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Abstract 
 

Organizing centers commonly regulate development of an embryo. One such center that 

regulates development of the neural tube is the isthmic organizer, which is located at the 

boundary between the midbrain and rhombomere 1 of the hindbrain. Although a lot is known 

on the molecular properties of the isthmic organizer, very little is known about the 

mechanisms responsible for the maintenance and coherence of this signaling center.  

 

Fgfr1 null mutants die early during gastrulation. To analyze the role of the Fgfr1 in the 

midbrain-hindbrain and midbrain we generated Fgfr1 midbrain-hindbrain and midbrain 

specific mutants. Tissue specific inactivation of the conditional Fgfr1 allele in the midbrain-

hindbrain or midbrain resulted in deletion of the dorsal midbrain structures and the vermis of 

the cerebellum. Analysis of the both types of mutants suggests that after establishment of the 

isthmic organizer, FGFR1 is needed for the maintenance of the isthmic organizer dependent 

genes and it has a direct functions on both sides of the organizer. In addition, FGFR1 

regulates cell adhesion molecule expression at the midbrain-hindbrain boundary.  We suggest 

that differential cell adhesion properties of the cells around the midbrain-hindbrain boundary, 

is necessary for the maintenance of a coherent organizing center. We also present evidence 

for existence of zones of FGFR1 dependent boundary cells around the midbrain-hindbrain 

border. Our results suggest that these cells that proliferate slowly, are necessary for 

development of the isthmic constriction, and can further prevent cell mixing across the 

midbrain-hindbrain boundary.     

 

Branchial arches of vertebrate embryos are transient structures, which start to develop after 

the mid- and hindbrain acquire their positional identity. Development of the branchial arches 

depends on the interaction and integration of different cell populations containing: surface 

ectoderm, foregut endoderm, paraxial mesoderm and neural crest cells.  

 

Using mouse embryos homozygous for the hypomorphic allele of Fgfr1, we showed that 

FGFR1 is required for the entry of the neural crest cells into the second branchial arch. To 

answer the question whether Fgfr1 regulates the entry of the neural crest cells into the second 

branchial arch cell autonomously, we rescued the hypomorphic Fgfr1 allele and inactivated a 

conditional Fgfr1 allele, specifically in the neural crest cells.  Analysis of these mice indicate 

that FGFR1 is needed for development of an environment permissive for neural crest 

migration rather than in the migrating neural crest cells themselves.  
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 1. Review of the literature 
 

1.1 Brain development 

 

1.1.1 Neural induction and the primary organizer 
 

Neural induction is the initial step by which the vertebrate neural plate arises from the 

embryonic ectoderm. Study of the signals involved in the vertebrate neural induction 

began with Spemann and Mangold’s experiments in amphibian embryos. In 

amphibians, neural tissue forms on the dorsal side of the embryos (dorsal ectoderm), 

whereas the epidermis forms on the ventral side of the embryo (ventral ectoderm). In 

their experiments Spemann and Mangold transplanted the dorsal lip of the blastopore 

of gastrula stage newt embryos to the region that normally forms the epidermis of 

another gastrula stage embryo (Hamburger, 1988).  The dorsal blastopore lip later 

named as “Spemann’s organizer”, was shown to induce prospective epidermal cells to 

form a secondary nervous system. This finding led to the idea that an organizer region 

is a local source of inductive signals that imposes neural fate on the surrounding 

dorsal ectoderm at gastrula stages.   

 

The Hensen’s node in chick and the node in mouse, which are equivalents of the 

Spemann’s organizer in amphibians, are all involved in the initial patterning 

underlying anterior-posterior axis formation. The Spemann organizer and its 

equivalents in other organisms got the historic privilege of being called the primary 

organizer and its function was labeled as the primary embryonic induction. 

 

More recently, the studies preformed mainly in the Xenopus laevis have led to the 

idea that rather than of being positively induced, the embryonic ectodermal cells have 

a natural “default” tendency to become “neural” in the absence of bone 

morphogenetic protein (BMP) signals (Hemmati-Brivanlou and Melton, 1997). BMP 

signals prevent embryonic ectoderm cells to become neural, instead BMPs instruct 

them to become epidermal. Indeed, several molecules expressed in the organizer, 

including Noggin, Chordin, Follistatin, Xnr3, and Cerberus induce neural tissue by 
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directly interfering with BPM signaling (Hansen et al., 1997). However, inhibitory 

signals derived from the organizer might not be the entire basis for the neural 

induction. Mice with mutations in the transcription factor HNF3β or in the Arkadia 

protein, which acts upstream of HNF3β, fail to generate the node and node derivatives 

(Ang et al., 1994; Episkopou et al., 2001; Klingensmith et al., 1999). However, these 

mutants develop a neural plate, providing a genetic evidence that the generation of 

neural cells in the mouse does not require a functional node or node derivatives (Ang 

et al., 1994; Episkopou et al., 2001; Klingensmith et al., 1999). These results were 

further supported by in vitro experiments showing that embryonic (ES) cells acquire a 

neural identity by default (Tropepe et al., 2001). 

 

1.1.2 Neural induction and initial patterning by growth factors 

 

In addition to the neuralizing activity by the molecules expressed at the organizer it 

seems that the neural induction requires a caudal gradient of posteriorizing activity 

(Saxen, 2001; Wilson et al., 2001). Candidates for the posteriorizing activity include 

active signals such as fibroblast growth factors (FGFs), WNTs and retinoic acid 

(Alvarez et al., 1998; Hongo et al., 1999; Launay et al., 1996; Storey et al., 1998).  

 

In Xenopus, WNT signaling plays a role in the selection of the neural or epidermal 

fate by regulating the formation of dorso-ventral axis (Baker et al., 1999). However if 

Wnts are over-expressed in the Xenopus during the later blastula stages, the generation 

of the neural tissue is inhibited (Baker et al., 1999). In the chick, Wnt signaling 

prevents the lateral epiblast cells from responding to FGF, instead lateral epiblast 

maintains Bmp expression and acquires epidermal fate (Wilson et al., 2001). Reducing 

WNT signaling in lateral epiblast cells by a truncated soluble fragment of the mouse 

WNT receptor Frizzled8, permits FGF to induce neural fate (Wilson et al., 2001). On 

the other hand, the lack of  exposure of the medial epiblast cells to WNT signaling, 

permits FGF signaling both to repress Bmp expression and to activate an independent 

pathway which leads to the acquisition of the neural fate.  

 

FGF signaling has been implicated in both neurulation and in the induction of 

mesodermal cell types. The activity of FGF pathways in neural induction may precede 
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organizer signaling (Wilson et al., 2000). FGF signaling activates two distinct 

pathways in the epiblast cells: It induces embryonic ectodermal cells to become neural 

by suppressing Bmp expression and by promotion of a neural fate by a pathway 

independent of the repression of Bmp expression (Bertrand et al., 2003; Sheng et al., 

2003; Streit et al., 2000; Wilson et al., 2000). In the chick embryos, FGF might 

regulate Churchill, which encodes a transcription factor. Churchill may play a role in 

the switching between mesoderm- and neural-inducing activities of FGF (Sheng et al., 

2003). In the embryo of ascidian Ciona intestinalis, FGFs regulate the expression of 

Otx (which is the earliest known marker of the ascidian neural tissue) by activating 

the transcription factor GATA (Bertrand et al., 2003). GATA is known to regulate the 

expression of the Otx. 

   

FGFs also play a role in the antero-posterior patterning. In the Xenopus, block of FGF 

signaling in vivo by a dominant negative FGF receptor results in tadpoles that lack 

their posterior mesoderm (Amaya et al., 1991). Indeed, it has been shown that FGFs 

play important role in normal antero-posterior patterning of Xenopus embryos by 

regulating posterior expression of Hox genes (Pownall et al., 1996). Also in the mice, 

FGFs may control the specification of body segments along the anterior-posterior axis 

by acting upon Hox genes (Partanen et al., 1998).  

 

1.1.3 Development of the early mid- and hindbrain 

 

The early development of the most vertebrate brains is similar. Neural ectoderm is 

transformed from the plain structure into the neural tube trough invagination and 

subsequent fusion in its dorsal edges along the length of the trunk. Presumptive brain 

tissue is located in the anterior part of the plain neural ectoderm. Initially it is 

recognized as the formation of the two neural folds in the head region of the 

presomite (head fold) embryo (E7.5-E8.5 in mouse). The neural folds bulge and close 

to form the early brain consisting of three primary vesicles (E9.5 in the mouse). In 

their anterior-posterior order they are called: fore-, mid-, and hindbrain (Fig. 1). The 

cell populations, within these walls, rearrange and are regionalized. The initial 

regionalization of the neural tube is the first step towards generation of the cellular 

diversity in the vertebrate brain.    
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In the following, the main features of the midbrain and rhombomere 1 of the 

hindbrain as well as their development are discussed. 

 

 
 
 
 
 
 
 
 
 
Figure 1. Schematic representation of the early 
chick brain in lateral view. Brain is regionalized into 
forebrain, midbrain and hindbrain. Hindbrain is 
segmented into rhombomeres (r1-r8). The figure 
represents stage HH16 in the chick that corresponds to 
E9.5 in mouse. 

 

1.1.3.1 Structures derived from midbrain   

 

Midbrain is positioned between the hindbrain and forebrain. At E9.5-E10.5 midbrain 

becomes subdivided along the dorso-ventral axis into tegmentum that arise from the 

basal (ventral) region, and tectum arising from the alar (dorsal) region of the neural 

tube. Tectum consists of four swellings which will form structures involved in visual 

and auditory reflexes. The rostral two swellings form the superior colliculi. The 

caudal two swellings form inferior colliculi. The superior colliculus is a visual reflex 

center that plays a role in helping orient the head and eyes to all types of sensory 

stimuli. Inferior colliculus is an auditory structure that is involved in “spatial analysis” 

of sound. 

 

Many important nuclei are located in the ventral midbrain. These include the 

dopaminergic neurons in the substantia nigra, which relay signals concerned with 

motor function to parts of the forebrain, and the ventral tegmental area, which 

regulates mood and behavioral state of an individual. Other ventral midbrain 

structures include the oculomotor (III) nucleus that supplyes muscles of the eye, and 
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the pedunculopontine nucleus that is involved in the initiation and modulation of gait 

and other stereotyped movements. 

 

1.1.3.2 Structures derived from rhombomere 1 

 

Hindbrain is separated from the midbrain by a constriction called isthmus, which 

starts to appear at E9.25 and is obvious already at E10.5 in mouse. The hindbrain is 

further subdivided into eight segments called rhombomeres. Rhombomeres (1-8) are 

separated by borders and become cell-lineage restricted units (Guthrie and Lumsden, 

1991). The most anterior rhombomere is called rhombomere 1. Rhombomere 1 

becomes subdivided along the dorso-ventral axis into pons arising from the ventral 

region, and cerebellum developing from the dorsal region of the neural tube (Millet et 

al., 1996; Wingate and Hatten, 1999). Cerebellar anlagen, which is initial 

specification of the cerebellum, is bordered by the isthmus anteriorly and by the 

choroid plexus posteriorly. The cerebellum grows in size and changes dramatically 

from the cerebellar anlagen to its adult form. It consists of two cerebellar lobes, which 

form around the vermis structure located in the middle of the cerebellum. The 

cerebellum processes input from other areas of the brain stem, spinal cord and sensory 

receptors to provide precise timing for coordinated smooth movements of the 

muscular posture and balance. In addition cerebellum is also thought to be important 

for cognitive functions, such as motor learning. 

 

Nuclei derived from the rhombomere 1 include the noradrenalinergic neurons in locus 

coeruleus that mediate arousal, the serotoninergic neurons in raphe nuclei that 

constitute the main supply of serotonin to the rest of the brain and regulate mood, the 

pontine nucleus of trigeminal nerve (V) that receives mechanosensitive information of 

the facial region, and the trochlear (IV) motor nucleus that controls the function of the 

superior oblique muscle which rotates the eye towards the nose and also moves the 

eye downward.  
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1.1.3.3 Origin of the medial cerebellum   

 

The origin of cells in the medial cerebellum (vermis) have remained controversial 

until recently. Traditional view is that the vermis arises from the two dorsal plates of 

the anterior hindbrain. From these plates the cerebellum evolves as a bilateral organ, 

which eventually fuses at the dorsal midline to form a uniform primordial. However, 

initial experimental studies using quail-chick chimera system suggested dual 

midbrain-hindbrain origin of the vermis (Alvarez et al., 1993; Hallonet et al., 1990; 

Martinez and Alvarado-Mallart, 1989). In these experiments, portion of the midbrain 

cells, located in the close proximity to the isthmic constriction, where removed from 

the quail embryo and transplanted to the same region of the HH10 chick embryo. 

After maturation of the embryo, quail cells were traced. Cells that originate from the 

caudal midbrain were found to populate the vermis, while cells in posterior and lateral 

cerebellum were derived from the anterior hindbrain.  

 

In contrast to the dual midbrain-hindbrain origin of the vermis suggested by the initial 

experiments in the quail-chick, more recent studies have demonstrated that the vermis 

cells originate entirely from the anterior hindbrain (Millet et al., 1996). Otx2 is a 

homeobox domain transcription factor whose expression becomes progressively 

restricted to the forebrain and midbrain of the mouse embryo (Simeone et al., 1993; 

Simeone et al., 1992). Fate mapping studies in chick, provided evidence that the 

caudal limit of Otx2 expression in the midbrain marks the midbrain-hindbrain 

boundary (Millet et al., 1996). The caudal limit of Otx2 expression at the HH10 stage 

used in quail-chick transplantation experiments, was not in the isthmic constriction, 

but slightly anterior to it (Millet et al., 1996). Slightly later at HH15 of chick 

development, caudal expression of Otx2 coincides with the isthmic constriction. Thus 

the isthmic constrictions of HH10 and HH15 in chick embryos are not equivalent 

structures (Hidalgo-Sanchez et al., 1999). When the quail-chick experiments were 

performed using caudal expression of Otx2 as the midbrain-hindbrain boundary 

marker, the vermis cells were shown to originate completely from the rhombomere 1.  
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WNT1 is a secreeted molecule expressed in the posterior region of the midbrain. In 

support to the theory that the vermis cells originate completely from the hindbrain, 

recent results obtained by genetic cell fate mapping of the Wnt1 expressing cells in the 

mouse embryo, demonstrated that these cells do not contribute to the hindbrain 

structures (Zervas et al., 2004).  

 

1.1.4 Neural patterning by secondary organizers 
 

The world of developmental biology has been influenced by and has changed a lot 

after Spemann’s discovery. Today we know that there are many organizers, which are 

active in development (Nieto, 1999; Ruiz, 1994; Ruiz, 1998). They are all termed 

secondary organizers. Nevertheless, the same basic principle applies: organizers are 

transient structures with the ability to induce adjacent cells to change their fate 

(Gurdon, 1987).  

 

The anterior neural tube is location for several planar signaling centers. These 

include anterior neural ridge (ANR), zona limitans interthalamica (ZLI) and isthmic 

organizer. ANR is located at the junction between the most anterior neural plate and 

the non-neural ectoderm (Houart et al., 1998; Shimamura and Rubenstein, 1997). 

Experiments in mouse suggests that the ANR and Fgf8 expression in this domain are 

important for forebrain development (Meyers et al., 1998; Shimamura and 

Rubenstein, 1997)  (Fig. 2). ZLI forms at the junction between the future ventral and 

dorsal thalamus. The ZLI cells express Sonic hedgehog (Shh) which controls the 

proliferation and fate of adjacent cells (Figdor and Stern, 1993; Puelles and 

Rubenstein, 1993).  Perhaps the most studied of the planar signaling centers is the 

isthmic organizer that is located at a morphological constriction between the mid- and 

hindbrain. It organizes early patterning of the midbrain and hindbrain in all vertebrate 

species that have been studied to date. Experiments performed in the chick suggest 

that Fgf8 expressed at the junction between the midbrain and hindbrain mediates the 

isthmic organizer activity (see chapter 1.1.5.1). 
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Figure 2. Schematic representation of the location of the planar signaling centers within 
the anterior neural tube. Isthmic organizer is located in the constriction between mid- (dark 
green) and hindbrain (red). Signals originating from the isthmic organizer such as Wnt1 (light 
green) and Fgf8 (blue) regulate development of the mid- and hindbrain. Fgf8 (blue) expressed 
in the ANR regulates forebrain development. Shh expressed at the ZLI regulates the 
proliferation and fate of adjacent cells. ANR, anterior neural ridge; IsO, isthmic organizer; 
ZLI, zona limitans intrathalamica. 
 
Figure 3. Schematic representation of the quail-chick transplantation experiment. 
Isthmic graft from the early chick embryo transplanted to the forebrain or hindbrain of the 
chick host embryo induce adjacent tissues to develop mid- and hindbrain structures. Midbrain 
and hindbrain are represented by green and red color respectively.  
 
Figure 4. Schematic representation of FGF8 bead experiments. FGF8 beads (blue) were 
shown to induce development of the ectopic mid- and hindbrain structures in the 
diencephalons or expression of the mid- and hindbrain specific genes in the r2. FGF8 beads 
had no inductive properties when implanted in the anterior forebrain. Midbrain and r1 are 
represented by green and red color respectively. Wnt1 and Fgf8 expressions are represented 
by light green and blue color respectively. 
 
Figure 6. Schematic representation of the spatial relationships between isthmic 
organizer dependent genes at A) E7.5, B) E7.75-E8.5, C) E9.5. A) At E7.5 (initial 
specification phase) signals from anterior mesendoderm or notochord regulate expression of 
Otx2 in anterior neural ectoderm (Ang and Rossant, 1993; Darnell and Schoenwolf, 1997; 
Hemmati-Brivanlou et al., 1990). Gbx2 expression was suggested to be induced by the 
signaling molecules such as: Wnt, Fgf and retinoic acid (Ra) (Gavalas and Krumlauf, 2000; 
Muhr et al., 1999). B) During early embryonic stages (E7.75-E8.5, establishment phase), 
parallel pathways (Pax, En, Fgf and Wnt) are activated around Otx2 and Gbx2 interface in the 
primordia of the early mid- and hindbrain. C) During later embryonic stages (E9.5, 
maintenance phase), expression of the isthmic organizer dependent genes become more 
restricted, and their expression comes to depend on each other. 
 
Figure 7. Repositioning the isthmic organizer. 
A) Expression domains of Otx2, Gbx2, Wnt1 and Fgf8 in wild type embryos at E9.5. The 
isthmic organizer is positioned at the OTX2 and GBX2 interface. B) Expression domains of 
the same genes in the Otx2 chimeric embryos at the 6 somite stage. In these embryos Otx2 is 
expressed in the visceral endoderm but it is specifically absent from the neural ectoderm. 
Expression of the Gbx2 and Fgf8 is shifted anteriorly and expression of Wnt1 is abolished in 
the absence of Otx2. C) In Gbx2 null mutants at 6 somite stage, expression domains of Otx2, 
Fgf8 and Wnt1 are shifted posteriorly. D) In transgenic mouse expressing Otx2 under En1 
promoter, expression domains of Gbx2 and Fgf8 are repressed and shifted posteriorly, while 
Otx2 and Wnt1 expressions extends posteriorly causing reposition of the isthmic organizer. E) 
In transgenic mouse expressing Gbx2 under Wnt1 promoter expression domains of Otx2, 
Gbx2, Wnt1 and Fgf8 are shifted anteriorly. di, diencephalon; mb, midbrain; MHB, midbrain-
hindbrain boundary; r1-r3, rhombomere 1-3; wt, wild type. 
 
Figure 22. Fgfr1 dependent boundary cells have a specific properties Specific cell 
populations make the midbrain-hindbrain boundary cells with unique properties. Boundary 
cells express distinct genes and have specific cell adhesion properties. They maintain a sharp 
and stable boundary that separates different cell populations. Lower cell proliferation of the 
boundary cells could further stabilize the boundary between different cell populations. White 
cells represent midbrain cells, blue cells represent hindbrain cells. Red bars represent PB-
Cadherin. P++, rapid proliferation, P+, medium proliferation, P, slow proliferation rate.  
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1.1.4.1 The isthmic organizer 

 

The story of the isthmic organizer dates back to mid ‘80s when tissue grafting and 

transplantation studies in quail-chick embryos demonstrated that the tissue containing 

the isthmus can induce both the growth and the ordered anterior-posterior 

specification of the midbrain-hindbrain structures when transplanted to the 

diencephalon or a caudal hindbrain (Nakamura et al., 1986; Marin and Puelles, 1994; 

Martinez and Alvarado-Mallart, 1989) (Fig. 3).  

 

However when isthmic transplants were transplanted outside the regions anterior to 

the ZLI or posterior to the hindbrain, they were not able to induce development of the 

ectopic midbrain and cerebellum. If transplanted to the spinal chord region, isthmus 

tissue itself adopted a more posterior fate (Grapin-Botton et al., 1999).  

 

1.1.4.2 FGF8 mediates the isthmic organizer activity 

 

After the isthmic organizer had been identified, search for the molecules mediating its 

activity started. It was found that Fgf8 expression in the isthmus is conserved in its 

temporal and spatial manner among all vertebrate classes including the mouse 

(Crossley et al., 1996; Crossley and Martin, 1995; Heikinheimo et al., 1994; Hidalgo-

Sanchez et al., 1999; Mahmood et al., 1995; Ohuchi et al., 1994), avian (Crossley et 

al., 1996) and fish (Furthauer et al., 1997; Reifers et al., 1998) (Fig. 2). Another 

secreted molecule, Wnt1, was found to be expressed at the isthmus in the posterior 

midbrain next to Fgf8 expression at the anterior hindbrain (McMahon and Bradley, 

1990; Wilkinson et al., 1987). 

 

Experiments performed in the mid and late ‘90s, demonstrated that FGF8 soaked 

beads were able to induce midbrain-hindbrain structures when grafted to the forebrain 

or hindbrain of mouse and chick embryos, suggesting that FGF8 mediates the isthmic 

organizer activity (Crossley et al., 1996; Martinez et al., 1999; Heikinheimo et al., 

1994) (Fig. 4). Similar to the isthmic transplants, FGF8 beads were not able to induce 

development of the ectopic midbrain and cerebellum when inserted outside the 

regions of the diencephalon and caudal hindbrain.  
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Other FGFs are also expressed at the isthmus. Following the initiation of Fgf8 

expression, Fgf17 and Fgf18 are expressed in the mid- and hindbrain boundary. 

Electroporation and bead experiments have shown that Fgf17 and Fgf18 have a 

different regulative properties in the mid- and hindbrain than Fgf8 (Liu et al., 2003). 

 

1.1.4.3 Expression of the isthmic organizer dependent genes 

 

In addition to the secreted molecules belonging to the FGF and WNT families, a 

number of genes encoding transcription factors: Otx, Gbx, Engrailed (En) and paired 

domain containing factor (Pax) families were found to be expressed within isthmic 

organizer region in a manner conserved in all vertebrates studied (Fig. 5 and Fig. 6).  

 

Neural ectoderm is regionalized already at E7.5 in mouse embryo by expression of 

two transcription factors: Otx2 and Gbx2 (Millet et al., 1996; Niss and Leutz, 1998; 

Shamim and Mason, 1998; Simeone et al., 1992; Wassarman et al., 1997). In a mouse 

at E7.5 they mark the anterior and the posterior epiblast, respectively (Fig. 6).  

 

In addition to the early regionalization of the neuroectoderm, signals from the 

mesoderm are required for the induction of genes such as En1 and Pax2 in the mid- 

and hindbrain region (Ang and Rossant, 1993; Hemmati-Brivanlou et al., 1990). In 

the chick, it has been shown that Fgf4 is transiently expressed in the anterior 

notochord, at the time vertical signaling from the axial mesoderm induce the mid- and 

hindbrain specific genes in the overlaying neuroectoderm (Shamim and Mason, 

1999). However in zebrafish and mouse mutants lacking notochord, the midbrain-

hindbrain boundary is positioned and specified correctly (Ang et al., 1994; Thisse et 

al., 2000).  Thus the role of FGF4 from notochord  in the induction of the isthmic 

organizer genes remains unclear.  

 

At 1-5 somite stage (E7.75-E8.0) before the neural tube closes, Pax2/5 and En1/2 are 

initially expressed in a presumptive midbrain and rhombomere 1. At around same 

time Wnt1 and Fgf8 are expressed in the midbrain and rhombomere 1 respectively. 

During the neural tube closure, expression of the genes characteristic for the isthmic 
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organizer becomes more restricted. By E9.5, Fgf8 and Wnt1 are expressed in adjacent 

narrow rings in the region of the isthmus.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Schematic 
representation of the 
onset of the expression of 
the isthmic organizer 
dependent genes. Onset 
of the expression of the 
genes associated with the 
isthmic organizer is shown 
in three different species: 
mouse, zebrafish and 
chick. Table is modified 
from (Rhinn and Brand, 
2001) and references are 
there in. 

 

1.1.5 Genetic studies of the isthmic organizer 

 

Genetic studies involving knockouts, conditional inactivation and targeted miss 

expressions have helped us to understand the function of the isthmic organizer 

dependent genes (Table 1). These experiments showed that Wnt1, Fgf8, Pax2/5 and 
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En1/2 are required for the proper development of the midbrain and cerebellum, while 

Otx2 and Gbx2 are required for the specification of the anterior neural tube and 

positioning of the isthmic organizer.  

 

1.1.5.1 Positioning of the isthmic organizer at the Otx2-Gbx2 interface 

 

Otx2 and Gbx2 can be used to define two distinct, adjacent cell populations, the 

midbrain and hindbrain, respectively (Broccoli et al., 1999; Hidalgo-Sanchez et al., 

1999; Millet et al., 1996). Both Otx2 and Gbx2 are needed for the initial specification 

of the midbrain and hindbrain tissue, respectively (Fig. 7).  

  

Otx2 is initially required in the visceral endoderm for the induction of the head tissue 

(Simeone and Acampora, 2001; Rhinn et al., 1998). In the mutant mouse in which 

Otx2 is specifically inactivated in the neural ectoderm but persists in the visceral 

endoderm, embryos form the anterior brain at early somite stages, but the forebrain 

and midbrain are not specified normally and failed to form (Acampora et al., 1998; 

Rhinn et al., 1998). Accordingly, in the Gbx2 null mutants, early phenotype is a 

transformation of rhombomeres 1-3 into a midbrain fate as observed by a posterior 

shift of the Otx2, Wnt1 and Fgf8 expression (Millet et al., 1999; Wassarman et al., 

1997).  

   

Once the presumptive neural tissue is specified it becomes competent to respond to 

both the axial signaling from the notochord and planar signaling within the neural 

ectoderm. Genetical experiments have demonstrated the importance of the interface 

between Otx2 and Gbx2 expression at the midbrain-hindbrain boundary for the 

positioning of the isthmic organizer (Acampora et al., 1995; Acampora et al., 1997; 

Millet et al., 1999). When Otx2 is mis-expressed caudal to the midbrain-hindbrain 

boundary using En1 promoter, Gbx2 expression is repressed and Otx2, Wnt1 and Fgf8 

expression shifts and expands posterior (Broccoli et al., 1999). On the other hand 

misexpression of the Gbx2 rostral to the midbrain-hindbrain boundary using Wnt1 

promoter, results in the repression of the Otx2 as well as in the shift and anterior 

expansion of the isthmic organizer dependent genes (Millet et al., 1999). 
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Moreover the isthmic organizer has a property to regenerate after its removal, 

suggesting that it is normally maintained by the cell-cell interactions between Otx2 

and Gbx2 expressing neural ectoderm cells (Irving and Mason, 1999). 

 

1.1.5.2 Fgf8  

 

Genetic studies in which Fgf8 was partially or conditionally inactivated in a mouse 

(Meyers et al., 1998; Chi et al., 2003) further supported requirements of Fgf8 for the  

mid- and hindbrain development. The isthmic organizer dependent genes including 

Fgf8 were induced, but were not maintained in these mutants. In addition to down 

regulation of expression of the isthmic organizer dependent genes, mid- and hindbrain 

region is appoptotically deleted in the early stages of development in the midbrain-

rhombomere 1 specific Fgf8 mutants. At E17.5, midbrain, isthmus and cerebellum 

structures were completely missing in these mutants. Midbrain-rhombomere 1 

specific Fgf8 mutants completely lack or have severely truncated cranial nerves such 

as midbrain derived trochlear (IV), oculomotor (III) and a pat of a rhombomere 1 

derived trigeminal (V) nerve. In addition, dopaminergic neurons of the locus 

coeruleus and substantia nigra are completely lacking in these mutants. Before present 

work, there were no studies on the function of any of FGF receptors in the mid- and 

hindbrain region.  

 

Fgf8 is transcribed in multiple isoforms. Ectopic expression of one of Fgf8 isoforms, 

Fgf8b under, the Wnt1 promoter (Liu et al., 1999) resulted in the mutant mice in 

which early midbrain and posterior forebrain were transformed into the hindbrain, as 

indicated by the repression of Otx2 expression and anterior shift and expansion of 

Gbx2 and Fgf8 expressions. Interestingly, ectopic expression of another Fgf8 isoform, 

Fgf8a, mainly causes over proliferation of the midbrain and caudal diencephalon 

accompanied with the up regulation of En2 (Lee et al., 1997; Liu et al., 1999).  

 

In addition to Fgf8 many other Fgfs are expressed at or around the mid- and hindbrain 

boundary region. Fgf2 is expressed throughout the neural tube while Fgf8, Fgf15, 

Fgf17 and Fgf18 are tightly localized to specific regions of the developing midbrain 
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and hindbrain. Of these Fgf8, Fgf17 and Fgf18 are expressed only in the early stages 

of proliferation and neurogenesis. 

 

It is likely that some functional redundancy between FGFs occur. For example 

members of the FGF8 subfamily (FGF8, FGF17, and FGF18) share 70-80% similarity 

on the level of amino acid sequence, have similar receptor binding properties and are 

expressed at some overlapping sites (Maruoka Y. et al., 1998; Xu et al., 2000). Mice 

homozygous for the Fgf17 null allele have mild cerebellar defects and reduced 

proliferation of the cerebellum precursors cells after E11.5 (Xu et al., 2000). Fgf8 -/+ 

Fgf17 -/- mutant embryos have more severe phenotype than Fgf17-/- mice indicating 

that Fgf8 and Fgf17 have a partial overlap of function in the mid- and hindbrain 

development.  

 

In zebrafish acerebellar (ace), which carry mutation in fgf8 gene, midbrain and 

cerebellum fails to develop. Expression of the isthmic organizer genes is initiated but 

is not maintained in ace (Reifers et al., 1998). Thus fgf8 function is required to 

maintain, but not to initiate, expression of pax2.1, wnt1 and eng genes. 

 

1.1.5.3 Wnt1 

 

Embryos homozygous for a Wnt1 null allele have early midbrain deletion followed by 

the deletion of the rhombomere 1 (McMahon and Bradley, 1990; Thomas and 

Capecchi, 1990). En1 expression is initiated normally in Wnt1-/-, but is not 

maintained, suggesting a role of Wnt1 in the maintenance of the En1 expression. 

Indeed by introducing a transgene expressing En1 driven by Wnt1 promoter, into 

Wnt1 null mutants, the Wnt1-/- phenotype is rescued, suggesting that WNT1 function is 

to maintain En1 expression in the mid- and hindbrain (Danielian and McMahon, 

1996). WNT1 is also required for the maintenance of the Fgf8 expression (Lee et al., 

1997). Interestingly, when Wnt1 was ectopically expressed under the En1 promoter, 

the patterning activity of the isthmic organizer was not much altered, instead dorso-

caudal midbrain was dramatically enlarged in size (Adams et al., 2000; Panhuysen, V, 

2004). These results showed that WNT1 is not a key mediator of the isthmic organizer 

activity. 
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The behavior of the midbrain-hindbrain boundary cells in the Wnt1 hypomorph 

embryos, Wnt1sw/sw, suggest yet another mechanism. In Wnt1sw/sw embryos, the 

midbrain-hindbrain boundary is not sharp and cells expressing Otx2 and Wnt1 migrate 

in the rhombomere 1 (Bally-Cuif et al., 1995; Thomas et al., 1991). These results 

point to the altered cell adhesion properties of the mid- and hindbrain cells. Indeed it 

has been shown that WNT1 regulates the expression of the cell adhesion molecules 

such as E-Cadherin at the mid- and hindbrain boundary (Shimamura et al., 1994).   

 

In zebrafish, multiple wnt genes: wnt8b, wnt3a, wnt1 and wnt10b are expressed in the 

prospective mid- and hindbrain region (Kelly and Moon, 1995; Krauss et al., 1992; 

Lekven et al., 2003). Inactivation of both wnt1 and wnt10b was found in a Dfw5 

embryos resulting in subtle defects of the mid- and hindbrain (Lekven et al., 2003). 

However when wnt3a/wnt1/wnt10b compound mutants were generated by morpholino 

inactivation of wnt3a in Dfw5 embryos, it resulted in early loss of pax2.1, eng and fgf8 

(Lekven et al., 2003). Thus, WNT is required for the formation of an functional 

isthmic organizer also in zebrafish. 

 

1.1.5.4 En1/2   

 

Embryos homozygous for the En1 null allele have similar but milder mid- and 

hindbrain defects compared to the Wnt1-/- embryos (Wurst et al., 1994). On the other 

hand, En2-/- mice are viable and show only minor defects such as, abnormal foliations 

of the fissures of the cerebellum (Millen et al., 1994). En1-/-; En2-/- embryos have 

more severe phenotype than either of En null homozygous embryos alone, suggesting 

that two EN proteins can carry similar functions in mice (Liu and Joyner, 2001). 

Furthermore, when En1 coding sequence was replaced with those of En2, generating 

En12ki/2ki mice, the phenotype of En1-/- mice was rescued in the mid- and hindbrain 

(Hanks et al., 1995). 
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1.1.5.5 Pax2/5 

 

Similar to En genes, Pax2 and Pax5 are also co-expressed at the midbrain-hindbrain 

boundary. Several Pax2 mutant alleles have been created, displaying different 

phenotypes (Bouchard et al., 2000; Favor et al., 1996; Schwarz et al., 1997; Torres et 

al., 1996). Mice homozygous for Pax21Neu allele, a spontaneous frame shift mutation 

lack mid- and hindbrain region early in development. On the other hand, Pax5-/- mice 

have slight defects in the posterior midbrain and cerebellum. Like EN1/2 the two 

PAX proteins perform similar functions in the midbrain-hindbrain region, as 

demonstrated by generation of Pax2-/-; Pax5-/- double mutants (Schwarz et al., 1997). 

These mutants lack most of the midbrain and cerebellum and have more severe 

phenotype than either of Pax null homozygous mutant alone. 

 

Zebrafish has four pax genes, pax2.1, pax2.2, pax5 and pax8, expressed at the 

midbrain-hindbrain boundary. pax2.1 most closely resembles mammalian Pax2. The 

zebrafish no isthmus (noi) mutation, which is known to inactivate pax2.1, is 

functionally equivalent to the double inactivation of Pax2 and Pax5 in the mice in 

regard to the mid- and hindbrain development (Brand et al., 1996; Lun and Brand, 

1998; Pfeffer et al., 1998). In noi mutants, eng2 and eng3 transcription is not initiated 

normally, while fgf8 and wnt1 are initiated but not maintained. These results 

suggested that eng3 activation is completely and eng2 strongly dependent on pax2.1 

function.  

 
Table 1. Mid- and hindbrain phenotypes of the embryos carrying mutation in the 
isthmic organizer dependent genes. 
Zebrafish 
gene/mutation 

Midbrain and hindbrain phenotype of the mutant  

fgf8  
Acerebellar 
(ace) 

Ace embryos have a mutation in fgf8 allele. Ace embryos lack the midbrain-
hindbrain boundary and the cerebellum, expression of pax2.1, wnt1 and eng 
genes is initiated, but is not maintained, at the mid- and hindbrain boundary 
(Brand et al., 1996; Reifers et al., 1998).  

pou2 
Spiel-ohne-
grenzen (spg) 

Spg mutants carry loss-of-function in the pou2 gene. Spg embryos lack the 
midbrain-hindbrain boundary and the cerebellum, resembling the phenotype 
of ace (Schier et al., 1996). 

? 
Aussich (aus) 

Aus embryos exhibit widespread over-expression of fgf8. Aus  embryos 
show defects in the differentiation of the forebrain, midbrain and eyes and 
exhibit widespread up-regulation of fgf8 and pax2.1 (Heisenberg et al., 
1999). 
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pax2.1 
No isthmus 
(noi) 

Noi is a zebrafish pax2.1 mutant. Noi mutants lack the midbrain, midbrain-
hindbrain boundary and cerebellum. Expression of wnt1 and fgf8 occurs 
normally while initiation of eng2 and eng3 expression is altered (Brand et 
al., 1996; Lun and Brand, 1998). 

wnt1,  wnt10b 
Dfw5 

Dfw5 is an allele that deletes both wnt1 and wnt10b. Mutants have mild 
defects in the midbrain and cerebellum. Mutants display reductions in 
pax2.1 and eng2 expressions, while maintenance of fgf8, eng3, wnt8b and 
wnt3a is not affected (Lekven et al., 2003). 

Mouse gene Midbrain and hindbrain phenotype of the mutant  
Otx1 Homozygous Otx1 mutant adult mice have cortical defects, an abnormal 

midbrain and abnormal cerebellar foliation. Otx2 co-operates with Otx2 in 
mid- and hindbrain development; double mutants of Otx1 and Otx2 show an 
increase in strength of the embryonic mid- and hindbrain phenotype 
(Acampora et al., 1997; Acampora et al., 1998) 

Otx2 Otx2 mutant embryos have deletion of the brain anterior to r 3 (Acampora et 
al., 1995). Otx2 co-operates with Otx1 in the mid- and hindbrain 
development (Acampora et al., 1998). 

Gbx2  Gbx2 mutant embryos lack anterior hindbrain and show a caudal expansion 
of the posterior midbrain. The Otx2 expression domain is expanded 
posterior. Consequently, Wnt1 and Fgf8 expression domains are also shifted 
caudally. 
(Millet et al., 1999; Wassarman et al., 1997).  

Wnt1 Wnt1 homozygous mutant mice show a loss of the midbrain and adjacent 
cerebellar component of the rhombomere 1. (McMahon and Bradley, 1990; 
Thomas and Capecchi, 1990). 

Fgf17 Fgf17 mutants show a proliferation defect of precursors of the medial part of 
the cerebellum after E11.5, which increases in severity when heterozygous 
for Fgf8 (Xu et al., 2000).  

En1 In the brains of newborn En1 mutants, most of the colliculi and cerebellum 
are missing. A deletion of mid- and hindbrain tissue was observed as early 
as E9.5, and the phenotype resembles that reported for Wnt1 mutant mice 
(Wurst et al., 1994). 

En2 Mice homozygous for a targeted deletion of the En2 gene are viable but 
have an altered adult cerebellar foliation pattern (Millen et al., 1994). 

Pax2  Homozygotes for the spontaneous Pax21Neu allele, which contains a frame-
shift mutation that truncates the protein, have a brain deletion that includes 
most of the mid- and hindbrain region (Favor et al., 1996). 

Pax5 Pax5 mutants have only a partial deletion of the inferior colliculi (posterior 
midbrain) and a slightly enlarged third lobe of the cerebellum (Urbanek et 
al., 1994). 

Pax8 Homozygous Pax8 mutant embryos show a hypoplasia of the thyroid gland 
(Mansouri et al., 1994). 

Otx1-/+ Otx2-/+  
and 
Otx1-/- Otx2-/+ 

Depending on the genetic background both mutants have an expanded 
cerebellum and no midbrain or posterior diencephalons At early stages the 
isthmic organizer dependent genes are expressed normally but are then 
rapidly shifted into diencephalons (Acampora et al., 1997; Suda et al., 
1997).  

En1-/-; En2-/- En1/2 double mutants, lose both mid- and hindbrain by E10.5 (Liu and 
Joyner, 2001). 

Pax2-/-; Pax5-/- Pax2/5 double mutants, lose both mid-and hindbrain region (Schwarz et al., 
1997).  

Fgf8-/+;Fgf17 -/- In these mutants, proliferation defects increases in severity in the medial part 
of the cerebellum comparing to Fgf17 null mutants (Xu et al., 2000). 
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Targeted 
misexpression 

Midbrain and hindbrain phenotype of the mutant  

En1Otx2 In En1Otx2 mutants the anterior and medial region of the cerebellum does not 
develop and the midbrain is expanded posterior. Expression of the isthmic 
organizer dependent genes is shifted posterior and coincides with the new 
posterior border of Otx2 expression (Broccoli et al., 1999). 

En1Wnt1 En1Wnt1 mutants show strong over proliferation of precursor cells only in the 
caudal midbrain (Panhuysen et al., 2004). 

En12ki/2ki En12ki/2ki, in which En1 coding sequence is replaced with those of En2 
cDNA, rescue mid- and hindbrain phenotype of En1-/- embryos (Hanks et al., 
1995). 

Wnt1-/-; 
WEXPZ-En-1+ 

By introducing a transgene expressing En1 driven by Wnt1 promoter into 
Wnt1–/– mutants, the phenotype of Wnt1-/- embryos is rescued (Danielian and 
McMahon, 1996). 

Wnt1 Gbx2 In Wnt1 Gbx2 embryos hindbrain enlarge on the expense of the midbrain. 
Otx2 is repressed in the posterior midbrain and other isthmic organizer genes 
shift anteriorly (Millet et al., 1999). 

Wnt1 Fgf8b In Wnt1 Fgf8b embryos midbrain and diencephalons are deleted. Otx2 is 
reported in diencephalons end expression of the isthmic organizer dependent 
genes shift anteriorly (Liu et al., 1999).   

Hypo/ targeted 
inactivation 

Midbrain and hindbrain phenotype of the mutant  

Wnt1sw/sw 
 

In Wnt1sw/sw embryos the midbrain and hindbrain regions are partially 
reduced. These mutants show a cells scattering phenotype at the midbrain-
hindbrain boundary (Bally-Cuif et al., 1995; Thomas et al., 1991).  

Fgf8 (hyp) Embryos hypomorphic for Fgf8,  lose the mid-and hindbrain region early in 
development (Meyers et al., 1998).  

Fgf8 Flox/Flox; 
En1Cre/+ 

In Fgf8 Flox/Flox; En1Cre/+ embryos mid-and hindbrain cells die appoptotically 
at the E8-E10.5 (Chi et al., 2003). 

Gbx2 Flox/Flox; 
En1Cre/+ 

Gbx2 Flox/Flox; En1Cre/+ embryos develop functional cerebellum but have a 
defects in the medial cerebellar anlagen. Maintenance of the isthmic 
organizer characteristic genes is affected. (Li et al., 2002) 

Otx2 Flox/Flox; 
En1Cre/+ 

Otx2 Flox/Flox; En1Cre/+ embryos have abnormalities in the formation of the 
posterior midbrain. Fgf8 and Gbx2 expressions are shifted rostraly and 
appear expanded. (Puelles et al., 2003) 

 

1.1.6 Cellular properties of the midbrain-hindbrain boundary  

 

Although a lot has been learned about isthmic organizer dependent genes and their 

function, relatively little is known about the cellular properties of the midbrain-

hindbrain boundary region. 
 

The boundary is located at the constriction between the midbrain and hindbrain. It has 

been speculated that the morphological constriction between mid- and hindbrain 

prevents the mixing of the mid- and hindbrain cells. In addition to the morphological 

constriction, cell mixing between the midbrain and hindbrain can be prevented by 
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cell-cell interactions involving adhesion or repulsion (Pasini and Wilkinson, 2002). 

Consistent with this idea several cell adhesion molecules such as: E-cadherin, 

Cadherin-6, Pb-cadherin, and Cepu-1, are expressed at or around the midbrain-

hindbrain boundary (Inoue et al., 1997; Jungbluth et al., 2001; Kitajima et al., 1999; 

Shimamura et al., 1994).  

 

Recently it has been suggested that cells cross the midbrain-hindbrain boundary in 

vivo and that cell mixing between midbrain and rhombomere 1 derived cells occurs in 

vitro (Jungbluth et al., 2001). If the cells can freely cross the midbrain-hindbrain 

boundary, then they should rapidly change their identity according to the new 

environment. However, cells become specialized by time and loose their competence 

to respond to the inductive signals (Na et al., 1998; Schilling et al., 2001). Also, 

although single cells readily change their identity, coherent group of cells frequently 

maintain their original anterior-posterior identity when located in another domain.  

 

It is still possible that the restriction of cell movements exists at the mid- and 

hindbrain boundary. For example, cells that are mosaic for loss of Otx2 function in the 

Otx2 chimera embryos segregate from their neighbors and migrate to the hindbrain 

(Rhinn et al., 1999). The downstream targets of Otx2 might establish cell affinity 

differences between mid- and hindbrain by regulating expression of a Wnt1, R-

cadherin and EphA2. WNT signaling may also be involved in restricting the cell 

movements across the mid- and hindbrain boundary. In Wnt1sw/sw mice, the midbrain 

cells expressing Otx2 mix with the hindbrain cells (Bally-Cuif et al., 1995; Thomas et 

al., 1991). WNT1 may directly or indirectly control the expression of adhesion 

molecules such as E-cadherin in the mid- and hindbrain boundary region as suggested 

by down regulation of E-cadherin in the  Wnt1sw/swmutants (Shimamura et al., 1994). 

 

Midbrain-hindbrain boundary is also a site of delayed differentiation in all vertebrates 

(Bally-Cuif and Hammerschmidt, 2003). Cells of the midbrain-hindbrain layer are 

subject to the action of negative regulators of the neurogenesis, which prevent 

neurogenesis even in the forced presence of the proneural factors. In the mouse 

embryo double knock out of split-like transcription factors, Hes1 and Hes3 at E10.5, 

lead to the premature neurogenesis at the midbrain-hindbrain region (Hirata et al., 

2001). Gain and loss of function experiments in zebrafish of a related transcription 
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factor her5, demonstrated that the her5, negatively regulates neurogenesis of the 

midbrain-hindbrain region and increase proliferation in the medial domain of the 

neuron free zone (Geling et al., 2003).  

 

1.2 Craniofacial development 

 

1.2.1 Induction of neural crest cells  

 
Neural crest cells are formed during the neurulation. Inductive interaction between 

the neural plate and the epidermal ectoderm participate in the specification of the 

neural crest.  

 

A medio-lateral gradient of BPMs is established in the ectoderm, which specifies the 

neural plate border as anterior neural fold. Posteriorizing signals, such as WNTs, 

FGFs and RA, transform the most posterior part of the neural plate border into 

prospective neural crest cells. These signals are generated in a gradient-like manner, 

with higher levels in the posterior part of the ectoderm and lower levels in the anterior 

region. Levels are also kept low by anti-posteriorizing signals, such as Dickkopf and 

Cerebrus, produced by the anterior region of the embryos (Aybar and Mayor, 2002).  

 

The migration of the neural crest cells requires the loss of cell-cell adhesion 

molecules such as cadherins (Smith et al., 1997). Ephrin and their receptors are 

involved in the guidance of the neural crest cells to the proper branchial arches (Smith 

et al., 1997). In addition FGFs have been shown to be chemo-tactic for the neural 

crest cells (Kubota and Ito, 2000) and may therefore regulate migration of the neural 

crest cells to the branchial arches. 

 

The neural crest cells migrate away from the neural tube and disperse throughout the 

embryo. Migration occurs in the rostro-caudal order. Cranial neural crest cells 

contribute to the skeletal tissue of the face and neurons in the cranial ganglia. Trunk 

neural crest cells migrate ventrally through the somite. These cells give rise to several 

structures including various ganglia of the periferal system. Second route of migration 
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of the trunk neural crest cells is to travel between ectoderm and somites. These cells 

give rise to the pigment cells of the skin.  
 

1.2.2 Formation and differentiation of branchial arches  

 
Branchial arches are transient embryonic structures characteristic to all vertebrates.  

They are bud like structures populated with mesenchymal cells (mesoderm, neural 

crest) and covered with epithelial cells (ectoderm, endoderm). In mammals, six pairs 

of branchial arches form on both sides of the pharyngeal foregut.  

 

Before the formation of the branchial arches the mid- and hindbrain are regionalized. 

Positional determinants such as Hox genes are expressed in the rhombomeres of the 

hindbrain (Lumsden and Krumlauf, 1996; Rijli et al., 1998). It has been shown that 

the Fgf8 signal from the isthmic organizer, patterns the hindbrain by repressing 

HoxA2 in the rhombomere 1 (Irving and Mason, 2000).  Initially, it was suggested 

that the segmental pattern of the hindbrain, encoded by Hox genes, is transmitted by 

neural crest cells to the branchial arches and cranial ganglia (Hunt et al., 1991). 

Although neural crest cells retain the Hox code of the rhombomere from which they 

are derived, Hox code is regulated in different manner in the migrating neural crest 

cells than in the rhombomeres (Maconochie et al., 1999; Trainor and Krumlauf, 

2000). 

 

Figure 9. Neural crest cells 
migrate toward branchial 
arches. Neural crest cells 
(orange in A) migrate ventrally 
in three major streams toward 
first, second and third branchial 
arch territory, shown on 
saggital section of E10.5 mouse 
embryo. Coronal section of the 
E10.5 embryos is shown in (B). 
Paraxial mesoderm (blue in B) 
makes the core of the branchial 

arches while neural crest cells are found around the core (orange in B). Arches are covered by 
surface ectoderm (green in B) from the outside and by pharyngeal endoderm from the inside 
(red in B). Anterior-posterior and dorsal-ventral orientations are marked on the figure. BA, 
branchial arch; Ov, otic vesicle, R1-7, rhombomere 1-7. Adopted from (Graham and Smith, 
2001). 
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Branchial arches arise in anterior-posterior order between E8-E11 of embryonic 

development in the mouse. Formation of branchial arches is a complicated process, 

which involves communication between its constituents (Graham and Smith, 2001). 

Branchial arch formation is initiated by localized invaginations of pharyngeal 

endoderm coming into a direct contact with the overlying surface ectoderm at sites 

between the presumptive branchial arches. Simultaneously, the neural crest cells 

originating from the most dorsal part of the posterior midbrain and hindbrain migrate 

ventrally in three major distinct streams toward the first, second, and third branchial 

arches. Migratory neural crest cells are accompanied with the paraxial mesoderm cells 

initially localized as neighbors along the anterior-posterior axis. These two cell 

populations are co-distributed along the migratory route, but they segregate in the 

branchial arches (Fig. 9). At this point of development, branchial arches are 

composed of the paraxial mesoderm situated in the inner core of the branchial arch, 

while the neural crest cells are found around the core. Arches are covered by the 

surface ectoderm from the outside and by the pharyngeal endoderm from the inside 

(Noden, 1983a). The branchial arches are separated externally by five outpouchings 

of the foregut called pharyngeal pouches. The most rostral arch forms first around the 

embryonic age E8.5, followed by development of the more posterior arches. Different 

components of the branchial arches contribute to the formation of the different 

structures (Table 2). 

 

Table 2. Contribution of branchial arches components to the adult structures 
Embryonic cell types Derivatives 
Ectoderm Epidermis, external auditory and the sensory 

neurons of the arch associated ganglia 
(Couly and Le Douarin, 1990). 

Endoderm Epithelial cells lining the pharynx and 
endocrine glands formed in pharyngeal 
region: the thyroid, parathyroid and thymus 
(Couly and Le Douarin, 1990). 

Neural crest Connective and skeletal tissues (Couly et al., 
1992; Noden, 1983b). 

Mesoderm Musculature and the endothelial cells of the 
arch arteries (Couly et al., 1992; Couly et al., 
1993; Trainor et al., 1994). 

 

Recent evidence suggest that other tissues than the neural crest cells might have a 

major role in the formation of the branchial arches, as branchial arches develop even 

in the absence of the neural crest cells (Veitch et al., 1999).  
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The signaling molecules expressed in distinct regions of the branchial ectoderm and 

endoderm include Endothelins, Bmp family and Wnt family members, Shh and several 

members of the FGF family (Francis-West et al., 1998). FGFs have been shown to 

affect outgrowth and patterning of the neural crest cells in branchial arch explant 

cultures (Ferguson et al., 2000; Tucker et al., 1999). In addition, using tissue specific 

gene inactivation in mice, FGF8 was shown to support survival of the neural crest 

cells in the mandibular arch (Trumpp et al., 1999). 
  
 

1.3 FGFs and their receptors 

 

1.3.1 FGFs 

 

Most FGFs are secreted molecules, which play active role in the mouse 

embryogenesis by regulating proliferation, apoptosis, migration, patterning and 

differentiation. FGF genes have been found in both vertebrates and in invertebrates. 

(Burdine et al., 1997; Coulier et al., 1997; Ornitz and Itoh, 2001; Roubin et al., 1999; 

Sutherland et al., 1996). In mouse there are 22 FGF genes, which encode structurally 

related proteins with conserved “central domain” of 28 highly conserved and six 

identical amino acids (Ornitz and Itoh, 2001). The “central domain” gives FGFs a 

common tertiary structure, and enables it to interact with its receptors: heparan sulfate 

proteoglycans and FGF receptors (FGFRs) (Faham et al., 1996; Ornitz, 2000). 

 

The Fgf subfamilies arise by gene duplications that took place during the period 

leading to the emergence of vertebrates (Ornitz and Itoh, 2001). Orthologous FGF 

proteins share more than 90% similarity in the terms of amino-acid sequence identity, 

except for the human FGF15 and mouse FGF19 (Fig 10.). Human FGF15 and mouse 

FGF19 share 51% amino acid identity (Nishimura et al., 1999).  



 
33 

 
 

 

 
 
 
 
 
 
 
Figure 10. Evolution 
origin of FGFs.  
A) Evolutionary 
relationships between 
FGFs from vertebrates, 
invertebrates and a virus. 
B) Evolutionary 
relationship of the 22 
known human and 
murine FGFs adapted 
from (Ornitz and Itoh, 
2001). 
 

FGFs can be classified into several subfamilies based on their sequence similarity and 

functional homologies. One such subfamily contains FGF-8, -17 and -18 which share 

more than 70% of their amino acid sequences and have a high degrees of similarity in 

receptor binding specificity. Other family members such as FGF-11, -12, -13 and -14 

have alternatively spliced amino-terminal regions resulting from the use of alternative 

5’ exons.  

 

1.3.2 FGF receptors (FGFRs)  
 

FGFs bind with low affinity to heparan sulphate (HS) and with high affinity to FGF 

tyrosine kinase receptors (FGFRs) (Ornitz, 2000). The FGFR family consists of four 

closely related members (FGFR1-4). Their extracellular part has two to three 

immunoglobulin like domains which bind FGFs. Heparin-binding sequence, located 

between immunoglobulin domains is followed by single pass transmembrane domain 

and intracellular tyrosine kinase domain (Johnson et al., 1990; Lee et al., 1989; 

McKeehan et al., 1998) (Fig 11A).  
 

FGFRs transmit extracellular signal to various cytoplasmic signal transduction 

pathways trough tyrosine phosporylation. Key step from the extra cellular to 

intracellular signaling pathways is receptor dimerisation. FGFR is dimerised 
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following the formation of the FGF-FGFR-HS complex (Inatani et al., 2003; Ornitz et 

al., 1992; Rapraeger et al., 1991; Yayon et al., 1991).  These interactions stabilize 

FGFs against thermal denaturation and proteolysis (Ye et al., 2001). Structure-

function analyses and co-crystal structures of FGF1 and FGF2 with heparin 

oligosaccharides indicate that the heparin binding-domain of FGF is a composite 

domain contributed by distal sequence residues and formed by secondary and three 

dimensional structure (Faham et al., 1996; Ye et al., 2001). Indeed, in a mouse 

mutants in whom synthesis of heparan-sulfate was disrupted in the central nervous 

system by conditional inactivation of the Ext1 using Nestin promoter driven Cre-

recombinase, Fgf8 signaling was the most critically disrupted pathway (Inatani et al., 

2003). 

       Figure 11. FGF receptor structure and 
FGF signaling. Structural domains of FGF 
receptor are shown on the right of the panel. 
FGF signal transduction pathway is initiated 
upon formation of a ternary complex, FGF-
FGFR-HS. Upon the binding of FGF, 
FGFR is dimerised. Dimerisation of FGFR 
is followed by autophosphorylation of 
several tyrosine residues in the intracellular 
tyrosine kinase domain of FGFR. Active 
FGFR is then capable of phosphorylating its 
target molecules in the cytoplasm (modified 
from Dickson et al., 2000). 

 

1.3.2.1 FGF receptor signaling pathways 

 

The formation of the FGF-FGFR-HS complex causes the autophosphorylation and 

activation of the receptor tyrosine kinase (Fig 12.). In one pathway, receptor tyrosine 

kinase binds to an adaptor protein with SRC homology (SH2) domains; such as 

growth factor receptor bound protein 2 (GRB2) via its docking protein SHP2 or 

FRS2. GRB2, with Son of sevenless protein (SOS) bound to it, then binds to the FGF 

receptor tyrosine kinase. This pathway activates RAS, which in turn phosphorylates a 

series of mitogen-activated protein (MAP) kinases (RAF, MEK, ERK). ERK enters 

nucleus phosphorylates and activates transcription factor like ELK-1. Other effectors 

such as protein kinase C (PKC) and phosphatidylinositol 3-kinase (PI3K) can also 
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interact with the autophosphorylated tyrosine sites on the FGF receptor, and they can 

also act further downstream in the signaling pathway.  

 

Molecules induced by the FGF signaling include its inhibitors as well as its activators. 

Members of the SPRY, SEF, and MAP kinase phosphatase families are negative 

modulators of FGF signaling, whereas positive factors that promote FGF signaling 

include the ETS transcription factors ERM and PEA3. This multilayered regulation 

suggests that precise adjustment of FGF signaling is critical in development.  

 

 
 
 
 
 
 
 
 
 
 
Figure 12. Schematic diagram 
showing several FGF signaling 
pathways. FGFR is dimerized and 
activated upon the binding of FGF. 
See text for further description. 

 
Most of FGFs are capable of binding more than one FGFR (Fantl et al., 1993). 

However, different FGFRs bind FGFs with different affinities (see Table 3). In 

addition FGFRs mRNA is alternatively spliced adding to the diversity of FGF 

receptors (Avivi et al., 1993; Gilbert et al., 1993; Miki et al., 1991; Ornitz et al., 1996; 

Orr-Urtreger et al., 1993; Yan et al., 1993). Alternative mRNA splicing of Fgfr1-3 

transcripts create either the IIIa, IIIb or IIIc isoforms (Chellaiah et al., 1994; Miki et 

al., 1992; Xu et al., 1998). Fgfr4 transcript is not alternatively spliced.  

 

1.3.2.2 FGF receptors mutations  

 

Expression pattern studies of FGFRs indicate the sites where they may be active. In 

chick Fgfr1 is expressed through out the neural tube, while expression of Fgfr2 and 

Fgfr3 is more dynamic and confined to specific regions of the developing midbrain 

and hindbrain (Walshe and Mason, 2000; Yamaguchi et al., 1992). Detailed study of 
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the Fgfr4 expression showed that it is not expressed within developing neural tube 

(Marcelle et al., 1994). In zebrafish, fgfr1 is expressed at the midbrain-hindbrain 

boundary, while the other three fgfrs are not (Scholpp, 2004; Sleptsova-Friedrich et 

al., 2001; Thisse et al., 1995; Tsang et al., 2002). In the early mouse embryo there 

were no detail studies of Fgfr expression in the mid- and hindbrain region to date. 

 
Table 3. Characteristics of the members of the FGF family (modified from Powers et al., 
2000). 
Name Signalling trough receptors 
FGF1  FGFR1,IIIb & IIIc; FGFR2, IIIb &IIIc; FGFR3, IIIb &IIIc; FGFR4 
FGF2 FGFR1, IIIb & IIIc; FGFR2, IIIc; FGFR3, IIIc; FGFR4 
FGF3 FGFR1, IIIb; FGFR2, IIIb 
FGF4 FGFR1, IIIc; FGFR2, IIIc; FGFR3, IIIc; FGFR4 
FGF5 FGFR1, IIIc; FGFR2, IIIc 
FGF6 FGFR1, IIIc; FGFR2, IIIc; FGFR4 
FGF7 FGFR2, IIIb 
FGF8 FGFR1; FGFR2, IIIc; FGFR3, IIIc; FGFR4 
FGF9 FGFR2, IIIc; FGFR3, IIIb & IIIc; FGFR4 
FGF10 FGFR1, IIIb; FGFR2, IIIb 
FGF11-14 Unknown 
FGF15 Unknown 
FGF16-19 FGFR1, IIIc; FGFR2, IIIc 
FGF20 Unknown 
 

All four Fgfrs have been inactivated in the mouse (Table 4). FGFR1 seems to play a 

role in the correct axial organization of the early embryos. Mouse embryos 

homozygous for a mutated Fgfr1 allele die early in development and show abnormal 

growth and aberrant mesodermal patterning (Deng et al., 1994; Yamaguchi et al., 

1994). FGFR2 seems to contribute to the outgrowth, differentiation, and maintenance 

of the inner cell mass (Arman et al., 1998). FGFR3 plays a role later in development 

by negatively regulating osteogenesis (Deng et al., 1996). Mouse null mutants for 

Fgfr4 exibited no difference in phenotype compared to the wild type controls 

(Weinstein et al., 1998). Phenotype of the double homozygous null mutants for the 

Fgfr3 and Fgfr4  was different than in either single mutant and revealed a cooperative 

functions of FGFR3 and FGFR4 (Weinstein et al., 1998). Before present work, there 

were no studies on the function of any of FGF receptors in the midbrain-hindbrain 

region. There was also no Fgfr1K656E overactive mutation generated in the mouse. 

 

Many inherited diseases in humans are associated with mutations in the FGFRs. All of 

these mutations result in overactive FGFR. For example mutations in FGFR1 can 
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cause the Pfeiffer syndrome, a malformation syndrome characterized by limb defects 

and by the premature fusion of the cranial sutures (craniosynostosis) that results in 

abnormal skull and facial shape. Another example is K650E mutation in the tyrosine 

kinase domain of FGFR3 that mimics activating phosphorylation event in the 

activation loop of the kinase domain and causes thanatophoric dysplasia type 2 (Naski 

et al., 1996; Tavormina et al., 1995). Thanatophoric dysplasia is a severe inherited 

skeletal disorder characterized by extremely short limbs and folds of extra skin on the 

arms and legs. Thanatophoric dysplasia type 2 is distinguished by an unusual head 

shape called a cloverleaf skull and straight thigh bones. 

 
Table 4. Some phenotypes of the embryos/ mice with the mutation in FGFR. 
Gene Phenotype  
Fgfr1 Homozygous null mutants for the Fgfr1 allele are early 

lethal, E8.5-E9.5. Mutant embryos have early growth 
defects, abnormal mesodermal pattering, no somites and 
expansion of axial mesoderm at the expense of paraxial 
mesoderm. On the other hand nonaxial tissues, such as the 
allantois, amnion and yolk sac mesoderm can form (Deng 
et al., 1994; Yamaguchi et al., 1994). 

Fgfr2 Homozygous null mutants for the Fgfr2 allele are early 
lethal at E 4. Mutant embryos die a few hours after 
implantation, growth of the inner cell mass stop, no visceral 
endoderm form and finally the egg cylinder disintegrate 
(Arman et al., 1998). 

Fgfr3 Homozygous null mutants for the Fgfr3 allele are viable. 
Mutant mice suffer skeletal dysplasias with enhanced and 
prolonged endochondral bone growth (Deng et al., 1996). 

Fgfr4 Homozygous null mutants for the Fgfr4 allele exhibited no 
overt abnormalities in any organ (Weinstein et al., 1998). 

Fgfr3 and Fgfr4 Double homozygous null mutants for the Fgfr3 and Fgfr4 
allele exhibit a defects not seen in either single mutant 
including pronounced dwarfism and lung abnormalities 
(Weinstein et al., 1998). 

 

1.4 Methodology 
 

1.4.1 Conditional mutagenesis with Cre-recombinase 
 

Mouse is a key player in the study of embryonic development and disease, due to the 

embryonic stem cell based gene knockout (targeted gene inactivation) technology 

(Capecchi, 1989). Classical knockout involves complete inactivation of gene function. 
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Although this is a powerful approach it has potential pitfalls. A major pitfall is that 

many genes are essential during the early stages of mouse development. A simple 

inactivation of these genes would not help in analysis of their later functions, because 

of the early death of mutant embryos.  

 

Site-specific DNA recombinase technology provides a means to delete, insert, invert 

or exchange chromosomal DNA with high fidelity. The most powerful application of 

site-specific recombinase technology is conditional gene inactivation, which allows 

analysis of the later functions of an essential gene. Cre-loxP system is one of the 

techniques used for conditional gene inactivation (Sauer et al., 1998; Lobe and Nagy, 

1998; Nagy, 2000; Rossant and McMahon, 1999). The Cre-recombinase is a 38 kD 

protein of the integral family, a product of the P1 bacteriophage (Sternberg et al., 

1986; Argos et al., 1986). Cre catalyses recombination between two of its 34-bp 

recognition sites, called loxP (Hoess et al., 1990). In a Cre-recombinase mediated 

gene inactivation two loxP sequences are placed flanking an essential region of a 

gene, generating a conditional allele often referred to as  “Flox” (flanked with loxP) 

allele (Fig. 13A). In the presence of a Cre-recombinase, the region flanked by the 

loxP sites is excised, generating an inactive allele. Time and place of inactivation of 

the conditional allele is determined by the promoter driving Cre-recombinase 

expression.  

 

Alternatively, the Cre-loxP system can be used for Cre-recombinase mediated gene 

activation.  For example, the loxP sites are flanking a selection cassette, which is 

maintained in the targeted allele. The presence of the selection cassette may cause a 

disruption of the gene expression due to the strong transcriptional elements present in 

the cassette, generating a silenced or hypomorphic allele (Fig. 13B). Such 

hypomorphic alleles have been generated for example in the case of Fgf8 and Fgfr1 

hypomprphs (Meyers et al., 1998; Partanen et al., 1998). In the presence of the Cre-

recombinase the sequence between two loxP sites is excised making the gene active. 

Such approach has already been used to model some human dominant disorders (Arin 

et al., 2001; Cao et al., 2001).  

 

Cre-loxP system can also be used to map the cells fate. Transgenes encoding 

histological markers, such as alkaline phosphatase (AP) and β-galactosidase, may be 
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activated or inactivated by Cre mediated recombination, thereby reporting Cre 

activity. Such mice are useful, not only for reporting a Cre-recombinase activity, but 

also for analyzing cell lineages (Fig. 13C). Cell, and all of its progeny, in which Cre 

recombination has occurred, will be irreversibly genetically marked expressing the 

reporter gene. This strategy has been used to fate map the midbrain and rhombomere 

1 cells. By using the inducible genetic fate mapping approach in mouse, Zinyk and his 

coauthors were able to demonstrate that the midbrain and rhombomere 1 are 

compartmental units that are partitioned by a lineage restriction boundary at the 

isthmic organizer (Zinyk et al., 1998).  

 

Since the first tissue specific inactivation of a gene (reviewed by Joyner and 

Guillemot, 1994), the use of Cre-loxP strategy has increased. The advantage of the 

Cre-loxP conditional gene inactivation as compared to the classical knockout 

techniques, is that one can inactivate the gene when and where one want. A limitation 

of this technique is still the availability of tissue-specific Cre lines and conditional 

alleles. 

 
 
 
 
 
 
 
 
 
 
Figure 13. Schematic 
representation of the Cre-loxP 
mediated gene recombination. 
Hatched lines represents cell 
lineage in which Cre mediated 
recombination has happened. A) 
Cre-recombinase mediated gene 
inactivation. B) Cre-recombinase 
mediated gene activation. C) 
Cre-recombinase mediated cell-
lineage marking. Blue color 
designates active reporter allele. 
TSP, tissue specific promoter; 
UP, ubiquitous promoter. Black 
arrowhead indicates 
transcription start site. Red 
arrowheads indicate loxP 
cassettes. 



 
40 

 
 

 

2. Aims 
  
 

The aim of the present study was to investigate the role of the Fgfr1 in the midbrain-

hindbrain and branchial arches, during the early development of the mouse embryo, 

by conditional mutagenesis. 

 

The specific aims were: 

 

1. To study expression of Fgfrs in the midbrain-hindbrain and branchial arches  

 

2. To develop a strategy to conditionally inactivate Fgfr1 

 

3. To develop a strategy to conditionally resque hypo,orphic Fgfr1 

 

4. To develop a strategy to generate an overactive Fgfr1 allele 

 

5. To study the role of Fgfr1 in the mid- and hindbrain using developed genetical 

tools 

 - To compare the role of  Fgfr1 in the midbrain to its role in the hindbrain 

 

6. To study specific cell properties of the Fgfr1 dependent boundary cells 

 - To compare the proliferative kinetics of the Fgfr1 dependent boundary cells 

    to adjacent midbrain and rhombomere 1 cells at E9.5 and E10.5 

 

7. To study the role of Fgfr1 in the pharyngeal development using developed 

genetical tools 

 - To specifically inactivate Fgfr1 in the neural crest cells 

 - To specifically rescue the hypomorphic Fgfr1 allele in the neural crest cells 
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3. Materials and methods 
 

PCR primers, genotyping of mouse lines, vectors, histological and other methods used 

in original articles marked by roman numbers or unpublished data are shown in 

(Tables 5-11) or are explained in the text.  

 

3.1 PCR and genotyping (I, II, III) 
 

For PCR preparation, tail biopsies and yolk sacks were incubated overnight at 55oC in 

100µl of proteinase K buffer containing 50mM KCL, 10mM Tris pH 8.3, 2mM 

MgCl2, 0.1% gelatin, 0.45% nonidet P-40, 0.45% Tween-20 and 1mg/ml proteinase 

K. 1 µl of tail/yolk sack prep was used as a template in PCR reaction.  
 

PCR reactions of tail biopsies, yolk sacks and cell suspensions were performed under 

following conditions: 97 oC for 10 minutes, 80 oC for 10 minutes, followed by 40 

cycles of 95 oC for 30 seconds, 55 oC for 1 minute, 72 oC for 5minute. Reaction 

products were run on a 2% agarose gel.  

 

Table 5. Primers  
Primer Sequence Used in 
LoxP-1 5’-AATAGGTCCCTCGACGGTATC –3’ I, II, III 
7-8 3’ 5’-CTGGGTCAGTGTGGACAGTGT-3’ I, II, III 
7-8del 5’ 5’-CCCCATCCCATTTCCTTACCT-3’ I, III 
7-8del 3’ 5’-TTCTGGTGTGTCTGAAAACAGCT-3’ I, III 
15-16 3’ 5’-TAGTAGTCGGCACTGTTTGGA-3’ I, III 
Cre5’ 5’-AATCTCCCACCGTCAGTACG-3’ I, II, III 
Cre3’ 5’-CGTTTTCTGAGCATACCTGGA-3’ I, II, III 
F 3’ 5’-TAT ACA CCG AGA CCT GGC TGC T unpublished
R 5’ 5’-GGA TGA CAC AGA GGA CTC ACG GG unpublished
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Table 6. Genotyping of mouse alleles 
Allele Genotyping Reference Used in 
TielcZ β-galactosidase  (Puri et al., 1995) III 
Z/AP β-galactosidase  (Lobe et al., 1999) I, III 
ROSA26 β-galactosidase  (Friedrich and Soriano, 1991) I 
R26R β-galactosidase (Soriano, 1999) unpublished 
En1-Cre Cre5’ and Cre3’ (Kimmel et al., 2000) I, II 
Wnt1-Cre Cre5’ and Cre3’ (Danielian et al., 1998) I, III 
Pgk-Cre Cre5’ and Cre3’ (Lallemand et al., 1998) I 
Fgfr1Flox LoxP1 and 7-8 3’  I, II, III 
Fgfr1∆Flox LoxP1 and 15-16 3’  I, III 
Fgfr1n7 LoxP1 and 7-8 3’ (Partanen et al., 1998) I, III 
Fgfr1n15YF LoxP1 and 15-16 3’ (Partanen et al., 1998) I, III 
ICR   I,II,III, 

unpublished 
NMRI   I,II,III, 

unpublished 
Fgfr1 WT 7-8del5’and 7-8del3' (Partanen et al., 1998) I, II, III 
 

 

3.2 Generation of K656E targeting vector (unpublished) 
 

Targeting vector was generating for introduction of the K656E mutation into the 

Fgfr1 locus. Mutations were engineered into one of the arms of the homology and the 

selectable marker neo was located in an intronic region (pPNTLoxP-K656E, see Fig. 

19A). The mutations were introduced into genomic clones of Fgfr1 (Yamaguchi et al., 

1994) by Altered Sites in vitro mutagenesis system (Promega).  Lysine 656 was 

changed to glutamic acid by a single nucleotide mutation G to A followed by a neutral 

mutation T to C, which created a ClaI site in exon 13. 

 

The targeting vector was generating as follows. pPNTLoxP-K656E: a 3kb BamHI-

BglII fragment was sub cloned as the 3’ arm into pPNTLoxP vector (having the neo 

gene flanked by loxP sites (Shalaby et al., 1995)). A 3kb NotI-SalI fragments 

containing a mutation K656E and neutral mutation generating ClaI site in the exon 13 

(see above) was inserted as a 5’ arm. 

Table 7. Vectors 
Vector Reference Used in 
pALTER-1 (Promega) unpublished 
pPNTLoxP (Shalaby et al., 1995) unpublished 
pBluescript II KS (Stratagene) I, unpublished 
pCAGGSNLSCRE (a gift from A. Nagy) unpublished 
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3.2.1 Gene targeting in ES cells and generation of K656E 
unconditional allele (unpublished) 
 

The targeting vector was linearized with NotI and electroporated into R1 ES cells. 

G418r Gancr clones were screened by Southern blot hybridization and PCR for 

targeting events and introduction of the mutations. Five homologous recombinants 

were obtained of 200 clones screened, two of which contained K656E mutation 

diagnosed by the ClaI digestion of PCR amplified region (Fig. 19 B-E).  

 

To remove neo cassette, ES cells heterozygous for the allele Fgfr1K656EN were 

electroporated with the expression vector pCAGGSNLSCRE (a gift from A. Nagy), 

which drives Cre expression, using standard procedures (Joyner et al., 2000). 

Removal of the neo cassette from the Fgfr1K656EN allele resulted in the generation of 

the unconditional Fgfr1K656EL allele. Single cell suspension of electroporated cells was 

plated on feeder cells. Resulting clones were screened by southern blot hybridization 

and PCR for recombination between loxP sites and targeting events. Diploid chimeric 

embryos were generated by aggregating an 8-10 cell clump of either Fgfr1K656EN/+ or 

Fgfr1K656EL/+ ES cells with 8-cell embryos of ROSA26 mice, using the standard 

morula aggregation technique (Friedrich and Soriano 1991; Wood et al., 1993). 

Aggregates were transferred into the uteri of ICR foster mothers, chimeric embryos 

were dissected at E9.5. Contribution of ES cells and ROSA26 cells was determined 

by whole-mount β-galactosidase staining.  
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Table 8. Histology 
 
Histological methods Reference Used in 
Hematoxylin-eosin   I, II, III 
Semi-thin sections  I, II 
Toluidine blue  I, II 
ß-galactosidase (Lobe et al., 1999) I, III 
Alkaline phosphatase  I, III 
NADPH-Diaphorase   I 
AChE histochemistry  I 
Skeletal analysis  III 
Radioactive in situ on sections (Wilkinson and Green, 1990) I, II, III 
Whole-mount in situ (Henrique et al., 1995) I, II, III 
TUNEL assays In Situ Cell Death Detection Kit (Roche, 

cat. 1684 795) 
I, II, III 

Nile blue sulfate (NBS) staining  I, III 
BrdU incorporation Cell Proliferation Kit (Amersham-

Pharmacia, RPN20) 
II 

 
 
Table 9. Immunohistochemistry 
 
Antibody Description/ Source Used in 
α -calbindin Rabbit-α-Calbindin (Swant cat. CB38) I 
α -TH Rabbit-α-Tyrosine Hydroxylase (Chemicon 

AB152) 
I 

α-NF Mouse monoclonal α-neurofilament (Sigma 
N-5139) 

I 

α -ChAT rabbit-α-Choline Acetyltransferase 
(Chemicon, AB5042) 

I 

α-phospho-Histone H3 Rabbit-α-phospho-Histone H3(Upstate, 06-
570) 

II 

 
 
Table 10. Behavioral studies 
 
Rotarod assay  I 
Stationary beam assay  I 
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Table 11. mRNA in situ hybridization 
 
Probe Reference Used in 
Ap2  III 
Bmp4 (Tucker et al., 1998) III 
Crabp1 IMAGE468821 III 
Dlx1 (McGuinness et al., 1996) III 
Dlx2 (Porteus et al., 1992) III 
Dlx5 (Liu et al., 1997) III 
EphA4 (Gilardi-Hebenstreit et al., 1993) III 
EphB2 IMAGE4983886 III 
EphB3 IMAGE1110951 III 
Fgf3 (Peters, et al., 1993) III 
Fgf8 (Crossley and Martin, 1995) I, II, III 
Pax1 IMAGE1327502 III 
Hoxa2 A gift from Mario Capecchi II, III 
Hoxd4  III 
Hoxb1  III 
Hoxb2  III 
Krox20 (Nieto et al. 1991) III 
Msx1 (MacKenzie et al., 1991) III 
Otx2 (Acampora et al., 1997) I, II 
Fgf15 (McWhirter et al., 1997) II 
Fgfr1∆Flox (Trokovic et al., 2003) I, II, III 
Fgfr2 A gift from Alka Mansukhani I, II, III 
Fgfr3 (Peters et al., 1993) II, III 
Spry1 A gift from Seppo Vainio I, II 
Erm IMAGE3674281 II 
Pea3 (Lin et al., 1998) II 
CyclinD1 IMAGE 3155470 II 
CyclinD2 IMAGE367058 II 
Jumonji IMAGE6406875 II 
p21 A gift from Bert Vogelstein II 
En1 (Davis and Joyner, 1988) I 
En2 (Davis et al., 1988) I 
EphrinA5 A gift from David Wilkinson I 
Gbx2 A gift from Wolfgang Wurst I 
Pax2 A gift from Gregory Dressler I 
PB-cadherin Clone ID: UI-M-BH1-akr-h-03-0-UI I 
Wnt1 (McMahon et al., 1992) I 
Dopamine-β-hydroxylase A gift from Wolfgang Wurst I 
VachT A gift from Wolfgang Wurst I 
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4. Results and discussion  
 

4.1 Expression of Fgfrs during the early development of the 
midbrain-hindbrain and branchial arches (I, II, III) 

 

We wanted to analyze the role of Fgfr1 in the early development of the midbrain-

hindbrain and branchial arches. As FGFRs may have redundant functions if co-

expressed, we decided to analyze the expression pattern of Fgfr1-4 in the midbrain-

hindbrain and branchial arches region of the early mouse embryo by in situ mRNA 

hybridization on sections or whole mounts (Table 12). We were not able to detect 

expression of Fgfr4 during the early stages of the mouse embryos development (data 

not shown). 

 

Table 12. Fgfr1, Fgfr2 and Fgfr3 expression in the anterior neural tube and branchial 
arches. 

BA1 BA2 Molecule Stage mb mhb r1 
End Ect ncc mes end Ect ncc mes

Fgfr1 E7.5 + + +         
Fgfr2 E7.5 + + +         
Fgfr3 E7.5 - - -         
Fgfr1 E8.5-10.5 + + + + + + + + + + + 
Fgfr2 E8.5-9.5 + - + + + + + + + + + 
Fgfr3 E8.5-9.5 + - + - + - - - + - - 
+, detected signal; -, signal not detected; mb, midbrain; mhb, mid-and hindbrain boundary 
region; r1, rhombomere 1; BA1, branchial arch 1; BA2, branchial arch 2; end, endoderm; ect, 
ectoderm; ncc, neural crest cells; mes, mesoderm. Probes used detect all Fgfrs isoformes. 
 

The in situ hybridization results indicate that both FGFR1 and FGFR2 might receive 

FGF signaling at the head fold region of E7.5 embryos (see I Fig. 1 and II 

Suplementary Fig. 1). However, from E8.5-E10.5, cells located close to the 

midbrain-hindbrain boundary region can mediate FGF signaling  only trough FGFR1 

(see I Fig. 1 and II Fig. 2). In addition to FGFR1, cells located further away from the 

boundary region can mediate FGF signaling trough FGFR2 and FGFR3. In the 

ectoderm of the branchial arch 1 and 2, all three FGF receptors (FGFR1-3) may 

mediate FGF signaling, while in the endoderm, neural crest cells and the mesoderm of 
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the branchial arch 1 and branchial arch 2, only FGFR1 and FGFR2 may mediate FGF 

signaling (see III Suplementary Fig. 1).  

 

4.3 Developing a strategy to conditionally inactivate Fgfr1 in 
the midbrain-hindbrain and branchial arches (I, II, III) 

 

4.3.1 Generation of a conditional Fgfr1 allele (I) 

 

We wanted to study the function of the Fgfr1 in the midbrain-hindbrain and the neural 

crest cells. Embryos homozygous for the Fgfr1 null allele die early during 

gastrulation (Deng et al., 1994; Yamaguchi et al., 1994). To study the function of the 

Fgfr1 at later stages, we generated a conditional Fgfr1 allele, Fgfr1Flox (Fig. 14 and I 

Suplementary Fig. 1).  

 

 
 
 
 
 
Figure 14. Conditional inactivation of Fgfr1. 
Exon 8-15 encode for transmembrane domain, 
juxtamembrane domain and most of the tyrosine 
kinase domain, which are essential for FGFR1 
function. Fgfr1Flox allele was generated by insertion 
of two loxP sites in intron 7 and 15. Fgfr1Flox allele 
can be inactivated in a tissue specific manner by the 
Cre-recombinase, generating inactive form of Fgfr1, 
Fgfr1∆Flox allele. 
 

 

Mice hetero-or homozygous for the Fgfr1Flox allele, were indistinguishable from the 

wild type littermate controls. Thus, the loxP sites does not interfere with FGFR1 

function.  

 

Cre mediated recombination of Fgfr1Flox creates Fgfr1 allele where exons 8-15 are 

deleted (Fgfr1∆Flox) (Ohkubo et al., 2004). Thus it was possible that expression of 
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Fgfr1∆Flox results in a dominant-negative gene product. To test that, we crossed the 

Fgfr1Flox/+ with the ubiquitously expressing Cre mice line, Pgk-Cre (Lallemand et al., 

1998). Mice heterozygous for Fgfr1∆Flox allele were indistinguishable from the wild 

type littermate controls. Thus the recombination of Fgfr1 did not result in the 

generation of a dominant-negative gene product that would significantly interfere with 

the FGF signaling.  

 

4.3.2 Analysis of the Cre-recombinase activity in the En1-Cre and 
Wnt1-Cre mice (I, II, III) 

 

To study the role of Fgfr1 in the early development of the midbrain-hindbrain, we 

inactivated it in a tissue specific fashion using En1-Cre mice line, which express Cre-

recombinase under En1 locus (Kimmel et al., 2000). We also wanted to study the role 

of Fgfr1 in the early development of the midbrain and neural crest cells. For that 

purpose, we inactivated Fgfr1 in a tissue specific fashion using Wnt1-Cre transgenic 

mice line, which express Cre-recombinase under the Wnt1 promoter (Danielian et al., 

1998).  

 

First, in order to analyze the pattern of Cre-recombinase activity of the En1-Cre and 

Wnt1-Cre mice we crossed the mice with the Z/AP/+ reporter mice line (Lobe et al., 

1999). The Z/AP/+ reporter mice line carry a double reporter allele that provides 

readout of Cre-recombinase activity and express alkaline phosphatase upon Cre-

mediated excision or LacZ in the absence of the Cre-mediated excision.  

 

Table 13. Analyzes of the Cre recombination in the En1-Cre/+; Z/AP/+ and Wnt1-Cre/+; 
Z/AP/+ mice (I, III). 
Mice line Stage mb r1 Ncc Mice line Stage mb r1 Ncc 
En1-Cre/+;Z/AP/+ E8.5 + + - Wnt1-Cre/+;Z/AP/+ E8.5 + - + 
 E9.5 + + -  E9.5 + - + 
 E10.5 + + -  E12.5 + - + 
+, Cre recombination detected; -; Cre recombination not detected; mb, midbrain; r1, 
rhombomere 1; ncc, neural crest cells 
 

Recombination of the Z/AP reporter allele in En1-Cre/+; Z/AP/+ and Wnt1-Cre/+; 

Z/AP/+ E9.5 embryos, occurred in all En1 and Wnt1 positive cells, arguing for the 

efficiency of these Cre lines (Table 13, I Fig. 2 and III Fig. 7).  
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In addition to the complete recombination of Z/AP allele in the midbrain, we observed 

some recombined cells in the rhombomere 1 of the E8.5 and E10.5 Wnt1-Cre/+; 

Z/AP/+ embryos. What is the origin of these cells? First, it is possible that Cre-

recombinase is expressed under Wnt1 promoter transiently in the rhombomere 1 

during the early somite stages, which results in the scattered recombinant cells in the 

rhombomere 1 (Rowitch and McMahon, 1995). Indeed, when we bred Wnt1-Cre/+ 

mice with another reporter mouse strain, R26R (Soriano, 1999), all cells from the 

rhombomere 1 were recombined in addition to the midbrain cells (Fig. 15). Locus-

dependent recombination by Wnt1-Cre is a likely explanation for the difference in the 

results with the two reporter lines (Vooijs et al., 2001). 

 

               Figure 15. Wnt1-Cre mediated 
recombination of two different 
reporter alleles. A) At E10.5 Wnt1-
Cre mediated recombination between 
loxP sites in the Rosa26 allele results 
in LacZ expression in the midbrain 
and rhombomere 1. B) Wnt1-Cre 
mediated recombination between loxP 
sites in the Z/AP allele results in 
alkaline phosphatase expression in the 
midbrain. Arrowheads mark mid- and 
hindbrain boundary. MB, midbrain; 
R1, rhombomere 1. 
 

 

Alternatively, the midbrain-hindbrain boundary might not represent a cell lineage 

restriction boundary (Jungbluth et al., 2001). It is possible that Wnt1-Cre recombined 

cells originate in the midbrain and migrate to the rhombomere 1. However, in the 

Wnt1-Cre/+; Z/AP/+ embryos, only few recombined cells were located in the 

rhombomere 1. In addition, majority of the recombined cells were confined to the 

midbrain with a sharp border at the midbrain-hindbrain boundary (Fig. 15 B). Also in 

the Wnt1-Cre; R26R all cells of rhombomere 1 were recombinant. These results argue 

against detection of migration of the Wnt1-Cre recombined cells to the rhombomere1. 
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4.3.3 Tissue-specific inactivation of Fgfr1 in the midbrain-
hindbrain, midbrain and neural crest cells (I, II, III) 

 

We inactivated Fgfr1 in a tissue specific manner by generating En1-Cre/+; 

Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos (see I Fig. 2 and III Fig. 7). 

Pattern of the inactivation of the Fgfr1Flox allele was determined by radioactive in situ 

hybridization. Fgfr1Flox allele was completely recombined at E8.5 (11ss) in the 

midbrain-hindbrain region of the En1-Cre/+; Fgfr1Flox/Flox and the midbrain and 

neural crest cells of the Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos. Rhombomere 1 cells 

were not recombined in the Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos, although we cannot 

exclude recombination at low frequency.  

 

Then we wanted to adress when Fgfr1 was functionally inactivated in the En1-Cre/+; 

Fgfr1Flox/Flox embryos. We analyzed the expression of immediate downstream targets 

of FGF signaling in the mid- and hindbrain by whole mount in situ hybridization in 

the En1-Cre/+; Fgfr1Flox/Flox embryos. An FGF-inducible tyrosine kinase inhibitor, 

Spry1, is believed to be an immediate downstream target of FGF signaling 

(Minowada et al., 1999). Spry1 is expressed in the midbrain-hindbrain region of the 

wild type embryos from somite stage 8 to 12. At somite stage 8, Spry1 was expressed 

in the En1-Cre/+; Fgfr1Flox/Flox embryos in a pattern undistinguishable from their wild 

type littermate controls. In 12 somite stage En1-Cre/+; Fgfr1Flox/Flox embryos, Spry1 

was down regulated in the cells located close to the midbrain-hindbrain boundary (see 

III Suplementary Fig. 3). These results suggested that FGFR1 is functionally 

inactivated in the midbrain-hindbrain region between somite stages 8 to 12 in the 

En1-Cre/+; Fgfr1Flox/Flox embryos. 
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4.4 Role of FGFR1 in the midbrain and hindbrain (I, II, 
unpublished) 

 

4.4.1 Defects in the midbrain and cerebellum development results 
in altered motor behavior in the midbrain-hindbrain Fgfr1 mutants 
(I) 

 

En1-Cre/+; Fgfr1Flox/Flox mice were visibly uncoordinated showing abnormal gait and 

wide stance. To test it further, we did behavioral analysis of En1-Cre/+; Fgfr1Flox/Flox 

and wild type mice, using rotarod and stationary beam assays. Both assays showed 

that motor coordination was impaired in the mutants compared to the control mice. 

These results suggested that En1-Cre/+; Fgfr1Flox/Flox mice have defects in the 

cerebellum.  

 

We then dissected the brains of the En1-Cre/+; Fgfr1Flox/Flox and wild type adult and 

newborn mice. The vermis of the cerebellum was completely absent in the En1-

Cre/+; Fgfr1Flox/Flox adult and newborn mice. Cerebellar lobes were present, but their 

foliation was slightly altered. In the midbrain, deletion of the inferior colliculi was 

evident.  

 

In the newborn mice homozygous for the hypomorphic Fgfr1 alleles, Fgfr1n7 and 

Fgfr1n15YF, we observed defects in the vermis and partial deletions of the inferior 

colliculi of the midbrain. Differences in the midbrain-hindbrain phenotypes between 

En1-Cre/+; Fgfr1Flox/Flox and hypomorphic Fgfr1 mice are presumably due to the 

presence of the low transcription levels of the Fgfr1 in the hypomorphic Fgfr1 mice. 
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4.4.2 Defects in the alar and basal plate of the midbrain-hindbrain 
Fgfr1 mutants (I) 
 

In addition to the dorsal midbrain and cerebellum, we analyzed several ganglia in the 

alar and basal plates of the midbrain–hindbrain region of En1-Cre/+; Fgfr1Flox/Flox 

mutants, including locus coeruleus, substantia nigra, cranial nerves III and IV, pontine 

nucleus, the nucleus pedunculopontinus tegmentalis and nucleus parabigeminalis. 

Tyrosine hydroxylase-positive neurons were found in newborn and adult mutants, in 

both the substantia nigra of the midbrain and the locus coeruleus of the rhombomere 

1. Also, Dopamine β  hydroxylase mRNA in situ hybridization revealed the locus 

coeruleus in the mutants. However the nucleus appeared to be disorganized as 

compared with the wild type. Whole-mount neurofilament staining of E10.5 En1-

Cre/+; Fgfr1Flox/Flox embryos revealed both the oculomotor (III) nerve from the 

midbrain and trochlear (IV) nerve from the anterior rhombomere 1. Consistently, the 

oculomotor and trochlear nuclei also appeared unaltered in adult mutants. In addition, 

pontine nuclei as well as mesopontine nuclei such as nucleus pedunculopontinus 

tegmentalis and nucleus parabigeminalis were found to be present in the mutants. 

Thus, in contrast to the dorsal structures, no extensive deletions or alterations were 

observed in the basal plate of the midbrain–hindbrain region. 

 

4.4.3 Midbrain is affected in the midbrain Fgfr1 mutants (I) 

 

We then wanted to know if the midbrain development was affected in the Wnt1-

Cre/+; Fgfr1∆Flox/Flox mice. The mice die neonatal, possibly due to the defects in the 

neural crest cell derivatives. We dissected the brains of the newborn Wnt1-Cre/+; 

Fgfr1∆Flox/Flox mice and their littermate controls. Similar to the En1-Cre/+; 

Fgfr1Flox/Flox mice, inferior colliculi of the midbrain was deleted in the Wnt1-Cre/+; 

Fgfr1∆Flox/Flox mice. In contrast to the En1-Cre/+; Fgfr1Flox/Flox mice in which vermis 

of the cerebellum was deleted, vermis structure was abnormal, but still present in the 

Wnt1-Cre/+; Fgfr1∆Flox/Flox mice.  
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These results suggest that primary defect in the brains of the Wnt1-Cre/+; 

Fgfr1∆Flox/Flox embryos was in the midbrain. This is supported by analyses of the 

isthmic organizer dependent genes expression of E9.5 and E10.5 Wnt1-Cre/+; 

Fgfr1∆Flox/Flox embryos (see chapter 4.4.5 and Fig. 17). Defects in the vermis structure 

of the Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos suggest that the proper development of the 

dorsal midbrain is required for the normal development of the cerebellum.  

 

4.4.4 Rescues of the hypomorphic Fgfr1 allele in the midbrain-
hindbrain and midbrain (unpublished) 

 

Fgfr1n7/n7 embryos have similar dorsal midbrain and vermis defects to the En1-Cre/+; 

Fgfr1Flox/Flox mice in which Fgfr1 is conditionally inactivated from 8 somite stage. We 

asked whether the dorsal midbrain and vermis defects in the Fgfr1n7/n7 embryos are 

due to the altered Fgfr1 expression before somite stage 8 to 12. To answer that 

question we rescued hypomorphic Fgfr1 specifically in the midbrain and hindbrain 

after somite stage 8 to12, by generating En1-Cre/+; Fgfr1n7/n7 embryos. Interestingly, 

in En1-Cre/+; Fgfr1n7/n7 embryos, development of both dorsal midbrain and vermis 

were rescued, compared to the Fgfr1n7/n7 embryos (Fig. 16). Our results suggested that 

altered Fgfr1 expression before 9-12 somite stage in the Fgfr1n7/n7 embryos does not 

result in the dorsal midbrain and vermis defects. It is possible that some other receptor 

such as Fgfr2 (see chapter 4.1 and Table 12), compensates for the reduced expression 

of Fgfr1 in the early organization  of the mid- and hindbrain.  Alternatively, reduced 

Fgfr1 expression in the Fgfr1n7/n7 embryos is sufficient for normal early development 

of the mid- and hindbrain. 

 

The phenotype of Wnt1-Cre/+; Fgfr1∆Flox/Flox mice suggested that normal 

development of the dorsal midbrain was required for the proper development of the 

vermis. We asked if the proper development of the rhombomere 1 area is required for 

the normal development of the dorsal midbrain. To answer that question we rescued 

Fgfr1 expression specifically in the midbrain by generating  Wnt1-Cre/+; Fgfr1n7/n7 

embryos. Surprisingly, we observed defects in both dorsal midbrain and vermis in 
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Wnt1-Cre/+; Fgfr1n7/n7 embryos, similar to the Fgfr1n7/n7 embryos (Fig. 16). Our 

result suggested that development of the dorsal midbrain is dependent on the proper 

development of the rhombomere 1.  

 

Figure 16. Morphology 
of the mid- and 
hindbrain of the 
midbrain-hindbrain and 
midbrain specific Fgfr1 
rescues of the 
hypomorphic Fgfr1 
mutants. Whole mount 
views with corresponding 
mid-sagittal sections of 
the brains of the newborn 
embryos. A) wild type, B) 
hypomorphic Fgfr1 
mutants, C) En1-Cre/+; 
Fgfr1n7/n7 and D) Wnt1-
Cre/+; Fgfr1n7/n7. Arrows 
point to the aplasia of the 
vermis and defects in the 
hindbrain. Arrowheads 
point to the rescued 
structures of the mid- and 
hindbrain. F) Schematic 
representation of the mid- 
and hindbrain defects in 
the wild type, En1-Cre/+; 
Fgfr1Flox/Flox, Wnt1-Cre/+; 
Fgfr1Flox/Flox, Fgfr1n7/n7, 
En1-Cre/+; Fgfr1n7/n7 and 

Wnt1-Cre/+; Fgfr1n7/n7 embryos. Loss of the midbrain or hindbrain structure in the newborn 
embryos is presented in gray.  cl, cerebellar lobe; cp, choroid plexus; di, diencephalons; ic, 
inferior colliculi; mb, midbrain; mhb, midbrain-hindbrain boundary; r1-2, rhombomere 1-2; v, 
vermis.   
 

4.4.5 Isthmic organizer forms and is positioned properly, but is not 
maintained in the midbrain-hindbrain and midbrain Fgfr1 mutants 
(I, II) 

 

We wanted to know whether the isthmic organizer forms and is it positioned properly 

in the En1-Cre/+; Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos. For this, we 

analyzed the expression of isthmic organizer dependent genes in En1-Cre/+; 

Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos at E8.5 and E9.5 by whole-
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mount in situ hybridization. Pax2, Wnt1 and Fgf8 were expressed in En1-Cre/+; 

Fgfr1Flox/Flox E8.5 embryos in a pattern indistinguishable from the wild type embryos. 

At E9.5, expression pattern of the isthmic organizer genes, Otx2, Gbx2 and Fgf8 in 

the En1-Cre/+; Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos was similar to 

their expression in the wild type embryos (Fig. 17, I Fig. 4, Fig. 6 and II Fig. 1). 

Together our results suggest that the isthmic organizer formes and is positioned 

properly in both En1-Cre/+; Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos.  

 

Next we wanted to know whether the maintenance of the isthmic organizer-regulated 

genes is affected in En1-Cre/+; Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos. 

We also wanted to know whether FGFR1 is required independently in the midbrain 

and rhombomere 1 for the maintenance of the isthmic organizer dependent genes. To 

answer these questions, we analyzed expression of the isthmic organizer dependent 

genes Spry1, Pax2, En1/2, Wnt1, Otx2, Gbx2 and Fgf8 in En1-Cre/+; Fgfr1Flox/Flox 

and Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos at E9.5-E10.5. In En1-Cre/+; Fgfr1Flox/Flox 

E9.5 embryos, Spry1 and Pax2 were down regulated in both midbrain and hindbrain 

(Fig. 17). In contrast to En1-Cre/+; Fgfr1Flox/Flox, in E9.5 Wnt1-Cre/+; Fgfr1∆Flox/Flox 

embryos, Spry1 and Pax2 were down regulated only in the midbrain, while they were 

still expressed in the rhombomere 1 of the hindbrain (Fig. 17). Later at E10.5, the 

isthmic organizer dependent genes were down regulated both in the midbrain and 

hindbrain in En1-Cre/+; Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox .  

 

 

 
 
 
Figure 17. Analysis of gene 
expression in the midbrain-
hindbrain and midbrain specific 
Fgfr1 mutants. Whole mount in situ 
hybridization of E9.5 wild type, En1-
Cre/+; Fgfr1Flox/Flox and Wnt1-Cre/+; 
Fgfr1Flox/Flox embryos with Fgf8 (A), 
Wnt1 (B), Sprouty1 (C) and Pax2 (D). 
Red arrows indicate altered gene 
expression. Small arrowheads in (G) 
indicate remaining Spry1 expression in 
regions distal to the isthmus. 
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Our results suggest first that Fgfr1 is required for the maintenance of the isthmic 

organizer-dependent gene-expression in both midbrain and hindbrain. Second, Fgfr1 

is required independently in the midbrain and rhombomere 1 for this. In the Wnt1-

Cre/+; Fgfr1∆Flox/Flox embryos, cells were unable to sense FGF signaling specifically 

in the midbrain. Thus, inactivation of the isthmic organizer dependent genes in the 

Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos occurs primarily in the midbrain. Third, 

maintenance of the isthmic organizer-dependent genes in the rhombomere 1 requires 

the maintenance of the isthmic organizer dependent genes in the midbrain, as the 

Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos at E10.5 failed to maintain isthmic organizer 

genes also in the rhombomere 1.  

 

4.4.6 Tissue specific inactivation of the Fgfr1 in the midbrain-
hindbrain does not result in a cell death (I, II) 

 

We wanted to know what is the cause of the midbrain-hindbrain deletions in the En1-

Cre/+; Fgfr1Flox/Flox embryos. As a first step to address that question, we analyzed cell 

death in the midbrain-hindbrain region of En1-Cre/+; Fgfr1Flox/Flox and wild type 

embryos at E8.5, E9.5 and E10.5 (see II Suplementary Fig. 3). We were not able to 

see significant cell death at the midbrain-hindbrain region in En1-Cre/+; Fgfr1Flox/Flox 

comparing to the wild type embryos, by Nile blue, Tunnel or semi-thin sections 

analysis.  

 

Interestingly, cell death seems to play a major role in deletion of the midbrain-

hindbrain region in En1-Cre/+; Fgf8Flox/Flox embryos (Chi et al., 2003). Cell death is 

detected in the midbrain and hindbrain region of En1-Cre/+; Fgf8Flox/Flox embryos, 

between E8.0 and E10.5 (7-30 somite stage). The difference in the phenotype between 

En1-Cre/+; Fgf8Flox/Flox and En1-Cre/+; Fgfr1Flox/Flox embryos, could be explained by 

expression of Fgfr2 and Fgfr3 in the midbrain and rhombomere 1, which might be 

able to functionally compensate for the lack of Fgfr1 in the mid- and hindbrain 

region. Alternatively, there might be some residual Fgfr1 expression left in En1-

Cre/+; Fgfr1Flox/Flox mice, due to the incomplete gene inactivation. However, our data 
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described (in chapter, 4.4.3) argue for the complete inactivation of Fgfr1 in the 

midbrain and anterior hindbrain of  En1-Cre/+; Fgfr1Flox/Flox embryos. 

 

4.4.7 Tissue specific inactivation of the Fgfr1 in the midbrain-
hindbrain and midbrain mutants, results in a cell mixing at the 
midbrain-hindbrain boundary (I) 

 

What are molecular and cellular processes regulated by FGFR1 in the mid- and 

hindbrain region? It is possible that FGFR1 directly or indirectly regulates cell 

identities, i.e. tissue patterning. The behavior of cells close to the midbrain-hindbrain 

boundary in both En1-Cre/+; Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos 

suggest yet another mechanism. Posterior midbrain cells expressing Wnt1 are 

clustered in tight band of cells next to the cells expressing Fgf8 in the anterior 

rhombomere 1. Interestingly, in both En1-Cre/+; Fgfr1Flox/Flox and Wnt1-Cre/+; 

Fgfr1∆Flox/Flox E9.5 embryos, the boundary cells expressing Wnt1 mixed extensively 

with the Wnt1 negative rhombomere 1 cells. Other isthmic organizer dependent genes, 

such as, Otx2, Gbx2 and Fgf8 also showed heterogeneous expression borders at the 

midbrain-hindbrain boundary region in these mutant embryos (Fig. 18 and data not 

shown).  

 

 

 
 
 
 
Figure 18. Close-up side views of the 
embryos showing boundary defects. 
Whole mount in situ hybridization of 
E9.5 wild type, En1-Cre/+ Fgfr1Flox/Flox 
and Wnt1-Cre/+ Fgfr1Flox/Flox embryos 
with Wnt1 (A) and Gbx2 (B). Red arrows 
indicate cell mixing at the mid- and 
hindbrain boundary. Midbrain-hindbrain 
boundary is indicated by dotted line. 

 

To get insight into the mechanisms responsible for enhanced cell mixing in En1-

Cre/+; Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox E9.5 embryos, we analyzed 
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expression of the genes thought to mediate differential cell adhesion in the midbrain 

and rhombomere 1 and adhesion at the border of these two domains. Ephrin-A5 is 

expressed in the midbrain. Ephrin-A5 expression was unchanged in En1-Cre/+; 

Fgfr1Flox/Flox compared to the wild type E9.5 embryos. Next we looked at cadherins, 

molecules involved in the cell-cell adhesions. PB-Cadherin, belongs to “classical 

cadherins”, which function as homotypic cell adhesion molecules. It has been 

reported to be expressed in the isthmic organizer region in a pattern overlapping with 

Wnt1 expression (Kitajima et al., 1999). Interestingly, PB-Cadherin expression was 

down regulated in the dorsal midbrain in both En1-Cre/+; Fgfr1Flox/Flox and Wnt1-

Cre/+; Fgfr1∆Flox/Flox as compared to the wild type embryos.  

 

These results suggest that FGF signaling regulates PB-Cadherin expression at the 

midbrain-hindbrain boundary. Regulation of adhesive properties by FGF signaling 

could explain in part how the isthmic organizer is maintained as a straight and 

coherent signaling center. 

 

A failure in segregation between midbrain and hindbrain cells has been reported in 

hypomorphic Wnt1SW/SW mutants (Bally-Cuif et al., 1995). Our results in En1-Cre/+; 

Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos suggest that the behavior of the 

midbrain cells is affected prior to the loss of Wnt1 expression. It is therefore possible 

that the cell-sorting defect in the Wnt1SW/SW mice results from down-regulation of 

isthmic FGF signals.  Alternatively, FGF might directly regulate the adhesive 

properties of the midbrain-hindbrain boundary cells. It has been shown that tyrosine 

phosphorylation regulate the activity of catenins, which in turn affects cadherin 

function (Lilien et al., 2002).  
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4.5 FGFR1 dependent boundary cells have specific cell 
properties (II) 

 

4.5.1 Initial changes in gene expression occur close to the 
boundary in the midbrain-hindbrain Fgfr1 mutants (II) 

 

Based on the FGFR expression data showing that Fgfr1 is the only Fgfr expressed 

close to the midbrain-hindbrain boundary (see chapter, 4.1), we asked whether the 

initial change in the expression of the molecules dependent on the FGF signaling 

occurs close to the midbrain-hindbrain boundary in En1-Cre/+; Fgfr1Flox/Flox embryos. 

To answer that question, we analyzed expression of the molecules thought to be 

immediate downstream targets of FGF signaling pathway by whole mount in situ 

hybridization in E9.5 En1-Cre/+; Fgfr1Flox/Flox embryos. The expression of Pea3, Erm 

and Spry1 was initially down regulated close to the midbrain-hindbrain border of En1-

Cre/+; Fgfr1Flox/Flox embryos. Some expression of Pea3, Erm and Spry1 was detected 

further away from the midbrain-hindbrain boundary in the mutant embryos. It is 

possible that other FGFRs may mediate FGF signaling further away from the 

midbrain-hindbrain boundary region in the En1-Cre/+; Fgfr1Flox/Flox embryos (see 

chapter, 4.1).  

 

We also analysed Fgf15 expression in the embryo. At E9.5 Fgf15 is expressed in the 

midbrain and rhombomere 1 and has a gap in its expression in the most anterior 

rhombomere 1 next to Otx2 expression in the midbrain (Gimeno et al., 2002). 

Interestingly, in En1-Cre/+; Fgfr1Flox/Flox embryos, Fgf15 was up-regulated close to 

the border and the gap in the anterior rhombomere 1 was absent. These results 

suggested that initial changes in gene expressions in En1-Cre/+; Fgfr1Flox/Flox 

embryos occur close to the midbrain-hindbrain boundary. 
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4.5.2 Isthmic constriction is affected in the Fgfr1 midbrain-
hindbrain mutants (II) 

 

Both vermis of the cerebellum and inferior colliculi of the midbrain are thought to 

develop from the dorsal neural tube region adjacent to the midbrain-hindbrain 

boundary. Midbrain-hindbrain boundary is located at the constriction between the 

midbrain and hindbrain, which starts to form around E9.25 and is visible at E10.5. We 

wanted to know if the isthmic constriction develops normally in the En1-Cre/+; 

Fgfr1Flox/Flox embryos. To answer that question we analyzed morphological 

development of the isthmic constriction of the En1-Cre/+; Fgfr1Flox/Flox E10.5 and 

E11.5 embryos. The isthmic constriction was less obvious in the En1-Cre/+; 

Fgfr1Flox/Flox embryos compared to the wild type already at E10.5 and could not be 

observed at E11.5.  

 

4.5.3 Cells at the mid- and hindbrain boundary express distinct cell 
cycle regulators (II) 

 

Next we wanted to know why the isthmic constriction fails to form in En1-Cre/+; 

Fgfr1Flox/Flox embryos. Very little is known about the isthmic constriction development 

in wild type embryos. The zone of the slowly proliferating cells might play a role in 

the formation of the constriction between the mid- and hindbrain. Although the 

function of the constriction is unclear it may play a role in the compartmentalization 

of the mid- and hindbrain. Altered cell proliferation might be the reason why the 

isthmic constriction fails to form in En1-Cre/+; Fgfr1Flox/Flox embryos.  

 

Microarray data indicated several cell cycle genes, which were differentially 

expressed in the En1-Cre/+; Fgfr1Flox/Flox embryos (T. Jukkola, J. Partanen, 

unpublished). One of these genes was CyclinD1. It is expressed at E10.5 in the 

midbrain and hindbrain but not in the cells located in the close proximity to the 

midbrain-hindbrain boundary. In En1-Cre/+; Fgfr1Flox/Flox E10.5 embryos, CyclinD1 

expression was reduced in the midbrain. In addition, CyclinD1 negative domain 

between midbrain and hindbrain was absent in the mutant embryos. Jumonji, a 
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transcription factor shown to negatively regulate CyclinD1 (Takeuchi et al., 1995), 

was expressed in a stripe of cells located close to the midbrain-hindbrain boundary of 

the wild type E9.5 and E10.5 embryos. In En1-Cre/+; Fgfr1Flox/Flox E9.5 and E10.5 

embryos, jumonji was clearly down regulated in these cells. Also, a cyclin dependent 

kinase inhibitor p21 was expressed in the cells located close to the midbrain-hindbrain 

boundary of wild type E9.5 and E10.5 embryos. Apparently, cells located close to the 

midbrain-hindbrain boundary of wild type E9.5 and E10.5 embryos, which express 

p21, coincided with the cells that did not express CyclinD2. In the En1-Cre/+; 

Fgfr1Flox/Flox E9.5 embryos, midbrain-hindbrain cells expressing p21 were scattered. 

At E10.5 p21 cells were not detected at the midbrain-hindbrain boundary.  

 

We wanted to define more precisely the location of the cells that express p21 and had 

a gap in the CyclinD2 expression at the midbrain-hindbrain boundary. To answer that 

question we hybridized adjacent sections of wild type E9.5 and E10.5 embryos using 

CyclinD2 and p21 probes in parallel with the molecular markers of the hindbrain or 

midbrain. CyclinD2 negative domain at midbrain-hindbrain boundary was located 

both in the anterior most Fgf8 positive and posterior most Fgf8 negative cells. Also 

expression of p21 was found to be partially overlapping with Fgf8 positive and Fgf8 

negative domain.  

 

4.5.4 Cells at the mid- and hindbrain boundary proliferate slowly 
(II)  

 

Given the differential expression of the cells cycle regulators close to the midbrain-

hindbrain boundary we decided to look more closely into proliferative kinetics of that 

region. First we did BrdU studies in the wild type E9.5 and E10.5 embryos. We 

counted the cells in four juxtaventricular regions of the dorsal midbrain and hindbrain: 

rhombomere 1 region located at the distance  from the boundary (R1) and adjacent to 

the boundary (R1B), midbrain region located at the distance from the boundary (MB) 

and adjacent to the boundary (MBB). The width of the region was 40 µm and 100 µm  

for E9.5 and E10.5 embryos respectively. At E9.5 we were not able to see statistical 

difference in the proliferate indexes of these regions. However at E10.5 the 
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proliferative indexes of the R1B and MBB regions were significantly lower compared 

to the proliferative indexes of the R1 and MB region.  

 

To further characterize the proliferation kinetics of the boundary cells we calculated 

the mitotic indexes from semi-thin sections of the midbrain-hindbrain boundary 

region at E10.5. At E10.5 mitosis takes place close to the ventricular surface. The area 

from which mitotic indexes were calculated was 100 µm in width and 10 µm (about 

one cell layer) in height from the ventricular surface. Statistical analyses showed that 

the cells located in R1B and MBB have significantly lower mitotic indexes than the 

cells located in R1 and MB.  

 

Our results suggested that cells located at the midbrain-hindbrain boundary region 

proliferate slower than cells located further away from the boundary. Similar results 

were obtained in the thymidine auto radiogram studies of the midbrain-hindbrain 

region of  E13 rat embryos (Altman and Bayer) and Gbx2 conditional mutants (Li et 

al., 2002). In contrast to these studies, which suggest that reduced cell proliferation 

correspond to the Fgf8 expression domain, our results point to the narrow group of 

cells located at the boundary between mid- and hindbrain. Our study was concentrated 

on the earlier stages of the mouse development than the previous studies. At the 

earlier stages Fgf8 is expressed in a broader domain in the anterior part of 

rhombomere 1. It is possible that Fgf8 expression is reduced to the narrow band of 

cells at the boundary between the mid- and hindbrain at the later stages.   

 

Our results suggest that there is FGFR1 dependent slowly proliferating boundary cell 

population between midbrain and rhombomere 1. Fgfr1 is not absolutely required for 

the development of these cells, as p21 expressing cells are still observed at E9.5 Fgfr1 

midbrain-hindbrain mutant embryos. However, Fgfr1 seems to be important to the 

integrity of these cells as the cells expressing p21 are scattered in the mid- and 

hindbrain at E9.5 in Fgfr1 mutant embryos. 
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4.6 Midbrain-hindbrain is not affected in overactive FGFR1 
(unpublished) 

 

4.6.1 Generation of an overactive Fgfr1 allele (unpublished) 

 

We wanted to know if expression of overactive Fgfr1 in the mid- and hindbrain 

region alters regionalization and formation of the midbrain-hindbrain boundary. To 

answer that question we created conditional overactive allele of the Fgfr1 gene, 

Fgfr1K656EN. A point mutation as well as neomycin phosphotransferase (neo) 

expression cassette insertions were introduced into the Fgfr1 locus by gene targeting 

(Fig. 19, see materials and methods). The neo cassette was inserted in the sense 

orientation in intron 15. This insertion results in the reduction in the amount of full-

length Fgfr1 transcript product (Partanen et al., 1998). LoxP sites flanked the neo 

cassette allowing removal of neo cassette by vector expressing Cre recombinase. The 

introduced point mutation was in the tyrosine kinase domain changing Lysine 656 

into glutamic acid (K656E) (Fig. 19 A, B, C). A corresponding activating mutation 

was originally described in Fgfr3 causing thanatophoric dysplasia II (Naski et al., 

1996).  

Removal of the neo cassette from the Fgfr1K656EN allele, by the vector expressing Cre 

recombinase, generated unconditional form of Fgfr1 overactive allele, Fgfr1K656EL 

(Fig. 19 A, D, E) . 
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Figure 19. Genomic structure 
and characterization of the 
overactive Fgfr1 alleles 
generated. A) Schematic 
representation of the FGFR1 
structure is shown at top. 
Targeting vector (pPNTLoxP-
K656E) was used to introduce the 
overactive mutation into Fgfr1 
allele together with a mutation  
generating ClaI restriction site in 
exon 13. Conditional form of 
overactive Fgfr1 allele, 
Fgfr1K656EN, contains neo cassette 
inserted into intron 15. After 
transient expression of the Cre-
recombinase the neo cassette is 
removed, generating 
unconditional overactive Fgfr1 
allele, Fgfr1K656EL. B) and C) 
Southern blot analysis of the ES 
cell lines generated. See (A) for 
identification of the probes and 
restriction maps. C) and E) 
Verification of the introduced 
mutations. See (A) for the 
identification of the region 

amplified by the PCR. PCR product was isolated and enzymatically cleaved by ClaI 
restriction enzyme. Sizes of the fragments after ClaI restriction are shown. 
 

4.6.2 Isthmic organizer is not affected in the Fgfr1 overactive 
chimeras (unpublished) 

 

 Gain-of-function Y766F Fgfr1 mutants and hypomorphic mutations in Fgfr1, 

generate opposite phenotypes in terms of homeotic vertebral transformations, 

suggesting a role for FGFR1 in patterning the embryonic anteriorposterior axis by 

way of regulation of Hox gene activity (Partanen et al., 1998).  The hypomorphic 

Fgfr1 mutants die neonatally and show posterior truncations, homeotic 

transformations in the vertebral column (predominantly to the anterior direction), as 

well as expansion of the limb fields and later distal limb defects. Transformations 

exclusively to the posterior direction are seen in the gain-of-function Y766F mutants 

in the absence of other abnormalities (Partanen et al., 1998). In order to test whether 
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Fgfr1K6561EN/+ chimera have altered antero-posterior patterning alizarin red-alcian 

blue skeletal preps were made from new-born chimeras.  Results of alizarin red-alcian 

blue skeletal preps of strong1 new-born chimera are shown (Table 14 and Fig. 20) .  

 

Table 14. Skeletal defects in the Fgfr1K656EN /+ new-born chimera 
Skeleton Defect Total  Affected % 
Atlas Abnormal 13 13 100 
Axis Arches divided 13 13 100 
c7 Miniextension 13 13 100 
Sternum Abnormal 13 13 100 
T13 Gap in the rib 12 8 66.7 
L6 Transformation of L6 to S1 11 7 63.6 
Forelimb Extra posterior digit 12 12 100 
 

Skeletal defects in the Fgfr1K656EN  chimeric embryos were consistent with the 

previous findings in Y766 overactive FGFR1, arguing for the efficient generation of 

the over-active allele (Partanen et al., 1998). 

 

 

 
 
Figure 20. Skeletal defects in the 
Fgfr1K656EN /+ new-born chimera. 
A) In hypomorphic Fgfr1 L1 is 
transformed into T13 B) wild-type 
C) In Fgfr1K656EN /+ new-born 
chimera T13 is transformed into L1 
and L6 is transformed to S1. D) In 
hypomorphic Fgfr1 second and 
third digit are fused E) wild-type F) 
In Fgfr1K656EN /+ new-born chimera 
fifth digit is bifurcated. FGF signal 
increases from the left to the right 
as represented by the bar. 
 

Then we wanted to analyze the midbrain-hindbrain phenotype in Fgfr1K656EN 

chimeras. A subpopulation of the chimeras (presumably those with high level of 

chimerism) for Fgfr1K656EN allele did not survive after birth, so we were not able to 

generate a heterozygous mouse line for Fgfr1K656EN allele. To generate embryos 

                                                           
1 Strong new-born chimera are ones with obvious phenotype, such as abnormal head development, 
yellowish skin color, forelimb with six digit and excess liquid under the skin which makes swellings 
under the skin.  
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carrying over-active Fgfr1, we used Fgfr1K656EL ES-cells. We generated Fgfr1K656EL/+ 

-- ROSA26/+ diploid chimeric E9.5 embryos. We selected Fgfr1K656EL/+ -- ROSA26/+ 

embryos (n=4), of which tail samples were negative for the β-galactosidase staining 

and which had open neural tube, characteristic of a chimeric embryos with a strong 

contribution of  Fgfr1K656EL cells. We analyzed the expression pattern of the isthmic 

organizer dependent genes in E9.5 diploid chimeras by whole mount in situ 

hybridization (Fig. 21).  

 

 

 
 
 
 
 
 
 
Figure 21. Analysis of the gene 
expression in the mid- and hindbrain of 
the Fgfr1K656EL/+ -- ROSA26/+ diploid 
chimeric embryos. Whole mount in situ 
hybridization of E9.5 embryos with Fgf8 
(A) lateral and (B) dorsal, Wnt1 (C) 
lateral and (B) dorsal, Spry1 (E) and Otx2 
(F). 

 

Surprisingly, expression pattern of the isthmic organizer dependent genes in chimeric 

embryos was indistinguishable from their expression in the wild type embryos. Based 

on expression studies of FGFRs in the mid- and hindbrain region (see chapter, 4.1), it 

is possible that other FGF receptors (such as Fgfr2) play a major role in the initial 

specification and induction of the isthmic organizer dependent genes. Interestingly, 

experiments using transiently expressing Fgfr1K656E in the mouse also produced only 

minor defects, such as enlargement of the midbrain and diencephalon (Liu et al., 

2003). In contrast, transformations with Fgf8b or Fgfr1N546K repressed the Otx2 

expression in the midbrain and induced ectopic expressions of the Gbx2 and Fgf8 (Liu 

et al., 2003). These results suggested that different activation mutations in FGFRs 

might have different biological responses.  
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4.7 Role of FGFR1 in the pharyngeal development (III) 
 

4.7.1 Branchial arch 2 develops properly in the neural crest cells 
Fgfr1 mutants (III) 

 

We wanted to analyze the role of Fgfr1 in the second branchial arch development. In 

the Fgfr1n7/n7 embryos neural crest cells fail to populate second branchial arch. To 

determine whether Fgfr1 is required autonomously in the neural crest cells for their 

migration into second branchial arch, we generated Wnt1-Cre/+; Fgfr1∆Flox/Flox 

embryos (= neural crest cells Fgfr1 mutants). Although a number of defects in 

craniofacial development were observed, no defects were observed in the early 

development of the second branchial arch in these mutants. These results suggest that 

Fgfr1 is not required autonomously in the neural crest cells for the development of the 

second branchial arch.  

 

To further test requirement of the Fgfr1 in the neural crest cells, we rescued the Fgfr1 

specifically in the neural crest cells of the Fgfr1n7/n7 embryos by generating Wnt1-

Cre/+; Fgfr1n7/n7 embryos. In these embryos, the neo cassette was removed from 

hypomorphic Fgfr1n7 allele by Cre-recombinase. This results in the Fgfr1l7 allele, 

which is functionally equal to the wild type allele (Partanen et al., 1998). Embryos 

homozygous for Fgfr1l7 allele in the neural crest cells showed abnormal development 

of the second branchial arch at E9.5, which was comparable to the defects observed in 

the Fgfr1n7/n7 embryos. This further supports the conclusion that Fgfr1 is not required 

cell autonomously in the neural crest cells for the formation of the second branchial 

arch.  

 

In the Fgfr1n7/n7 embryos, the neural crest cells identified with molecular markers, 

failed to populate the second branchial arch. Instead, cells accumulated in front of the 

second branchial arch where they died appoptotically. We were also able to observe 

that gene expression in the ectoderm is affected before the neural crest cell migration 

defects in the Fgfr1n7/n7 embryos. Our results indicate that FGFR1 patterns the 

pharyngeal region to create a permissive environment for neural crest cell migration. 
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5. Concluding remarks and perspectives 
 

From the mid 1980's, we have seen remarkable advances in the understanding of the early 

development of the midbrain and hindbrain. First important finding was the identification 

of the planar organizing center, the isthmic organizer using transplantation experiments in 

the chick. Later the isthmic organizer was identified in all vertebrates studied. Second 

important finding was the identification of FGF8 as the key molecule that mediates the 

isthmic organizer activity, using transplantation and bead experiments in the chick and 

mouse. Other molecules expressed at the isthmic organizer such as transcription factors 

Gbx2, Otx2, Pax2/5, En1/2 and secreted molecule Wnt1 were also identified and 

described in the chick, mouse and zebrafish. Third, the genetic studies in the mouse and 

zebrafish helped us to understand the function of these genes and molecular events that 

lead to the positioning and maintenance of the isthmic organizer.  

 

Prior to the present work, there were no information on FGFRs function in development 

of the mid- and hindbrain. We contributed to the understanding of the isthmic organizer 

signaling by studying the role of the FGFR1 in the midbrain-hindbrain region. Using site-

specific DNA recombinase technology, we have inactivated Fgfr1 in the midbrain-

hindbrain and midbrain. First, we have shown that Fgfr1 is required in the midbrain and 

in the hindbrain for the sustained response to the isthmic organizer signaling. Second, 

Fgfr1 independently regulates gene expression in the midbrain and in the hindbrain. Third 

FGFR1 may regulate cell-adhesion at the midbrain-hindbrain boundary. 

 

We also contributed to the understanding of the cellular properties of the midbrain-

hindbrain boundary region. First, we have shown that cells located close to the midbrain-

hindbrain boundary express Fgfr1 but not other Fgfrs. Second, Fgfr1 dependent 

midbrain-hindbrain boundary cells have unique features. They express distinct cell cycle 

regulators and proliferate less rapidly than the surrounding cells.   

 

Separation of the cells in distinct functional units helps organisms to regulate 

development. Developmental boundaries are frequently sites where organizing centers, 

such as the isthmic organizer are located. Midbrain-hindbrain boundary might be example 

for the boundary formation and function in different systems. We have shown that 

FGFR1 dependent boundary cells express specific cell adhesion molecules, such as Pb-
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cadherin. Adhesion molecules could help to keep the isthmic organizer coherent by 

preventing the extensive mixing between mid- and hindbrain cells. In turn, the signaling 

molecules secreted from the isthmic organizer control expression of the adhesion 

molecules. First, we have shown that in the absence of the FGFR1 in E9.5 midbrain-

hindbrain mutants, cells around the midbrain-hindbrain are unable to sense FGF 

signaling. Second, expression of the Pb-cadherin is down-regulated, which results in the 

mixing of the midbrain and rhombomere 1 cells at the midbrain-hindbrain boundary (Fig. 

22 see page 17.).  

 

At E10.5 the morphological constriction between mid- and hindbrain, called isthmic 

constriction, is evident. The role of the isthmic constriction might be to further stabilize 

the midbrain-hindbrain boundary and prevent cell mixing between the midbrain and 

hindbrain cells. We have shown that at E10.5, FGFR1 dependent cells proliferate slower 

than adjacent cells. Slower proliferating FGFR1 dependent cells might participate in the 

formation of the isthmic constriction. Indeed the midbrain-hindbrain specific Fgfr1 

mutants lose the slowly proliferating cells as well as the isthmic constriction.  

    

Role of the adhesion molecules in the formation of the boundary between mid- and 

hindbrain is still to be resolved, for example by generating the PB-Cadherin conditional 

inactivation in the midbrain-hindbrain region. Another interesting question is the role of 

other FGFRs in the formation of the mid- and hindbrain boundary. Because of the 

possible redundancy in the function between Fgfrs, double and triple conditional 

knockouts are required to assess their function in the formation of the midbrain and 

hindbrain.  

 

In this thesis, we have also shown that FGFR1 regulates non-cell-autonomously the 

migration of the neural crest cells into the second branchial arch. First we showed, in the 

Fgfr1n7/n7 embryos, the neural crest cells identified with molecular markers, failed to 

populate the second branchial arch. Instead, cells accumulated in front of the second 

branchial arch where they died appoptotically. Second, we were able to observe that gene 

expression in the ectoderm is affected before the neural crest cell migration defects in the 

Fgfr1n7/n7 embryos. Thus our results indicate that FGFR1 patterns the pharyngeal region 

to create a permissive environment for neural crest cell migration. 

 



 
70 

 
 

 

Acknowledgements 
 
This study was carried out at the Institute of Biotechnology, University of Helsinki, 1998-2004.  
 
Docent Juha Partanen, my supervisor, for provided me with the excellent working environment and 
genetical tools. Whole thesis is a part of the team work in which Juha Partanen has had prominent role. 
His enthusiasm and bright knowledge of developmental biology and genetics have been of fundamental 
importance for this thesis. And his critical reading of this thesis. 
 
Nina Trokovic which bright enthusiasm and knowledge of the developmental biology and genetics 
have been of fundamental importance for this thesis. And her critical reading of this thesis. 
Ann-Christine Marttinen for her crucial support and help in the moments I most needed it.   
 
Ulla Pirvola for excellent collaboration and scientific discussions. Paula Alexandre, Marion Wassef 
and Boureau Tristan for scientific discussion and excellent time in Paris.  Mark Zervas, Alex Joyner 
and Michael Brand for excellent and very useful discussion in Heidelberg. Alvaro Hernandez for 
excellent discussion and time in Madrid.  
 
Mark Tummers, Satu Kuure and Tomi Jukkola in founding the on-line-journal Dev&Communication 
for which we got VGSB reward. All students of the VGSB school which student representative I was 
from 1999-2004. Ansi Rantakari, Monica Yabal, Laura Seppä, Leena Karhinen, Outi Hallikas, Ari 
Pekka Mähönen, Martin Bonke, Jari Rossi, Thomas-Crusells Judith and others. 
 
I thank reviewers Docent Matti S. Airaksinen and Professor Tomi Mäkelä for their excellent work and 
critical reading of this thesis. Professor Tomi Mäkelä and Professor Hannu Sariola, my thesis follow-up 
committee, for stimulating discussion and sharp comments during the annual follow-up meetings. 
Laure Bally-Cuif for being example during my PhD studies and for accepting to be my opponent. 
 
Professor Irma Thesleff, Director of the Developmental Biology Program and Professor Mart Saarma, 
Head of the Institute of Biotechnology, for providing excellent work and core facilities. Vice Rector 
Professor Marja Makarow, Head of the VGSB, Eeva Sievi and Nina Saris, coordinator of the VGSB for 
organizing excellent seminars and courses. Eeva Sievi and Anita Tienhaara, GSBM for their support.  
 
Nina Trokovic, Ulla Pirvola, Tomi Jukkola, Jonna Saarimäki, Paula Peltopuuro, Petra Mai, Sanna 
Hernesniemi, Daniela M. Vogt Weisenhorn, Naserke T., Janet Rossant, Andrew P. McMahon, 
Wolfgang Wurst and Juha Partanen, my co-authors. Eija Koivunen, Outi Koljonen, Mona Augustin, 
Päivi Hannuksela, Maria von Numers, Mervi Lindahl, Lois Schwartz, Stefanie Pirrung and Nadine 
Trepesch for expert technical assistance.   
 
All previous and present members of the Juha Partanen’s group and Developmental Biology Program 
for the nice social and scientific atmosphere. Special thanks to Tapio Heino and Christope Roos. 
 
Professor Hannu Saarilahti, Professor Jim Schröder, Professor Pekka Heino, Professor Dennis 
Bamford, Professor Tapio Palva and others from the Faculty of Biosciences, Department of Biological 
and Environmental Sciences, University of Helsinki, and Professor Anna-Elina Lehesjoki, 
Neuroscience Center and Folkhälsan Institute of Genetics, Biomedicum, University of Helsinki, for 
being guidance trough my studies. Professor Klaus Tähkä for excellent courses and time during Dev. 
Biol. Courses on which I have acted as a teacher. 
 
Anu Harkki, the founder of Life-science-man, for her support and trust in my capabilities for the 
business development, and my colleague Anu Mehtonen. 
 
My special thanks go to my sister Nina and parents Ismet and Jasemina Trokovic, as well as my lovely 
wife Tanja Trokovic, her brother Bojan and parents Krle and Cica.  
 
  
Ras Trokovic            Helsinki, Mart 2005 
 



 
71 

 
 

 

References 

 
 
Acampora, D., Avantaggiato, V., Tuorto, F., Briata, P., Corte, G. and Simeone, A. (1998) Visceral 

endoderm-restricted translation of Otx1 mediates recovery of Otx2 requirements for 
specification of anterior neural plate and normal gastrulation. Dev Suppl. 125, 5091-5104. 

Acampora, D., Avantaggiato, V., Tuorto, F. and Simeone, A.  (1997) Genetic control of brain 
morphogenesis through Otx gene dosage requirement. Dev Suppl. 124, 3639-3650. 

Acampora, D., Mazan, S., Lallemand, Y., Avantaggiato, V., Maury, M., Simeone, A. and Brulet, 
P. (1995) Forebrain and midbrain regions are deleted in Otx2-/- mutants due to a defective 
anterior neuroectoderm specification during gastrulation. Dev Suppl. 121, 3279-3290. 

Adams, K. A., Maida, J. M., Golden, J. A. and Riddle, R. D. (2000) The transcription factor Lmx1b 
maintains Wnt1 expression within the isthmic organizer. Dev Suppl. 127, 1857-1867. 

Altman, J. and Bayer, S. A. (Eds.), 1997. Development of the cerebellar system: in relation to its 
evolution, structure, and functions. CRC Press, Boca Raton, FL. 

Alvarez, I. S., Araujo, M. and Nieto, M. A. (1998) Neural induction in whole chick embryo cultures 
by FGF. Dev Biol  199, 42-54. 

Alvarez, O. R., Sotelo, C. and Alvarado-Mallart, R. M. (1993) Chick/quail chimeras with partial 
cerebellar grafts: an analysis of the origin and migration of cerebellar cells. J Comp. Neurol. 
333, 597-615. 

Amaya, E., Musci, T. J. and Kirschner, M. W. (1991) Expression of a dominant negative mutant of 
the FGF receptor disrupts mesoderm formation in Xenopus embryos. Cell 66, 257-270. 

Ang, S. L., Conlon, R. A., Jin, O. and Rossant, J. (1994) Positive and negative signals from 
mesoderm regulate the expression of mouse Otx2 in ectoderm explants. Dev Suppl. 120, 2979-
2989. 

Ang, S. L. and Rossant, J. (1993) Anterior mesendoderm induces mouse Engrailed genes in explant 
cultures. Dev Suppl. 118, 139-149. 

Argos, P., Landy, A., Abremski, K., Egan, J. B., Haggard-Ljungquist, E., Hoess, R. H., Kahn, M. 
L., Kalionis, B., Narayana, S. V. and Pierson, L. S. (1986) The integrase family of site-
specific recombinases: regional similarities and global diversity. EMBO J 5, 433-440. 

Arin, M. J., Longley, M. A., Wang, X. J. and Roop, D. R. (2001) Focal activation of a mutant allele 
defines the role of stem cells in mosaic skin disorders. Journal of Cell Biology  152, 645-649. 

Arman, E., Haffner-Krausz, R., Chen, Y., Heath, J. K. and Lonai, P. (1998) Targeted disruption of 
fibroblast growth factor (FGF) receptor 2 suggests a role for FGF signaling in pregastrulation 
mammalian development. Proc. Natl. Acad. Sci. U. S. A. 95 , 5082-5087. 

Avivi, A., Yayon, A. and Givol, D. (1993) A novel form of FGF receptor-3 using an alternative exon 
in the immunoglobulin domain III. FEBS Letters 330, 249-252. 

Aybar, M. J. and Mayor, R. (2002) Early induction of neural crest cells: lessons learned from frog, 
fish and chick. Curr. Opin. Genet Dev 12, 452-458. 

Baker, J. C., Beddington, R. S. and Harland, R. M. (1999) Wnt signaling in Xenopus embryos 
inhibits bmp4 expression and activates neural development. Genes Dev 13, 3149-3159. 



 
72 

 
 

 

Bally-Cuif, L., Cholley, B. and Wassef, M. (1995) Involvement of Wnt-1 in the formation of the 
mes/metencephalic boundary. Mech Dev 53, 23-34. 

Bally-Cuif, L. and Hammerschmidt, M. (2003) Induction and patterning of neuronal development, 
and its connection to cell cycle control. Curr. Opin. Neurobiol. 13, 16-25. 

Bertrand, V., Hudson, C., Caillol, D., Popovici, C. and Lemaire, P. (2003) Neural tissue in ascidian 
embryos is induced by FGF9/16/20, acting via a combination of maternal GATA and Ets 
transcription factors. Cell 115, 615-627. 

Bouchard, M., Pfeffer, P. and Busslinger, M. (2000) Functional equivalence of the transcription 
factors Pax2 and Pax5 in mouse development. Development 127, 3703-3713. 

Brand, M., Heisenberg, C. P., Jiang, Y. J., Beuchle, D., Lun, K., Furutani-Seiki, M., Granato, M., 
Haffter, P., Hammerschmidt, M., Kane, D. A., Kelsh, R. N., Mullins, M. C., Odenthal, J., 
van Eeden, F. J. and Nusslein-Volhard, C. (1996) Mutations in zebrafish genes affecting the 
formation of the boundary between midbrain and hindbrain. Dev Suppl. 123, 179-190. 

Broccoli, V., Boncinelli, E. and Wurst, W. (1999) The caudal limit of Otx2 expression positions the 
isthmic organizer. Nature 401, 164-168. 

Burdine, R. D., Chen, E. B., Kwok, S. F. and Stern, M. J. (1997) egl-17 encodes an invertebrate 
fibroblast growth factor family member required specifically for sex myoblast migration in 
Caenorhabditis elegans. Proc. Natl. Acad. Sci. U. S. A. 94, 2433-2437. 

Burrus, L. W., Zuber, M. E., Lueddecke, B. A. and Olwin, B. B. (1992) Identification of a cysteine-
rich receptor for fibroblast growth factors. Mol. Cell Biol 12, 5600-5609. 

Cao, T., Longley, M. A., Wang, X. J. and Roop, D. R. (2001) An inducible mouse model for 
epidermolysis bullosa simplex: implications for gene therapy. Journal of Cell Biology 152, 
651-656. 

Capecchi, M. R. (1989) The new mouse genetics: altering the genome by gene targeting. Trends Genet 
5, 70-76. 

Cavallaro, U., Niedermeyer, J., Fuxa, M. and Christofori, G. (2001) N-CAM modulates tumour-
cell adhesion to matrix by inducing FGF-receptor signalling. Nat Cell Biol 3 , 650-657. 

Chellaiah, A. T., McEwen, D. G., Werner, S., Xu, J. and Ornitz, D. M. (1994) Fibroblast growth 
factor receptor (FGFR) 3. Alternative splicing in immunoglobulin-like domain III creates a 
receptor highly specific for acidic FGF/FGF-1. J Biol Chem. 269, 11620-11627. 

Chi, C. L., Martinez, S., Wurst, W. and Martin, G. R. (2003) The isthmic organizer signal FGF8 is 
required for cell survival in the prospective midbrain and cerebellum. Development  130, 
2633-2644. 

Christofori, G. (2003) Changing neighbours, changing behaviour: cell adhesion molecule-mediated 
signalling during tumour progression. EMBO J 22, 2318-2323. 

Coulier, F., Pontarotti, P., Roubin, R., Hartung, H., Goldfarb, M. and Birnbaum, D. (1997) Of 
worms and men: an evolutionary perspective on the fibroblast growth factor (FGF) and FGF 
receptor families. J Mol. Evol. 44, 43-56. 

Couly, G. and Le Douarin, N. M. (1990) Head morphogenesis in embryonic avian chimeras: evidence 
for a segmental pattern in the ectoderm corresponding to the neuromeres. Development 
Supplement 108, 543-558. 

Couly, G. F., Coltey, P. M. and Le Douarin, N. M. (1992) The developmental fate of the cephalic 
mesoderm in quail-chick chimeras. Dev. Suppl. 114, 1-15. 



 
73 

 
 

 

Couly, G. F., Coltey, P. M. and Le Douarin, N. M. (1993) The triple origin of skull in higher 
vertebrates: a study in quail-chick chimeras. Dev. Suppl. 117, 409-429. 

Crossley, P. H. and Martin, G. R. (1995) The mouse Fgf8 gene encodes a family of polypeptides and 
is expressed in regions that direct outgrowth and patterning in the developing embryo. Dev 
Suppl. 121, 439-451. 

Crossley, P. H., Martinez, S. and Martin, G. R. (1996) Midbrain development induced by FGF8 in 
the chick embryo. Nature 380, 66-68. 

Danielian, P. S. and McMahon, A. P. (1996) Engrailed-1 as a target of the Wnt-1 signalling pathway 
in vertebrate midbrain development. Nature 383, 332-334. 

Danielian, P. S., Muccino, D., Rowitch, D. H., Michael, S. K. and McMahon, A. P. (1998) 
Modification of gene activity in mouse embryos in utero by a tamoxifen-inducible form of Cre 
recombinase. Curr. Biol 8, 1323-1326. 

Darnell, D. K. and Schoenwolf, G. C. (1997) Vertical induction of engrailed-2 and other region-
specific markers in the early chick embryo. Dev Dyn. 209, 45-58. 

Davis, C. A. and Joyner, A. L. (1988) Expression patterns of the homeo box-containing genes En-1 
and En-2 and the proto-oncogene int-1 diverge during mouse development. Genes Dev 2, 
1736-1744. 

Davis, C. A., Noble-Topham, S. E., Rossant, J. and Joyner, A. L. (1988) Expression of the homeo 
box-containing gene En-2 delineates a specific region of the developing mouse brain. Genes 
Dev 2, 361-371. 

Deng, C., Wynshaw-Boris, A., Zhou, F., Kuo, A. and Leder, P. (1996) Fibroblast growth factor 
receptor 3 is a negative regulator of bone growth. Cell 84, 911-921. 

Deng, C. X., Wynshaw-Boris, A., Shen, M. M., Daugherty, C., Ornitz, D. M. and Leder, P. (1994) 
Murine FGFR-1 is required for early postimplantation growth and axial organization. Genes 
Dev 8, 3045-3057. 

Dickson, C., Spencer-Dene, B., Dillon, C. and Fantl, V. (2000) Tyrosine kinase signalling in breast 
cancer: fibroblast growth factors and their receptors. Breast Cancer Research 2, 191-196. 

Doherty, P., Williams, G. and Williams, E. J. (2000) CAMs and axonal growth: a critical evaluation 
of the role of calcium and the MAPK cascade. Mol. Cell Neurosci. 16, 283-295. 

Episkopou, V., Arkell, R., Timmons, P. M., Walsh, J. J., Andrew, R. L. and Swan, D. (2001) 
Induction of the mammalian node requires Arkadia function in the extraembryonic lineages. 
Nature 410, 825-830. 

Faham, S., Hileman, R. E., Fromm, J. R., Linhardt, R. J. and Rees, D. C. (1996) Heparin structure 
and interactions with basic fibroblast growth factor. Science 271, 1116-1120. 

Fantl, W. J., Johnson, D. E. and Williams, L. T. (1993) Signalling by receptor tyrosine kinases.  
Annual Review of Biochemistry 62, 453-481. 

Favor, J., Sandulache, R., Neuhauser-Klaus, A., Pretsch, W., Chatterjee, B., Senft, E., Wurst, W., 
Blanquet, V., Grimes, P., Sporle, R. and Schughart, K. (1996) The mouse Pax2(1Neu) 
mutation is identical to a human PAX2 mutation in a family with renal-coloboma syndrome 
and results in developmental defects of the brain, ear, eye, and kidney. Proc. Natl. Acad. Sci. 
U. S. A. 93, 13870-13875. 

Ferguson, C. A., Tucker, A. S. and Sharpe, P. T. (2000) Temporospatial cell interactions regulating 
mandibular and maxillary arch patterning. Development 127, 403-412. 



 
74 

 
 

 

Figdor, M. C. and Stern, C. D. (1993) Segmental organization of embryonic diencephalon. Nature 
363, 630-634. 

Francis-West, P., Ladher, R., Barlow, A. and Graveson, A. (1998) Signalling interactions during 
facial development. Mech Dev 75, 3-28. 

Friedrich, G. and Soriano, P. (1991) Promoter traps in embryonic stem cells: a genetic screen to 
identify and mutate developmental genes in mice. Genes Dev 5, 1513-1523. 

Furthauer, M., Thisse, C. and Thisse, B. (1997) A role for FGF-8 in the dorsoventral patterning of 
the zebrafish gastrula. Dev Suppl. 124, 4253-4264. 

Gavalas, A. and Krumlauf, R. (2000) Retinoid signalling and hindbrain patterning. [Review] [92 
refs]. Curr. Opin. Genet Dev 10, 380-386. 

Geling, A., Itoh, M., Tallafuss, A., Chapouton, P., Tannhauser, B., Kuwada, J. Y., Chitnis, A. B. 
and Bally-Cuif, L. (2003) bHLH transcription factor Her5 links patterning to regional 
inhibition of neurogenesis at the midbrain-hindbrain boundary. Development 130, 1591-1604. 

Gilbert, E., Del Gatto, F., Champion-Arnaud, P., Gesnel, M. C. and Breathnach, R. (1993) 
Control of BEK and K-SAM splice sites in alternative splicing of the fibroblast growth factor 
receptor 2 pre-mRNA. Mol. Cell Biol 13, 5461-5468. 

Gimeno, L., Hashemi, R., Brulet, P. and Martinez, S. (2002) Analysis of Fgf15 expression pattern in 
the mouse neural tube. Brain Res Bull. 57, 297-299. 

Graham, A. and Smith, A. (2001) Patterning the pharyngeal arches. Bioessays 23, 54-61. 

Grapin-Botton, A., Cambronero, F., Weiner, H. L., Bonnin, M. A., Puelles, L. and Le Douarin, N. 
M. (1999) Patterning signals acting in the spinal cord override the organizing activity of the 
isthmus. Mech Dev 84, 41-53. 

Gurdon, J. B. (1987) Embryonic induction--molecular prospects. Dev Suppl. 99, 285-306. 

Guthrie, S. and Lumsden, A. (1991) Formation and regeneration of rhombomere boundaries in the 
developing chick hindbrain. Dev Suppl. 112, 221-229. 

Hallonet, M. E., Teillet, M. A. and Le Douarin, N. M. (1990) A new approach to the development of 
the cerebellum provided by the quail-chick marker system. Dev Suppl. 108 , 19-31. 

Hamburger, V. (1988) Ontogeny of neuroembryology. J Neurosci. 8, 3535-3540. 

Hanks, M., Wurst, W., Anson-Cartwright, L., Auerbach, A. B. and Joyner, A. L. (1995) Rescue of 
the En-1 mutant phenotype by replacement of En-1 with En-2. Science 269, 679-682. 

Hansen, C. S., Marion, C. D., Steele, K., George, S. and Smith, W. C. (1997) Direct neural 
induction and selective inhibition of mesoderm and epidermis inducers by Xnr3. Development 
124, 483-492. 

Heikinheimo, M., Lawshe, A., Shackleford, G. M., Wilson, D. B. and MacArthur, C. A. (1994) 
Fgf-8 expression in the post-gastrulation mouse suggests roles in the development of the face, 
limbs and central nervous system. Mech Dev 48, 129-138. 

Heisenberg, C. P., Brennan, C. and Wilson, S. W. (1999) Zebrafish aussicht mutant embryos exhibit 
widespread overexpression of ace (fgf8) and coincident defects in CNS development. Dev 
Suppl. 126, 2129-2140. 

Hemmati-Brivanlou, A. and Melton, D. (1997) Vertebrate neural induction. Annu. Rev. Neurosci. 20, 
43-60. 



 
75 

 
 

 

Hemmati-Brivanlou, A., Stewart, R. M. and Harland, R. M. (1990) Region-specific neural 
induction of an engrailed protein by anterior notochord in Xenopus. Science 250, 800-802. 

Henrique, D., Adam, J., Myat, A., Chitnis, A., Lewis, J. and Ish-Horowicz, D. (1995) Expression of 
a Delta homologue in prospective neurons in the chick. Nature 375, 787-790. 

Hidalgo-Sanchez, M., Millet, S., Simeone, A. and Alvarado-Mallart, R. M. (1999) Comparative 
analysis of Otx2, Gbx2, Pax2, Fgf8 and Wnt1 gene expressions during the formation of the 
chick midbrain/hindbrain domain. Mech Dev 81, 175-178. 

Hidalgo-Sanchez, M., Simeone, A. and Alvarado-Mallart, R. M. (1999) Fgf8 and Gbx2 induction 
concomitant with Otx2 repression is correlated with midbrain-hindbrain fate of caudal 
prosencephalon. Dev Suppl. 126, 3191-3203. 

Hirata, H., Tomita, K., Bessho, Y. and Kageyama, R. (2001) Hes1 and Hes3 regulate maintenance 
of the isthmic organizer and development of the mid/hindbrain. EMBO J 20, 4454-4466. 

Hoess, R., Abremski, K., Irwin, S., Kendall, M. and Mack, A. (1990) DNA specificity of the Cre 
recombinase resides in the 25 kDa carboxyl domain of the protein. J Mol. Biol 216, 873-882. 

Hongo, I., Kengaku, M. and Okamoto, H. (1999) FGF signaling and the anterior neural induction in 
Xenopus. Dev Biol  216, 561-581. 

Houart, C., Westerfield, M. and Wilson, S. W. (1998) A small population of anterior cells patterns 
the forebrain during zebrafish gastrulation. Nature 391, 788-792. 

Hunt, P., Gulisano, M., Cook, M., Sham, M. H., Faiella, A., Wilkinson, D., Boncinelli, E. and 
Krumlauf, R. (1991) A distinct Hox code for the branchial region of the vertebrate head. 
Nature 353, 861-864. 

Inatani, M., I (2003) Mammalian brain morphogenesis and midline axon guidance require heparan 
sulfate. Science 302, 1044-1046. 

Inoue, T., Chisaka, O., Matsunami, H. and Takeichi, M. (1997) Cadherin-6 expression transiently 
delineates specific rhombomeres, other neural tube subdivisions, and neural crest 
subpopulations in mouse embryos. Dev Biol  183, 183-194. 

Irving, C. and Mason, I. (1999) Regeneration of isthmic tissue is the result of a specific and direct 
interaction between rhombomere 1 and midbrain. Dev Suppl. 126, 3981-3989. 

Irving, C. and Mason, I. (2000) Signalling by FGF8 from the isthmus patterns anterior hindbrain and 
establishes the anterior limit of Hox gene expression. Dev Suppl. 127, 177-186. 

Johnson, D. E., Lee, P. L., Lu, J. and Williams, L. T. (1990) Diverse forms of a receptor for acidic 
and basic fibroblast growth factors. Mol. Cell Biol 10, 4728-4736. 

Joyner, A. L. and Guillemot, F. (1994) Gene targeting and development of the nervous system. Curr. 
Opin. Neurobiol. 4, 37-42. 

Joyner, A. L., Liu, A. and Millet, S. (2000) Otx2, Gbx2 and Fgf8 interact to position and maintain a 
mid-hindbrain organizer. Curr. Opin. Cell Biol 12, 736-741. 

Jungbluth, S., Larsen, C., Wizenmann, A. and Lumsden, A. (2001) Cell mixing between the 
embryonic midbrain and hindbrain. Curr. Biol 11, 204-207. 

Jungbluth, S., Phelps, C. and Lumsden, A. (2001) CEPU-1 expression in the early embryonic chick 
brain. Mech Dev 101, 195-197. 



 
76 

 
 

 

Kelly, G. M. and Moon, R. T. (1995) Involvement of wnt1 and pax2 in the formation of the midbrain-
hindbrain boundary in the zebrafish gastrula. Dev Genet 17, 129-140. 

Kimmel, R. A., Turnbull, D. H., Blanquet, V., Wurst, W., Loomis, C. A. and Joyner, A. L. (2000) 
Two lineage boundaries coordinate vertebrate apical ectodermal ridge formation. Genes Dev 
14, 1377-1389. 

Kitajima, K., Koshimizu, U. and Nakamura, T. (1999) Expression of a novel type of classic 
cadherin, PB-cadherin in developing brain and limb buds. Dev Dyn. 215, 206-214. 

Klingensmith, J., Ang, S. L., Bachiller, D. and Rossant, J. (1999) Neural induction and patterning in 
the mouse in the absence of the node and its derivatives. Dev Biol  216, 535-549. 

Krauss, S., Korzh, V., Fjose, A. and Johansen, T. (1992) Expression of four zebrafish wnt-related 
genes during embryogenesis. Development 116, 249-259. 

Kubota, Y. and Ito, K. (2000) Chemotactic migration of mesencephalic neural crest cells in the 
mouse. Dev Dyn. 217, 170-179. 

Lallemand, Y., Luria, V., Haffner-Krausz, R. and Lonai, P.  (1998) Maternally expressed PGK-Cre 
transgene as a tool for early and uniform activation of the Cre site-specific recombinase. 
Transgenic Res 7, 105-112. 

Launay, C., Fromentoux, V., Shi, D. L. and Boucaut, J. C. (1996) A truncated FGF receptor blocks 
neural induction by endogenous Xenopus inducers. Development 122, 869-880. 

Lee, P. L., Johnson, D. E., Cousens, L. S., Fried, V. A. and Williams, L. T. (1989) Purification and 
complementary DNA cloning of a receptor for basic fibroblast growth factor. Science 245, 57-
60. 

Lee, S. M., Danielian, P. S., Fritzsch, B. and McMahon, A. P. (1997) Evidence that FGF8 signalling 
from the midbrain-hindbrain junction regulates growth and polarity in the developing 
midbrain. Development 124, 959-969. 

Lekven, A. C., Buckles, G. R., Kostakis, N. and Moon, R. T. (2003) Wnt1 and wnt10b function 
redundantly at the zebrafish midbrain-hindbrain boundary. Dev Biol  254, 172-187. 

Li, J. Y., Lao, Z. and Joyner, A. L. (2002) Changing requirements for Gbx2 in development of the 
cerebellum and maintenance of the mid/hindbrain organizer. Neuron 36, 31-43. 

Lilien, J., Balsamo, J., Arregui, C. and Xu, G. (2002) Turn-off, drop-out: functional state switching 
of cadherins. Dev Dyn. 224, 18-29. 

Lin, J. H., Saito, T., Anderson, D. J., Lance-Jones, C., Jessell, T. M. and Arber, S. (1998) 
Functionally related motor neuron pool and muscle sensory afferent subtypes defined by 
coordinate ETS gene expression. Cell 95, 393-407. 

Liu, A. and Joyner, A. L. (2001) EN and GBX2 play essential roles downstream of FGF8 in 
patterning the mouse mid/hindbrain region. Dev Suppl. 128, 181-191. 

Liu, A., Li, J. Y., Bromleigh, C., Lao, Z., Niswander, L. A. and Joyner, A. L. (2003) FGF17b and 
FGF18 have different midbrain regulatory properties from FGF8b or activated FGF receptors. 
Development 130, 6175-6185. 

Liu, A., Losos, K. and Joyner, A. L. (1999) FGF8 can activate Gbx2 and transform regions of the 
rostral mouse brain into a hindbrain fate. Dev Suppl. 126, 4827-4838. 

Lobe, C. G., Koop, K. E., Kreppner, W., Lomeli, H., Gertsenstein, M. and Nagy, A. (1999) Z/AP, 
a double reporter for cre-mediated recombination. Dev Biol  208, 281-292. 



 
77 

 
 

 

Lobe, C. G. and Nagy, A. (1998) Conditional genome alteration in mice. Bioessays 20, 200-208. 

Lumsden, A. and Krumlauf, R. (1996) Patterning the vertebrate neuraxis. Science 274, 1109-1115. 

Lun, K. and Brand, M. (1998) A series of no isthmus (noi) alleles of the zebrafish pax2.1 gene 
reveals multiple signaling events in development of the midbrain-hindbrain boundary. Dev 
Suppl. 125, 3049-3062. 

Maconochie, M., Krishnamurthy, R., Nonchev, S., Meier, P., Manzanares, M., Mitchell, P. J. and 
Krumlauf, R. (1999) Regulation of Hoxa2 in cranial neural crest cells involves members of 
the AP-2 family. Development 126, 1483-1494. 

Mahmood, R., Bresnick, J., Hornbruch, A., Mahony, C., Morton, N., Colquhoun, K., Martin, P., 
Lumsden, A., Dickson, C. and Mason, I. (1995) A role for FGF-8 in the initiation and 
maintenance of vertebrate limb bud outgrowth. Curr. Biol 5, 797-806. 

Mansouri, A., Stoykova, A. and Gruss, P. (1994) Pax genes in development. J Cell Sci. Suppl. 18, 
35-42. 

Marcelle, C., Eichmann, A., Halevy, O., Breant, C. and Le Douarin, N. M. (1994) Distinct 
developmental expression of a new avian fibroblast growth factor receptor. Development 120, 
683-694. 

Marin, F. and Puelles, L. (1994) Patterning of the embryonic avian midbrain after experimental 
inversions: a polarizing activity from the isthmus. Dev Biol  163, 19-37. 

Martinez, S. and Alvarado-Mallart, R. M. (1989) Transplanted mesencephalic quail cells colonize 
selectively all primary visual nuclei of chick diencephalon: a study using heterotopic 
transplants. Dev Brain Res  47, 263-274. 

Martinez, S., Crossley, P.H., Cobos, I., Rubenstein, J.L., and Martin, G.R. (1999). FGF8 induces 
formation of an ectopic isthmic organizer and isthmocerebellar development via a repressive 
effect on Otx2 expression. Dev Suppl. 126, 1189-1200. 

Maruoka Y., Ohbayashi N., Hoshikawa M., Itoh N., Hogan BM. and Furuta Y. (1998) 
Comparison of the expression of three highly related genes, Fgf8, Fgf17 and Fgf18, in the 
mouse embryo. Mech Dev 74, 175-177. 

McKeehan, W. L., Wang, F. and Kan, M. (1998) The heparan sulfate-fibroblast growth factor 
family: diversity of structure and function. Prog. Nucleic Acid Res Mol. Biol 59 , 135-176. 

McMahon, A. P. and Bradley, A. (1990) The Wnt-1 (int-1) proto-oncogene is required for 
development of a large region of the mouse brain. Cell 62, 1073-1085. 

McMahon, A. P., Joyner, A. L., Bradley, A. and McMahon, J. A. (1992) The midbrain-hindbrain 
phenotype of Wnt-1-/Wnt-1- mice results from stepwise deletion of engrailed-expressing cells 
by 9.5 days postcoitum. Cell 69, 581-595. 

McWhirter, J. R., Goulding, M., Weiner, J. A., Chun, J. and Murre, C. (1997) A novel fibroblast 
growth factor gene expressed in the developing nervous system is a downstream target of the 
chimeric homeodomain oncoprotein E2A-Pbx1. Development 124, 3221-3232. 

Meyers, E. N., Lewandoski, M. and Martin, G. R. (1998) An Fgf8 mutant allelic series generated by 
Cre- and Flp-mediated recombination. Nat Genet 18, 136-141. 

Miki, T., Bottaro, D. P., Fleming, T. P., Smith, C. L., Burgess, W. H., Chan, A. M. and Aaronson, 
S. A. (1992) Determination of ligand-binding specificity by alternative splicing: two distinct 
growth factor receptors encoded by a single gene. Proc. Natl. Acad. Sci. U. S. A.  89, 246-250. 



 
78 

 
 

 

Miki, T., Fleming, T. P., Crescenzi, M., Molloy, C. J., Blam, S. B., Reynolds, S. H. and Aaronson, 
S. A. (1991) Development of a highly efficient expression cDNA cloning system: application 
to oncogene isolation. Proc. Natl. Acad. Sci. U. S. A. 88, 5167-5171. 

Millen, K. J., Wurst, W., Herrup, K. and Joyner, A. L. (1994) Abnormal embryonic cerebellar 
development and patterning of postnatal foliation in two mouse Engrailed-2 mutants. Dev 
Suppl. 120, 695-706. 

Millet, S., Bloch-Gallego, E., Simeone, A. and Alvarado-Mallart, R. M. (1996) The caudal limit of 
Otx2 gene expression as a marker of the midbrain/hindbrain boundary: a study using in situ 
hybridisation and chick/quail homotopic grafts. Dev Suppl. 122, 3785-3797. 

Millet, S., Campbell, K., Epstein, D. J., Losos, K., Harris, E. and Joyner, A. L. (1999) A role for 
Gbx2 in repression of Otx2 and positioning the mid/hindbrain organizer. Nature 401, 161-164. 

Minowada, G., Jarvis, L. A., Chi, C. L., Neubuser, A., Sun, X., Hacohen, N., Krasnow, M. A. and 
Martin, G. R. (1999) Vertebrate Sprouty genes are induced by FGF signaling and can cause 
chondrodysplasia when overexpressed. Dev Suppl. 126, 4465-4475. 

Muhr, J., Graziano, E., Wilson, S., Jessell, T. M. and Edlund, T. (1999) Convergent inductive 
signals specify midbrain, hindbrain, and spinal cord identity in gastrula stage chick embryos. 
Neuron 23, 689-702. 

Na, E., McCarthy, M., Neyt, C., Lai, E. and Fishell, G. (1998) Telencephalic progenitors maintain 
anteroposterior identities cell autonomously. Curr. Biol 8, 987-990. 

Nagy, A. (2000) Cre recombinase: the universal reagent for genome tailoring. Genesis 26, 99-109. 

Nakamura, H., Nakano, K. E., Igawa, H. H., Takagi, S. and Fujisawa, H. (1986) Plasticity and 
rigidity of differentiation of brain vesicles studied in quail-chick chimeras. Cell Differ. 19, 
187-193. 

Naski, M. C., Wang, Q., Xu, J. and Ornitz, D. M. (1996) Graded activation of fibroblast growth 
factor receptor 3 by mutations causing achondroplasia and thanatophoric dysplasia. Nat Genet 
13, 233-237. 

Nieto, M. A. (1999) Reorganizing the organizer 75 years on. Cell 98, 417-425. 

Nishimura, T., Utsunomiya, Y., Hoshikawa, M., Ohuchi, H. and Itoh, N. (1999) Structure and 
expression of a novel human FGF, FGF-19, expressed in the fetal brain. Biochimica et 
Biophysica Acta 1444, 148-151. 

Niss, K. and Leutz, A. (1998) Expression of the homeobox gene GBX2 during chicken development. 
Mech Dev 76, 151-155. 

Noden, D. M. (1983a) The role of the neural crest in patterning of avian cranial skeletal, connective, 
and muscle tissues. Dev Biol  96, 144-165. 

Noden, D. M. (1983b) The role of the neural crest in patterning of avian cranial skeletal, connective, 
and muscle tissues. Dev Biol  96, 144-165. 

Ohkubo, Y., Uchida, A. O., Shin, D., Partanen, J. and Vaccarino, F. M. (2004) Fibroblast growth 
factor receptor 1 is required for the proliferation of hippocampal progenitor cells and for 
hippocampal growth in mouse. J Neurosci. 24, 6057-6069. 

Ohuchi, H., Yoshioka, H., Tanaka, A., Kawakami, Y., Nohno, T. and Noji, S. (1994) Involvement 
of androgen-induced growth factor (FGF-8) gene in mouse embryogenesis and 
morphogenesis. Biochem. Biophys Res Commun. 204, 882-888. 



 
79 

 
 

 

Ornitz, D. M. (2000) FGFs, heparan sulfate and FGFRs: complex interactions essential for 
development. Bioessays 22, 108-112. 

Ornitz, D. M. and Itoh, N. (2001) Fibroblast growth factors. Genome Biol 2,  

Ornitz, D. M., Xu, J., Colvin, J. S., McEwen, D. G., MacArthur, C. A., Coulier, F., Gao, G. and 
Goldfarb, M. (1996) Receptor specificity of the fibroblast growth factor family. J Biol Chem. 
271, 15292-15297. 

Ornitz, D. M., Yayon, A., Flanagan, J. G., Svahn, C. M., Levi, E. and Leder, P. (1992) Heparin is 
required for cell-free binding of basic fibroblast growth factor to a soluble receptor and for 
mitogenesis in whole cells. Mol. Cell Biol 12, 240-247. 

Orr-Urtreger, A., Bedford, M. T., Burakova, T., Arman, E., Zimmer, Y., Yayon, A., Givol, D. 
and Lonai, P. (1993) Developmental localization of the splicing alternatives of fibroblast 
growth factor receptor-2 (FGFR2). Dev Biol  158, 475-486. 

Panhuysen, M., V (2004) Effects of Wnt1 signaling on proliferation in the developing mid-/hindbrain 
region. Mol. Cell Neurosci. 26, 101-111. 

Partanen, J., Schwartz, L. and Rossant, J. (1998) Opposite phenotypes of hypomorphic and Y766 
phosphorylation site mutations reveal a function for Fgfr1 in anteroposterior patterning of 
mouse embryos. Genes Dev 12, 2332-2344. 

Pasini, A. and Wilkinson, D. G. (2002) Stabilizing the regionalisation of the developing vertebrate 
central nervous system. Bioessays 24, 427-438. 

Peters, K., Ornitz, D., Werner, S. and Williams, L. (1993) Unique expression pattern of the FGF 
receptor 3 gene during mouse organogenesis. Dev Biol  155, 423-430. 

Pfeffer, P. L., Gerster, T., Lun, K., Brand, M. and Busslinger, M. (1998) Characterization of three 
novel members of the zebrafish Pax2/5/8 family: dependency of Pax5 and Pax8 expression on 
the Pax2.1 (noi) function. Development 125, 3063-3074. 

Pownall, M. E., Tucker, A. S., Slack, J. M. and Isaacs, H. V. (1996) eFGF, Xcad3 and Hox genes 
form a molecular pathway that establishes the anteroposterior axis in Xenopus. Development 
122, 3881-3892. 

Puelles, E., Acampora, D., Lacroix, E., Signore, M., Annino, A., Tuorto, F., Filosa, S., Corte, G., 
Wurst, W., Ang, S. L. and Simeone, A. (2003) Otx dose-dependent integrated control of 
antero-posterior and dorso-ventral patterning of midbrain. Nat Neurosci. 6, 453-460. 

Puelles, L. and Rubenstein, J. L. (1993) Expression patterns of homeobox and other putative 
regulatory genes in the embryonic mouse forebrain suggest a neuromeric organization.  
Trends Neurosci. 16, 472-479. 

Puri, M. C., Rossant, J., Alitalo, K., Bernstein, A. and Partanen, J. (1995) The receptor tyrosine 
kinase TIE is required for integrity and survival of vascular endothelial cells. EMBO J 14, 
5884-5891. 

Rapraeger, A. C., Krufka, A. and Olwin, B. B. (1991) Requirement of heparan sulfate for bFGF-
mediated fibroblast growth and myoblast differentiation. Science 252, 1705-1708. 

Reifers, F., Bohli, H., Walsh, E. C., Crossley, P. H., Stainier, D. Y. and Brand, M. (1998) Fgf8 is 
mutated in zebrafish acerebellar (ace) mutants and is required for maintenance of midbrain-
hindbrain boundary development and somitogenesis. Dev Suppl. 125, 2381-2395. 

Rhinn, M. and Brand, M. (2001) The midbrain--hindbrain boundary organizer. Curr. Opin. 
Neurobiol. 11, 34-42. 



 
80 

 
 

 

Rhinn, M., Dierich, A., Le Meur, M. and Ang, S. (1999) Cell autonomous and non-cell autonomous 
functions of Otx2 in patterning the rostral brain. Dev Suppl. 126, 4295-4304. 

Rhinn, M., Dierich, A., Shawlot, W., Behringer, R. R., Le Meur, M. and Ang, S. L. (1998) 
Sequential roles for Otx2 in visceral endoderm and neuroectoderm for forebrain and midbrain 
induction and specification. Dev Suppl. 125, 845-856. 

Rijli, F. M., Gavalas, A. and Chambon, P. (1998) Segmentation and specification in the branchial 
region of the head: the role of the Hox selector genes. Int J Dev Biol 42, 393-401. 

Rossant, J. and McMahon, A. (1999) "Cre"-ating mouse mutants-a meeting review on conditional 
mouse genetics. Genes Dev 13, 142-145. 

Roubin, R., Naert, K., Popovici, C., Vatcher, G., Coulier, F., Thierry-Mieg, J., Pontarotti, P., 
Birnbaum, D., Baillie, D. and Thierry-Mieg, D. (1999) let-756, a C. elegans fgf essential for 
worm development. Oncogene 18, 6741-6747. 

Rowitch, D. H. and McMahon, A. P. (1995) Pax-2 expression in the murine neural plate precedes and 
encompasses the expression domains of Wnt-1 and En-1. Mech Dev 52, 3-8. 

Ruiz (1994) Pattern formation in the vertebrate neural plate. Trends Neurosci. 17, 233-243. 

Ruiz, I. A. (1998) Neural patterning. Deconstructing the organizer. Nature 391, 748-749. 

Sauer, B. (1998) Inducible gene targeting in mice using the Cre/lox system. Methods 14, 381-392. 

Saxen, L. (2001) Spemann's heritage in Finnish developmental biology. Int J Dev Biol 45, 51-55. 

Schier, A. F., Neuhauss, S. C., Harvey, M., Malicki, J., Solnica-Krezel, L., Stainier, D. Y., 
Zwartkruis, F., Abdelilah, S., Stemple, D. L., Rangini, Z., Yang, H. and Driever, W. 
(1996) Mutations affecting the development of the embryonic zebrafish brain. Dev Suppl. 123, 
165-178. 

Schilling, T. F., Prince, V. and Ingham, P. W. (2001) Plasticity in zebrafish hox expression in the 
hindbrain and cranial neural crest. Dev Biol  231, 201-216. 

Scholpp, S. G. (2004) Zebrafish fgfr1 is a member of the fgf8 synexpression group and is required for 
fgf8 signalling at the midbrain-hindbrain boundary. Development Genes & Evolution 214, 
285-295. 

Schwarz, M., Alvarez-Bolado, G., Urbanek, P., Busslinger, M. and Gruss, P. (1997) Conserved 
biological function between Pax-2 and Pax-5 in midbrain and cerebellum development: 
evidence from targeted mutations. Proc. Natl. Acad. Sci. U. S. A. 94, 14518-14523. 

Shalaby, F., Rossant, J., Yamaguchi, T. P., Gertsenstein, M., Wu, X. F., Breitman, M. L. and 
Schuh, A. C. (1995) Failure of blood-island formation and vasculogenesis in Flk-1-deficient 
mice. Nature 376, 62-66. 

Shamim, H. and Mason, I. (1998) Expression of Gbx-2 during early development of the chick 
embryo. Mech Dev 76, 157-159. 

Shamim, H. and Mason, I. (1999) Expression of Fgf4 during early development of the chick embryo. 
Mech Dev 85, 189-192. 

Sheng, G., dos, R. M. and Stern, C. D. (2003) Churchill, a zinc finger transcriptional activator, 
regulates the transition between gastrulation and neurulation. Cell 115, 603-613. 



 
81 

 
 

 

Shimamura, K., Hirano, S., McMahon, A. P. and Takeichi, M.  (1994) Wnt-1-dependent regulation 
of local E-cadherin and alpha N-catenin expression in the embryonic mouse brain. Dev. Suppl. 
120, 2225-2234. 

Shimamura, K. and Rubenstein, J. L. (1997) Inductive interactions direct early regionalization of the 
mouse forebrain. Dev Suppl. 124, 2709-2718. 

Simeone, A. and Acampora, D. (2001) The role of Otx2 in organizing the anterior patterning in 
mouse.  Int J Dev Biol 45, 337-345. 

Simeone, A., Acampora, D., Gulisano, M., Stornaiuolo, A. and Boncinelli, E. (1992) Nested 
expression domains of four homeobox genes in developing rostral brain. Nature 358, 687-690. 

Simeone, A., Acampora, D., Mallamaci, A., Stornaiuolo, A., D'Apice, M. R., Nigro, V. and 
Boncinelli, E. (1993) A vertebrate gene related to orthodenticle contains a homeodomain of 
the bicoid class and demarcates anterior neuroectoderm in the gastrulating mouse embryo. 
EMBO J 12, 2735-2747. 

Sleptsova-Friedrich, I., Li, Y., Emelyanov, A., Ekker, M., Korzh, V. and Ge, R. (2001) fgfr3 and 
regionalization of anterior neural tube in zebrafish. Mech Dev 102, 213-217. 

Smith, A., Robinson, V., Patel, K. and Wilkinson, D. G. (1997) The EphA4 and EphB1 receptor 
tyrosine kinases and ephrin-B2 ligand regulate targeted migration of branchial neural crest 
cells. Curr. Biol 7, 561-570. 

Soriano, P. (1999) Generalized lacZ expression with the ROSA26 Cre reporter strain. Nat Genet 21, 
70-71. 

Sternberg, N., Sauer, B., Hoess, R. and Abremski, K. (1986) Bacteriophage P1 cre gene and its 
regulatory region. Evidence for multiple promoters and for regulation by DNA methylation. J 
Mol. Biol 187, 197-212. 

Storey, K. G., Goriely, A., Sargent, C. M., Brown, J. M., Burns, H. D., Abud, H. M. and Heath, J. 
K. (1998) Early posterior neural tissue is induced by FGF in the chick embryo. Development 
125, 473-484. 

Streit, A., Berliner, A. J., Papanayotou, C., Sirulnik, A. and Stern, C. D. (2000) Initiation of neural 
induction by FGF signalling before gastrulation. Nature 406, 74-78. 

Suda, Y., Matsuo, I. and Aizawa, S. (1997) Cooperation between Otx1 and Otx2 genes in 
developmental patterning of rostral brain. Mech Dev 69, 125-141. 

Sutherland, D., Samakovlis, C. and Krasnow, M. A. (1996) branchless encodes a Drosophila FGF 
homolog that controls tracheal cell migration and the pattern of branching. Cell 87, 1091-
1101. 

Takeuchi, T., Yamazaki, Y., Katoh-Fukui, Y., Tsuchiya, R., Kondo, S., Motoyama, J. and 
Higashinakagawa, T. (1995) Gene trap capture of a novel mouse gene, jumonji, required for 
neural tube formation. Genes Dev 9, 1211-1222. 

Tavormina, P. L., Shiang, R., Thompson, L. M., Zhu, Y. Z., Wilkin, D. J., Lachman, R. S., 
Wilcox, W. R., Rimoin, D. L., Cohn, D. H. and Wasmuth, J. J. (1995) Thanatophoric 
dysplasia (types I and II) caused by distinct mutations in fibroblast growth factor receptor 3. 
Nat Genet 9, 321-328. 

Thisse, B., Thisse, C. and Weston, J. A. (1995) Novel FGF receptor (Z-FGFR4) is dynamically 
expressed in mesoderm and neurectoderm during early zebrafish embryogenesis. Dev Dyn. 
203, 377-391. 



 
82 

 
 

 

Thisse, B., Wright, C. V. and Thisse, C. (2000) Activin- and Nodal-related factors control antero-
posterior patterning of the zebrafish embryo. Nature 403, 425-428. 

Thomas, K. R. and Capecchi, M. R. (1990) Targeted disruption of the murine int-1 proto-oncogene 
resulting in severe abnormalities in midbrain and cerebellar development. Nature 346, 847-
850. 

Thomas, K. R., Musci, T. S., Neumann, P. E. and Capecchi, M. R. (1991) Swaying is a mutant 
allele of the proto-oncogene Wnt-1. Cell 67, 969-976. 

Torres, M., Gomez-Pardo, E. and Gruss, P. (1996) Pax2 contributes to inner ear patterning and optic 
nerve trajectory. Dev Suppl. 122, 3381-3391. 

Trainor, P. A. and Krumlauf, R. (2000) Patterning the cranial neural crest: hindbrain segmentation 
and Hox gene plasticity. Nat Rev. Neurosci. 1, 116-124. 

Trainor, P. A., Tan, S. S. and Tam, P. P. (1994) Cranial paraxial mesoderm: regionalisation of cell 
fate and impact on craniofacial development in mouse embryos. Dev. Suppl. 120, 2397-2408. 

Trokovic, R., Trokovic, N., Hernesniemi, S., Pirvola, U., Vogt, W. D., Rossant, J., McMahon, A. 
P., Wurst, W. and Partanen, J. (2003) FGFR1 is independently required in both developing 
mid- and hindbrain for sustained response to isthmic signals. EMBO J 22, 1811-1823. 

Tropepe, V., Hitoshi, S., Sirard, C., Mak, T. W., Rossant, J. and van der Kooy, D. (2001) Direct 
neural fate specification from embryonic stem cells: a primitive mammalian neural stem cell 
stage acquired through a default mechanism. Neuron 30, 65-78. 

Trumpp, A., Depew, M. J., Rubenstein, J. L., Bishop, J. M. and Martin, G. R. (1999) Cre-
mediated gene inactivation demonstrates that FGF8 is required for cell survival and patterning 
of the first branchial arch. Genes Dev 13, 3136-3148. 

Tsang, M., Friesel, R., Kudoh, T. and Dawid, I. B. (2002) Identification of Sef, a novel modulator of 
FGF signalling. Nat Cell Biol 4, 165-169. 

Tucker, A. S., Yamada, G., Grigoriou, M., Pachnis, V. and Sharpe, P. T. (1999) Fgf-8 determines 
rostral-caudal polarity in the first branchial arch. Development 126, 51-61. 

Urbanek, P., Wang, Z. Q., Fetka, I., Wagner, E. F. and Busslinger, M. (1994) Complete block of 
early B cell differentiation and altered patterning of the posterior midbrain in mice lacking 
Pax5/BSAP. Cell 79, 901-912. 

Veitch, E., Begbie, J., Schilling, T. F., Smith, M. M. and Graham, A. (1999) Pharyngeal arch 
patterning in the absence of neural crest. Curr. Biol 9, 1481-1484. 

Vooijs, M., Jonkers, J. and Berns, A. (2001) A highly efficient ligand-regulated Cre recombinase 
mouse line shows that LoxP recombination is position dependent. EMBO Reports 2, 292-297. 

Walshe, J. and Mason, I. (2000) Expression of FGFR1, FGFR2 and FGFR3 during early neural 
development in the chick embryo. Mech Dev 90, 103-110. 

Wassarman, K. M., Lewandoski, M., Campbell, K., Joyner, A. L., Rubenstein, J. L., Martinez, S. 
and Martin, G. R. (1997) Specification of the anterior hindbrain and establishment of a 
normal mid/hindbrain organizer is dependent on Gbx2 gene function. Dev Suppl.  124, 2923-
2934. 

Weinstein, M., Xu, X., Ohyama, K. and Deng, C. X. (1998) FGFR-3 and FGFR-4 function 
cooperatively to direct alveogenesis in the murine lung. Development 125, 3615-3623. 



 
83 

 
 

 

Wilkinson, D. G., Bailes, J. A. and McMahon, A. P. (1987) Expression of the proto-oncogene int-1 
is restricted to specific neural cells in the developing mouse embryo. Cell 50, 79-88. 

Wilkinson, D. G. and Green, J. (1990) In situ hybridization and the three-dimensional construction of 
serial sections. In A. J. Copp and D. L. Cockroft (eds), Postimplatation Mammalian Embryos . 
Oxford University Press, Oxford U 155-171. 

Wilson, S. I., Graziano, E., Harland, R., Jessell, T. M. and Edlund, T. (2000) An early requirement 
for FGF signalling in the acquisition of neural cell fate in the chick embryo. Curr. Biol 10, 
421-429. 

Wilson, S. I., Rydstrom, A., Trimborn, T., Willert, K., Nusse, R., Jessell, T. M. and Edlund, T. 
(2001) The status of Wnt signalling regulates neural and epidermal fates in the chick embryo. 
Nature 411, 325-330. 

Wingate, R. J. and Hatten, M. E. (1999) The role of the rhombic lip in avian cerebellum 
development. Development 126, 4395-4404. 

Wurst, W., Auerbach, A. B. and Joyner, A. L. (1994) Multiple developmental defects in Engrailed-1 
mutant mice: an early mid-hindbrain deletion and patterning defects in forelimbs and sternum. 
Dev Suppl. 120, 2065-2075. 

Xu, J., Liu, Z. and Ornitz, D. M. (2000) Temporal and spatial gradients of Fgf8 and Fgf17 regulate 
proliferation and differentiation of midline cerebellar structures. Dev Suppl. 127, 1833-1843. 

Xu, X., Weinstein, M., Li, C., Naski, M., Cohen, R. I., Ornitz, D. M., Leder, P. and Deng, C. 
(1998) Fibroblast growth factor receptor 2 (FGFR2)-mediated reciprocal regulation loop 
between FGF8 and FGF10 is essential for limb induction. Dev Suppl. 125, 753-765. 

Yamaguchi, T. P., Conlon, R. A. and Rossant, J. (1992) Expression of the fibroblast growth factor 
receptor FGFR-1/flg during gastrulation and segmentation in the mouse embryo. Dev Biol  
152, 75-88. 

Yamaguchi, T. P., Harpal, K., Henkemeyer, M. and Rossant, J. (1994) fgfr-1 is required for 
embryonic growth and mesodermal patterning during mouse gastrulation. Genes Dev 8, 3032-
3044. 

Yan, G., Fukabori, Y., McBride, G., Nikolaropolous, S. and McKeehan, W. L. (1993) Exon 
switching and activation of stromal and embryonic fibroblast growth factor (FGF)-FGF 
receptor genes in prostate epithelial cells accompany stromal independence and malignancy. 
Mol. Cell Biol 13, 4513-4522. 

Yayon, A., Klagsbrun, M., Esko, J. D., Leder, P. and Ornitz, D. M. (1991) Cell surface, heparin-
like molecules are required for binding of basic fibroblast growth factor to its high affinity 
receptor. Cell 64, 841-848. 

Ye, W., Bouchard, M., Stone, D., Liu, X., Vella, F., Lee, J., Nakamura, H., Ang, S. L., Busslinger, 
M. and Rosenthal, A. (2001) Distinct regulators control the expression of the mid-hindbrain 
organizer signal FGF8. Nat Neurosci. 4, 1175-1181. 

Yoneda, A., Wang, Y., O'Briain, D. S. and Puri, P. (2001) Cell-adhesion molecules and fibroblast 
growth factor signalling in Hirschsprung's disease. Pediatr. Surg. Int 17 , 299-303. 

Zervas, M., Millet, S., Ahn, S. and Joyner, A. L. (2004) Cell behaviors and genetic lineages of the 
mesencephalon and rhombomere 1. Neuron 43, 345-357. 

Zinyk, D. L., Mercer, E. H., Harris, E., Anderson, D. J. and Joyner, A. L. (1998) Fate mapping of 
the mouse midbrain-hindbrain constriction using a site-specific recombination system. Curr. 
Biol  8, 665-668. 




