2//a dominant-negative mastermind-like (MAMLI) 
containing vector, to inactivate Notch signalling [128] or 3//a constitutively-
active Notch receptor, to activate the pathway [129], and cultured the 
embryos in ovo to ~stage 22. Control embryos displayed no defects. In 
embryos electroporated with the dnMAMLI construct Ngn1, Gap43 and 
HuC/D expression was slightly increased. Most of the Gap43/HuC/D-
positive electroporated neurons were detected in the migratory mass.  
Embryos electroporated with the constitutively-active Notch receptor 
generated a decrease in Ngn1, Gap43 and HuC/D expressing cells in the 
forming olfactory pit. Moreover, the number of Gap43/HuC/D-positive cells 
is reduced in the migratory mass. Quantification of all HuC/D-GFP-double 
positive cells in the migratory mass of control electroporated, dnMAMLI 
electroporated and constitutively-active Notch receptor electroporated 
embryos, revealed that HuC/D-positive cells were increased in dnMAMLI 
electroporated embryos and decreased in constitutively-active Notch 
electroporated embryos. Taken together, our results indicate, that a decrease 
in Notch signalling in vivo leads to an increase of neuron differentiation, 

 35



Results 

 36

whereas an increase in Notch signalling leads to a decrease in neuron 
differentiation. 
 
BMP signalling affects the expression of Notch1 and Delta1 
Next, we wanted to elucidate if BMP signalling affects Notch pathway 
members in olfactory placodal cells. Since Notch1 and Delta1 is the 
receptor-ligand pair prominently expressed in the placode already at early 
stages, we focused on these two. Stage 14OP explants cultured for 24h 
express Notch1 and Delta1 in a salt-and-pepper pattern and Hes5 in some 
cells. In stage 14OP explants cultured together with BMP4 (5nM), the 
expression of Notch1, Delta1 and Hes5 is blocked. Explants cultured in the 
presence of Noggin (200µl) showed decreased numbers of Notch1+ cells, 
and uniform high expression of Delta1 and Hes5 throughout the explant. 
Thus, the effect of BMP signalling on neuronal differentiation in the 
olfactory placode is, at least in part mediated by the effect BMP signals 
excerpt on Notch pathway members.  
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Discussion 
 
Project I: Rostrocaudal patterning of the caudal neuraxis 
 
In summary our data proposes the following model of rostrocaudal 
specification in the caudal neural tube:  
At gastrula stages prospective caudal neural cells are exposed to Wnt signals 
derived from the emerging paraxial mesoderm, the neural plate and epiblast 
cells, and to FGF signals emerging from the primitive streak. Both Wnt and 
FGF act upon caudal neural plate cells and specify those cells as either cells 
of rostral hindbrain or of caudal spinal cord character. Slightly later during 
development, RA produced by Raldh2 in the caudal paraxial mesoderm and 
newly formed somites will act upon cells that already have acquired an initial 
caudal identity. RA signalling induces caudal hindbrain identity in cells of 
rostral hindbrain character and rostral spinal cord character in cells of caudal 
spinal cord character. In caudal spinal cord cells, RA suppresses the 
expression of Hoxc9. FGFs expressed by Hensen´s node and in the primitive 
streak at neurulation stages, promote the generation of rostral spinal cord 
cells instead of caudal hindbrain cells in the presence of RA signalling. 
Moreover FGF signals also maintain caudal spinal cord cells, possibly by 
opposing RA signalling. 
In addition to this, we provide evidence that the early interaction of Wnt, 
FGF and RA signalling establishes Hox gene profiles in progenitor cells, 
which anticipate the later generation of distinct rostrocaudal motor neuron 
subtypes. 
 
Wnt and FGF signalling are required for caudal neural character  
Wnt signalling has been implicated in the generation of caudal neural cells in 
several animal systems. For example, zebrafish embryos mutant for wnt8 
lack trunk and tail structures, implicating that Wnt signalling is required for 
the generation and/or patterning of the mesoderm and the neurectoderm 
[130]. In Xenopus a direct caudalizing role for Wnt signals in patterning the 
neurectoderm has been suggested [11]. FGF signalling has also been 
implicated in the generation of mesodermal and neural cells and a role in 
specifying caudal neural character by FGF signals has been suggested [131-
134]. Previous results in our lab have shown that cells of caudal forebrain, 
midbrain and rostral hindbrain character are specified by graded Wnt 
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signalling, whereby the most caudal cells require the highest levels of Wnt 
signalling [9]. In line with this, Wnt inhibitors are expressed in the rostral 
neuroectoderm and head mesenchyme maintaining cells of rostral forebrain 
character [135, 136]. Low level FGF signalling has been shown to have a 
permissive function in this context and varying the levels of FGF signalling 
did not influence the caudal identity of the cells in this study [9].  
Cells of spinal cord character are specified at the same developmental stages 
as cells of caudal forebrain, midbrain and rostral hindbrain character [7]. Our 
results indicate that at gastrula stages both Wnt and FGF signalling is 
required for the acquisition of caudal spinal cord character. At gastrula stages 
several Wnt family members are expressed in the primitive streak, the 
paraxial mesoderm and the neuroectoderm at levels caudal to the node [136-
138]. Moreover, FGFs are expressed in the primitive streak [24, 139, 140]. 
The expression pattern of Wnt and FGF genes during gastrula stages 
indicates that cells in the caudal neural plate are exposed to Wnt and FGF 
signals at higher levels or for a longer time. 
 
Caudal spinal cord character is specified by graded Wnt and FGF 
signalling 
Previous results provide evidence that, in the presence of FGF, graded Wnt 
signalling specifies progressively more caudal character at gastrula stages 
[9]. Our results indicate that cells of caudal spinal cord character require 
higher levels of both Wnt and FGF signals at gastrula stages. Prospective 
forebrain cells exposed to low level FGF and Wnt generated cells of rostral 
hindbrain and caudal spinal cord character in distinct domains of the explant 
(Suppl Figure 1). Increasing the levels of FGF in this context resulted in the 
generation of cells of caudal spinal cord character in the entire explant, 
indicating that in the presence of high level Wnt signalling, graded FGF 
signalling might be sufficient to distinguish between cells of rostral 
hindbrain and caudal spinal cord character. Nevertheless, in caudal neural 
plate cells only simultaneous exposure to both Wnt and FGF, leads to the 
acquisition of caudal spinal cord character. Thus, in the caudal neural plate 
graded activities of both Wnt and FGF signalling distinguish between rostral 
hindbrain and caudal spinal cord character. 
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Instructive FGF signalling during caudal neural development 
At the time when caudalization of the neural plate occurs several other 
patterning events take place in the developing embryo. In the neural plate 
border, the placodal and neural crest derivates of the peripheral nervous 
system are specified from neural plate cells [53]. Interestingly, high level 
Wnt signalling (higher than the amount used in Paper I) leads to a loss of 
neural character in gastrula stage rostral forebrain cells and BMP signalling 
specifies gastrula stage neural plate cells as cells of peripheral neural 
character. Wnt signalling in this context has been shown to up-regulate BMP 
expression [51]. Since FGF signalling is required for the specification of 
caudal neural cells, we speculated that in part the permissive role might be to 
inhibit BMP signals. FGF signalling has been shown to exert inhibitory 
effects on BMP signalling by phosphorylating the linker region of Smad1 
[141]. Exposure of stage 4 rostral forebrain cells to Wnt and the BMP 
inhibitor Noggin is sufficient to induce spinal cord cells, indicative that FGF 
signalling is required to inhibit BMP signals [53, 54]. Nevertheless, exposure 
of rostral forebrain cells to Wnt, Noggin and SU simultaneously blocked the 
induction of spinal cord (Suppl Figure 2), suggesting that FGF signalling has 
additional, instructive roles in the induction of caudal neural plate tissue.  
 
RA signalling and caudal hindbrain development 
At neurulation stages (stage 8) cells of caudal hindbrain character start to be 
specified, a time point at which strong expression of Raldh2 can be detected 
in the paraxial mesoderm underlying the caudal neural plate [142-144]. Our 
results indicate that RA induces caudal hindbrain character in cells with an 
initial caudal identity. This resembles the phenotype observed in embryos 
exposed to exogenous RA, which display an expansion of the caudal 
hindbrain at the expense of the rostral hindbrain [108, 110, 145]. Moreover, 
embryos with depleted RA signalling show an inverse phenotype, displaying 
expanded rostral hindbrain territories at the expense of caudal hindbrain 
territories [108, 109, 145, 146], a defect that can be rescued by 
administration of RA [109, 147].                                                                                   
CYP26 enzymes are members of the cytochrome oxidase p450 family and 
catabolize RA [148-150]. Expression of Cyp26 family members in mouse, 
Xenopus, chick and zebrafish has been reported in the rostral hindbrain [151-
159]. Moreover, loss of Cyp26 in anterior hindbrain territories causes the 
extension of posterior hindbrain territories associated with a mis-
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specification of rostral hindbrain territories [10, 151, 160, 161], further 
strengthening the notion that caudal hindbrain character is specified by RA 
signals acting on cells initially specified as cells of rostral hindbrain 
character by Wnt and FGF signals. 
Moreover, since caudal hindbrain cells are not specified until stage 8, 
whereas rostral spinal cord cells emerge already at stages 5-7 this suggest 
that caudal hindbrain cells require RA at higher levels/for a longer time. 
Interestingly in 4C explants exposed to high levels of RA, caudal hindbrain 
cells emerged in the rostral domain of the explant, which would otherwise 
generate rostral hindbrain cells and rostral spinal cord cells emerged in the 
caudal domain of the explant normally generating caudal spinal cord cells 
(Figure 4). Moreover, administering low levels of RA to 4C explants still 
generated rostral spinal cord character in the caudal spinal cord region, but 
rostral hindbrain character was maintained, further arguing that caudal 
hindbrain cell require higher levels of RA signalling compared to rostral 
spinal cord cells. 
 

 
Figure 4: RA respecifies caudal neural plate cells  
(A) Schematic picture of a stage 4 embryo. The expression of members of the Wnt and FGF 
signalling pathway is summarized. The black dotted line indicates the neural plate. The grey 
dotted line indicates the area depicted in B. (B) Schematic drawing of a stage 4C explant. 
The caudal-medial part is specified as caudal spinal cord (cSC), the rostral-lateral part of the 
explant is specified as rostral hindbrain (rHB). (C) Stage 4C explant exposed to RA, caudal 
hindbrain (cHB) character will emerge in the rHB domain and rostral spinal cord (rSC) 
character will emerge in the cSC domain, whereas exposure to RA and FGF together results 
in the emergence of rSC character in the entire explants and exposure to Wnt and FGF 
results in the emergence of cSC character in the entire explant (modified after U. 
Nordström). 
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A role for RA signalling in spinal cord development 
Cells specified as cells of rostral spinal cord character can be isolated in low 
numbers already in stage 4 embryos and between stages 5-7 cells in the 
caudal neural plate are predominantly specified as cells of rostral spinal cord 
character. The spatial emergence of cells of rostral spinal cord character 
correlates with the expression of Raldh2 in the paraxial mesoderm close to 
the caudal neural plate. Our results clearly implicate RA signalling in the 
specification of cells of rostral spinal cord character by suppressing Hoxc9 
expression in cells of caudal spinal cord character.    
Interestingly, at stages 5-7, when the caudal neural plate is mainly specified 
as rostral spinal cord, Raldh2 expressing mesoderm underlies almost the 
entire caudal neural plate [142]. By stage 8, Raldh2 expression is restricted 
to the paraxial mesoderm located at the level of/just rostral to the node and 
our results show that at this stage the caudal neural plate caudal to the node 
is specified as caudal spinal cord [143, 144].  These findings are in line with 
previously reported results, which have suggested that the expression of Hox 
genes characteristic of the rostral spinal cord is promoted by RA signals 
derived from the paraxial mesoderm [7, 10, 24, 27, 162]. Expression of 
Raldh2 persists in the somatic mesoderm adjacent to the forming neural tube, 
and grafting experiments have indicated that spinal cord tissue at brachial 
and thoracic neural tube levels is still divertible in its fate until the time of 
neural tube closure [29]. Interestingly, also at these later stages Raldh2 
expression remains excluded from caudal neural tube domains [144], further 
supporting a role for RA signalling in the distinction of rostral versus caudal 
spinal cord phenotypes. 
 
Early Wnt signalling establishes a positional context for later RA and FGF 
signalling in specifying caudal hindbrain and spinal cord cells 
We provide evidence that by stage 8 RA and FGF signalling imposes 
positional identity on hindbrain and spinal cord progenitor cells. The role of 
RA and FGF signalling in early hindbrain and spinal cord regionalization has 
previously been studied. RA signalling promotes Hox gene expression 
characteristic of caudal hindbrain and rostral spinal cord levels [7, 10, 24, 27, 
107, 109, 162] and FGF signals derived from the regressing primitive streak 
promote the expression of more caudal Hox genes in a concentration 
dependent manner [24, 25]. Our results extend these findings by establishing 
that early Wnt signals provide the positional context for the later actions of 
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RA and FGF signals in rostrocaudal regional specification. Neither RA nor 
FGF signals alone or in combination are sufficient to induce caudal neural 
cells in prospective forebrain cells. Only in concert with Wnt signalling are 
caudal neural cells induced in prospective forebrain cells by RA and/or FGF.  
 
Opposing actions of RA and FGF during caudal neural development 
Opposing activities of RA and FGF pathways have been implicated in 
patterning the caudal part of the body. RA signalling has been shown to 
downregulate FGF8 expression and FGF signalling to repress Raldh2 
expression [163, 164]. Our results show that blocking FGF signalling in 
stage 8 CN explants blocks the generation of Hoxc9-positive cells and 
instead cells express Hoxb4 and Hoxb8 a Hox gene profile characteristic of 
cells of rostral spinal cord character (data not shown), the same shift in 
specification is observed in the caudal-medial domain of 4C explants 
exposed to RA. This shift from caudal to rostral spinal cord in 4C explants 
can be reversed by adding high levels of FGF together with the same amount 
of RA to the explants. In addition in the rostral-lateral domain of the 4C 
explants exposed to RA and FGF together, FGF promotes the emergence of 
rostral spinal cord cells, instead of caudal hindbrain cells (Figure 4C). Thus 
our results further strengthen the idea that RA and FGF signalling acts in an 
opposing manner during regionalisation of the caudal neuraxis at neurulation 
stages on cells primed by the previous exposure to Wnt signalling. 
 
Rostrocaudal patterning and body axis extension 
Rostrocaudal patterning of the neuraxis is tightly linked with body axis 
extension. In higher vertebrates, rostrocaudal patterning of neural tissue 
proceeds in a two step process [165]. In the rostral part, from the forebrain to 
the rostral hindbrain, rostrocaudal patterning can be viewed as a simple 
subdivision of the pre-existing neural plate into caudal forebrain, midbrain 
and rostral hindbrain domains by graded Wnt and permissive FGF signalling 
[9, 11]. In the caudal neural plate, the common view is that cells in the stem 
zone produce neural structures de novo while the stem zone regresses in 
concert with the regressing node [97, 164, 166]. Wnt, FGF and RA signals 
have all been implicated in the regulation of stem zone maintenance and exit 
[97, 164, 166, 167]. FGF-dependent Notch signalling has been shown to 
maintain cells in an undifferentiated state in the stem zone [97], whereas RA 
signalling drives differentiation [164]. In view of these studies our findings 
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could be reinterpreted. The emergence of caudal neural structures in a 
sequential pattern could be viewed as a progressive assignment of 
rostrocaudal identity onto cell populations exiting the stem zone at distinct 
time points. Nevertheless, our results provide evidence that cells in the 
caudal neural plate do not emerge in an ordered “caudal hindbrain first-
caudal spinal cord last” fashion. In addition, our observations suggest that at 
late gastrula to early neurula stages, RA signalling specifies cells of caudal 
hindbrain and rostral spinal cord character and is not merely driving 
progenitor cells to differentiate. Moreover between stages 5-7 cells in the 
caudal neural plate are predominantly specified as cells of rostral spinal cord 
character and expression of Raldh2 in the mesoderm underlies the entire 
neural plate [142], suggesting that at these early stages the entire neural plate 
is exposed to RA signalling. 
Moreover at later developmental stages the expression of Raldh2 protein is 
no longer detectable in the presomitic mesoderm at around stage HH14 
(when the 20th somite forms). In addition, caudally located somites do not 
contain Raldh2 protein in their ventral portions, arguing against a 
requirement for RA in the differentiation of ventral neural cell types in the 
caudal neural tube [144]. These findings suggest a difference in RA exposure 
between rostral and caudal spinal cord cells in the embryo.  
 
Hox gene expression in progenitor cells and the emergence of motor 
neuron subtype identity 
In the hindbrain and spinal cord neural progenitor cells located at distinct 
rostrocaudal levels in the ventral neural tube differentiate into two major 
neuronal subtypes: dMNs and vMNs [15, 168]. Our findings indicate that the 
exposure of neural plate cells to Wnt signalling during gastrula stages is 
required for the emergence of dMNs and vMNs in the hindbrain and spinal 
cord. This extends previous studies that established a role for RA, FGF and 
GDF11 signals in the generation of spatially distinct MNs in the caudal 
neural tube [24, 25, 169]. At hindbrain and spinal cord levels Hox gene 
profiles correlate with the rostrocaudal identity of neural progenitor cells [28, 
29]. Moreover, recent studies have suggested instructive roles for Hox genes 
in motor neuron subtype specification. In the hindbrain, Hoxa3 is expressed 
in rhombomeres (r) caudal to the r4/r5 boundary and misexpression at rostral 
hindbrain levels leads to the ectopic generation of somatic motor neurons 
[16] and the combined action of Hoxa3 and Hoxb3 is required for the 
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specification of somatic progenitor cells in r5 [170]. Moreover, the nested 
expression of Hoxb1 in r4 is required for the correct specification of 
branchiomotor neurons [32, 33, 171, 172]. At spinal cord levels, Hoxc8 is 
required for the specification of brachial motor neurons [35, 36] and 
members of the Hox10 gene group are required for the proper specification 
of the lumbosacral region of the spinal cord [23, 30, 37-39]. Thus, Hox gene 
profiles expressed in progenitor cells are major determinants of MN identity. 
Our findings indicate that Wnt, FGF and/or RA are sufficient to induce Hox 
gene profiles in prospective forebrain cells, thereby reconstructing neuronal 
progenitor cells that in response to Shh signalling differentiate in MNs of the 
predicated spatial subtype.  
Cdx genes have been implicated as mediators between external signalling 
cues and Hox gene induction in vertebrates. In the caudal neural plate Cdx 
genes are transiently expressed [173-175]. Both in Xenopus and chick, FGF 
induced changes in Hox gene expression are preceded by changes in Cdx 
gene expression [27, 42]. In zebrafish, cdx1 and cdx4 have been implicated 
in mediating the responsiveness to FGF and RA signalling [176]. Moreover, 
both RARE and Tcf/Lef binding sites have been found in the mouse Cdx1 
promoter region [43, 44]. Our results indicate that by stages 6-8 prospective 
spinal cord cells express Cdx genes and that the interplay of Wnt, RA and 
FGF signalling establishes Cdx gene profiles indicative of spinal cord 
identity. 
Thus our results provide evidence for a link between gastrula stage Wnt, 
FGF and RA signalling, Cdx and Hox gene profiles expressed by progenitor 
cells and the emergence of dMNs and vMNs at hindbrain and spinal cord 
levels. 
 
Coordinated development of the CNS and PNS 
For the nervous system to function properly, the different classes of neurons 
generated by the CNS and PNS precursors along the rostrocaudal axis have 
to establish connections in an appropriate manner. At gastrula stages Wnt 
signalling is both required for the caudalization of neural plate and neural 
plate border cells, giving rise to CNS and PNS precursors respectively ([9, 
53], Paper I). Thus, Wnt signalling provides a means to spatially coordinate 
the early development of the central and the peripheral nervous system. 
Since Hox genes are expressed in neural crest cells as well as in neural cells 
[27, 177, 178], it would be interesting to see if RA and FGF dependent 
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mechanism are involved in the patterning of caudal neural crest tissue arising 
at spinal cord levels. 
 
 
Project II: Patterning and neurogenesis in the olfactory placode 
 

In summary, we show that the olfactory placode becomes subdivided into 
sensory and respiratory epithelial domains by a mechanism involving FGF 
and BMP signalling. BMP signals induce cells of respiratory epithelial 
character, whereas FGF signals are required to generate cells of sensory 
epithelial character. Moreover, we show that later during development at 
stage 21, cells in the sensory epithelial domain no longer respond to elevated 
levels of BMP signalling by fate shifting to respiratory epithelial character.  
In addition, we show that neurogenesis in the olfactory placode is regulated 
by Notch signalling. In the absence of active Notch signalling, cells 
prematurely differentiate into OSNs, whereas overactivation of the Notch 
signalling pathway maintains progenitor cells and suppresses the generation 
of OSNs. 
 
Expression of Hes5 genes in the olfactory placodal region  
We analyzed the expression patterns of the bHLH repressor gene Hes5 in the 
olfactory placodal region. We found that uniform expression of Hes5 genes 
starts around stage 10 in the olfactory placodal region. Previous studies 
describe a dual role for Hes genes in the development of the olfactory 
sensory epithelium in mice: first, Hes genes act as pre-patterning genes in the 
olfactory placode and define the neurogenic region and second, at later 
developmental stages Hes genes play a role in regulating the number of 
progenitor cells emerging in the neurogenic domain of the olfactory placode 
by negatively regulating neurogenesis [79]. Thus, the early uniform 
expression detected around stage 10 indicates that Hes5 might be involved in 
the early patterning of the developing olfactory placode, possibly by 
delineating the presumptive neurogenic region in the placodal ectoderm. 
Moreover since Hes5 is expressed before any other marker of the neurogenic 
lineage, it seems to be the earliest marker associated with neuronal 
determination in the olfactory placodal region in chick. 
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Dynamic expression patterns of neurogenic markers in the olfactory 
placodal region 
We analyzed the expression patterns of Hes5 (Hes5-1), Cash1, Ngn1, Lhx2 
and HuC/D from stage 14 to stage 34 in the olfactory placode and olfactory 
sensory epithelium. Our results have the following implications: (1) By stage 
14, Cash1, Ngn1 and HuC/D are expressed in the olfactory placode. This is 
much earlier than previously reported in the mouse [80, 81, 179], but this 
difference is most likely due to a lack of expression analyzes in the mouse 
rather than species differences. (2) From stage 22 neurogenesis proceeds 
along distinct axes in the olfactory pit. Differentiated cells are located 
preferentially at medial-superior positions within the pit. This highlights the 
importance to indicate which area of the pit is shown in a given section since 
the expression patterns can vary greatly along the anterior-posterior extent of 
the olfactory pit. (3) Stratification in the chick olfactory sensory epithelium 
becomes apparent at stage 34, which is later compared to the development of 
the mouse olfactory sensory epithelium [76, 116]. 
 
Olfactory placodal progenitor cells give rise to respiratory and sensory 
epithelial cells 
Our results provide evidence, that by stage 14 cells in the olfactory placodal 
region are specified as cells of respiratory and sensory epithelial character.  
This is consistent with previous descriptive studies, stating that the olfactory 
placode give rise to both sensory and respiratory epithelial cells [117]. Due 
to a lack of molecular markers, the molecular mechanism by which cells in 
the olfactory placode become subdivided into sensory and respiratory 
epithelial cells has remained unresolved. 
 
BMP signals specify respiratory epithelial cells 
Our results provide evidence, that BMP signalling is required for the 
generation of cells of respiratory epithelial character. Moreover, elevated 
BMP signalling is sufficient to induce cells of respiratory epithelial character 
from cells of sensory epithelial character. Expression of BMP4 can be 
detected already at stage 10 in the presumptive olfactory placodal region and 
persists in the caudal rim of the olfactory pit. At stage 22 the expression 
pattern of BMP4 correlates spatially with the localization of respiratory 
epithelial cells in the olfactory pit (Suppl Figure 3). Several studies have 
shown that BMP signalling can block neural and promote epidermal 
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character at early developmental stages [180-182].  Interestingly, prospective 
epidermal cells are specified to express Msx1/2 [4] raising the possibility 
that a similar molecular cassette is employed during patterning of the 
olfactory placode. In the olfactory region, previous results have shown that 
BMP signalling exerts a negative effect on neurogenesis in a neuronal colony 
forming assay (OE tissue isolated from E14.5-15.5 mice), but no increase in 
non-neural colonies was observed [91]. In a similar assay Noggin blocked 
the formation of neuronal colonies, but again no change in non-neuronal 
colonies could be observed [89]. The effects of BMP and Noggin on 
neurogenesis are in line with our observation. In addition, we find that both 
increasing and abolishing BMP signalling in our study had an effect on the 
non-neuronal cells of respiratory epithelial character. Since the character of 
the non-neuronal colonies was not addressed by Shou et al in either study, it 
is difficult to draw a conclusion. The earlier developmental time point of our 
analysis may account for some of the observed differences. 
 
BMP signals are required for the differentiation of the olfactory sensory 
lineage 
BMP signalling has been implicated in the regulation of neurogenesis during 
development of the cerebellum, hippocampus and the neural crest [129, 183-
185]. In the olfactory sensory epithelium, in vitro studies using neuronal 
colony forming assays of sensory epithelium dissected from E14.5-16.5 mice 
showed both inhibitory and stimulatory effects of TGFβ signalling on 
neurogenesis in sensory epithelium cultures [89-91]. BMP2,4 and 7 reduced 
the number of proliferating progenitors and inhibited the production of OSNs 
by a mechanism involving the degradation of Mash1 protein [91]. In 
contrast, at lower concentrations, BMP4, but not BMP7 could also stimulate 
neurogenesis in the same assay, by promoting the survival of newly 
generated OSNs. Moreover, Noggin strongly inhibited the formation of 
neuronal colonies in the in vitro system [89]. In the same assay, GDF11 
inhibited neurogenesis by arresting INP proliferation through induction of 
p27KIP. Moreover, cell proliferation of INPs is increased in the OE of mice 
mutant for GDF11 and decreased in mice lacking Follistatin, an antagonist 
of GDF11 [90]. Our results indicate, that BMP signalling is required for the 
progression of cells in the olfactory sensory lineage, since inhibition of BMP 
activity inhibits TAP, INP and OSN generation and cells instead acquire 
progenitor-like character. Moreover, pSmad1/5/8 expressing cells can be 
detected in a scattered pattern in the neurogenic region of stage 22 olfactory 
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pits (data not shown), indicating that BMP signalling is active in those cells. 
Thus, our results provide evidence, that BMP signalling is required for 
neuron production in the olfactory sensory lineage. 
 
BMP signalling acts sequentially during the development of the olfactory 
placode  
At gastrula stages in the chick, the olfactory and the lens placode are 
specified by BMP signals and sustained BMP activity at neural fold stages 
promotes the acquisition of a lens placodal fate [54]. Around stage 14 BMP 
signalling is required to specify cells of respiratory epithelial character. Later 
in development, starting around stage 21, the cells of sensory epithelial 
character in the olfactory placode respond to BMP signals no longer by the 
acquisition of a respiratory epithelial fate but maintain their sensory 
epithelial character. In summary, our data show that the competence to 
respond to BMP signalling in olfactory placodal cells changes during a 
relatively short time period. 
 
FGF signalling is required for the generation of sensory epithelial 
character 
Starting around stage 8, several FGFs are expressed in the anterior part of 
the embryo and later expression of FGF8 can be detected in the olfactory 
placode/pit [86, 139]. Our results indicate that FGF signalling is required for 
the generation of cells of sensory epithelial character both in in vitro and in 
vivo, and that cells of sensory epithelial character in the absence of FGF 
signalling acquire respiratory epithelial character. Consistent with this, FGF 
signalling is required for the acquisition of pro-neural gene expression in the 
otic placode [186]. Previous results, obtained in olfactory sensory epithelium 
in vitro cultures, indicate that FGF signalling exerts stimulatory effects on 
neurogenesis [83]. Moreover, mice lacking the anterior expression domain of 
FGF8, initiate establishment of the sensory lineage at E10.5, probably due to 
compensatory effects of FGF3 and FGF10 [187]. At later stages (E12.5) 
however, development does not proceed further, possible because FGF8 is 
required to maintain and produce neural stem and progenitor cells in the 
olfactory sensory lineage [86].  We have shown that blocking FGF signalling 
in stage 14OP explants results in a reduction in size, but both, the relative 
and the total amount of Msx1/2-positive cells is increased in these explants, 
arguing that FGF is not merely required to sustain sensory epithelial cells as 
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suggested by the mouse data. Nevertheless, it can not be excluded that some 
sensory epithelial progenitor cells are dependent on FGF for their survival. 
 
BMP and FGF act in an opposing manner 
Our results indicate that FGF and BMP signalling act in an opponent manner 
in the regulation of sensory versus respiratory epithelial fate specification. 
One possible role for FGF might be to restrict BMP signalling, since 
inhibition of FGF signalling leads to the emergence of respiratory epithelial 
character only in the presence of endogenous BMP signals. Inhibition of 
FGF might increase the activity of BMP signals or lower the total amount 
needed for the induction of cells of respiratory epithelial character. Opposing 
activities of FGF and BMP signals have been described in several systems. A 
recent study reported that a balance of FGF and BMP signals is required for 
the generation of anterior placodal progenitor cells in part by preventing the 
generation of epidermal and neural cells, respectively [54]. Moreover, it has 
been suggested that tooth development and the progression of chondrocytes 
are controlled by antagonistic BMP and FGF signalling [188-191]. During 
the development of the cerebellum, FGF8 emanating from the isthmus is 
thought to influence the balance between Notch and BMP by 
phosphorylating Smad1 in the linker region, which leads to the deactivation 
of Smad1 [129, 192]. Moreover during development of the forebrain and the 
limb bud BMP4 signals have been shown to repress FGF8 expression [193-
195]. Additionally, in the developing forebrain FGF activity restricts the 
expansion of BMP4 expression via Foxg1, a transcriptional repressor [196-
198]. Several studies indicate that the primary role for Foxg1 is to maintain 
neuronal progenitor cells [199-201]. In the olfactory placode of mice Foxg1 
expression is widespread (E10.5) but becomes restricted to the ventral 
regions later on [202]. Storm et al suggest a Foxg1-survival pathway, which 
is proposed to be especially sensitive to FGF-induced inhibitors, resulting in 
cell death when endogenous FGF levels are further raised, an observation 
that is contrary to our results. Taken together, our results provide evidence 
that FGF and BMP signals act in an opponent manner in cells of the 
olfactory placode to regulate olfactory versus respiratory epithelial cell fate 
determination. 
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Discussion 

Notch signalling is required to maintain progenitor cells   
Diverse roles for Notch signalling have been described in the nervous 
system. Notch signalling can both inhibit and promote neurogenesis and 
regulate cell type diversification [203-205]. Our results indicate that Notch 
signalling in the olfactory placode is required to maintain Hes5-positive 
progenitor cells. Inhibition of Notch signalling in vitro and in vivo leads to 
increased neurogenesis. Interestingly, in our in vitro assay, the entire 
progenitor pool is depleted when Notch signalling is blocked. At late stages 
of olfactory sensory epithelium development, Notch signalling has been 
implicated in the segregation of OSN versus glial cell types [104]. Moreover, 
Notch mediated lateral inhibition has been implicated in regulating the 
density of neuronal progenitor cells in the developing sensory epithelium 
[96].  
 
Early born neurons join the migratory mass 
Our results have shown, that in embryos with perturbed Notch signalling, 
most HuC/D/GFP-double-positive cells leave the placode and migrate 
toward the forebrain as part of the migratory mass. This is in line with other 
descriptive in vivo studies that have shown that between stages 14 and 17 
most of the differentiated neurons leave the placode ([74] EM unpub 
observation). Little is known about the fate of these early migrating neuronal 
cells arising in the olfactory placode. This wave of migratory cells raises the 
possibility that in the olfactory placode, like in the CNS [129] several cell 
types arise at different time points from the same progenitor population and 
that in the olfactory placode the emergence of functional OSNs in the 
sensory epithelium might occur at later stages of development.  
 
Antagonism between BMP and Notch signalling pathways 
Our results indicate that inhibition of BMP signalling in the olfactory 
placodal region is required for the generation of neuronal cells, since stage 
14OP explants cultured in the presence of the BMP-inhibitor Noggin express 
Hes5 in most of the cells. Hes5 is a direct target gene of the Notch signalling 
pathway [77, 206, 207] and Notch signalling is required to maintain Hes5-
positive progenitor cells in the olfactory placodal region, raising the 
possibility, that BMP signalling influences the status of Notch signalling. 
Indeed, elevated levels of BMP signalling blocked expression of Delta1 and 
Notch1 and promotes respiratory epithelial character. In line with this Notch 
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activity in the otic placode is required to exclude expression of non-neural 
genes form the pro-neural territory [128]. Moreover, we show that inhibition 
of BMP signalling lead to increased uniform expression of Delta1 and down-
regulation of Notch1. A similar uniform high Delta1 expression domain has 
been reported in the spinal cord stem zone, where it functions in progenitor 
maintenance [97]. Previous studies have reported both synergistic and 
antagonistic effects of the two pathways. In neural crest stem cells, BMP 
signals promote neurogenesis, whereas Notch is dominant over BMP 
signalling and promotes gliogenesis instead [183]. Moreover in the rhombic 
lip, Notch signalling has been shown to regulate the responsiveness of 
progenitor cells to BMP signals. Notch activity inhibits the responsiveness to 
BMP signals, thereby maintaining progenitor cells [129]. In addition, in 
epithelial cell migration, BMP signals promote migration, whereas Notch 
signalling inhibits migration [208]. In summary, our results indicate that in 
the olfactory placode BMP and Notch signalling act antagonistically in the 
sensory epithelium. 
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Suppl Fig 1: 
 
 
 

 
 
Suppl Figure 1: Graded FGF signalling is sufficient to impose progressively more 
caudal character in the presence of high levels of Wnt signalling 
(A) Schematic graph of a stage 4 embryo, red box indicates the explant region in the 
presumptive forebrain. (B-D) Sox2 was used as a general neural marker (B) Control stage 4 
FB explants generated Sox2+/Otx2+ cells (C) Stage 4 FB explants cultured in the presence 
of FGF (15ng/ml) and Wnt3A (100µl/ml) generated Krox20+ cells and 
Hoxb4+/Hoxb8+/Hoxc9+ cells. (D) Stage 4 FB explants cultured in the presence of FGF 
(60ng/ml) and Wnt3A (100µl/ml) generated predominantly Hoxb4+/Hoxb8+/Hoxc9+ cells 
and only few Krox20+ cells. (Figure previously published in “Early Rostrocaudal patterning 
of the CNS” by U. Nordström, 2005) 
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Suppl Fig 2: 
 
 
 
 
 

 
 
 
Suppl Figure 2: FGF signalling is required to impose caudal neural character in the 
presence of Noggin 
(A) Schematic graph of a stage 4 embryo, red box indicates the explant region in the 
presumptive forebrain. (B-D) Sox2 was used as a general neural marker. (B) Control stage 4 
FB explants generated Sox2+/Otx2+ cells (C) Stage 4 FB explants exposed to Wnt 
(100µl/ml) and Noggin (200µl/ml) generated Hoxb8+ cells. (D) Stage 4 FB explants 
exposed to Wnt (100µl/ml), Noggin (200µl/ml) and SU5402 (5µM) generated Sox2+/Otx2+ 
cells. 
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Suppl Fig 3: 
 

 
 
 
 
 
Suppl Figure 3: Expression of BMP4, Id3 and Msx1/2 in a stage 22 embryo. 
Schematic graph of a stage 22 embryo, indicating the plane of section. (A) DAPI stained 
overview of a section, the boxed area indicates the olfactory pit, blown-up in the panels B-
D. (B) Expression of BMP4 can be detected at medio-posterior positions in the rim of the 
olfactory pit. (C) Expression of Id3 can be detected in the rim of the olfactory pit and is 
absent in the anterior and the superior region. (D) Expression of Msx1/2 can be detected in 
the rim of the olfactory pit and is absent in anterior and superior positions.  
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