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The inner ear, the sensory organ responsible for hearing and balance, contains 

specialized sensory and non-sensory epithelia arranged in a highly complex three-

dimensional structure. To achieve this complexity, a tight coordination between 

morphogenesis and cell fate specification is essential during otic development. Tissues 

surrounding the otic primordium, and more particularly the adjacent segmented hindbrain, 

have been implicated in specifying structures along the anteroposterior and dorsoventral 

axes of the inner ear. In this work we have first characterized the generation and axial 

specification of the otic neurogenic domain, and second, we have investigated the effects 

of the mutation of kreisler/MafB –a gene transiently expressed in the rhombomeres 5 and 

6 of the developing hindbrain- in early otic patterning and cell specification. We show that 

kr/kr embryos display an expansion of the otic neurogenic domain, due to defects in otic 

patterning. Although many reports have pointed to the role of FGF3 in otic regionalization, 

we provide evidence that FGF3 is not sufficient to govern this process. Neither Krox20 

nor Fgf3 null mutant embryos, in which Fgf3 is either downregulated or absent in r5 and 

r6, present ectopic otic neuroblasts in the otic primordium. However, Fgf3-/-Fgf10-/- 

double mutants show a phenotype very similar to kr/kr embryos: they present ectopic 

neuroblasts along the AP and DV otic axes. Finally, and remarkably, partial rescue of the 

kr/kr phenotype is obtained when Fgf3 or Fgf10 are ectopically expressed in the hindbrain 

of kr/kr embryos. These results highlight a compensatory mechanism between FGFs, and 

the importance of hindbrain-derived signals in instructing otic patterning and the 

establishment of the neurogenic domain. 
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During embryogenesis, the establishment of the body axes is an early event that confers 

positional information to the cells, allowing the correct spatial-temporal development of 

the body structures. In vertebrate embryos, these body axes are not morphologically 

evident until formation of primitive streak during gastrulation followed by the 

establishment of the neural tube during neurulation. 

 

The Central Nervous System (CNS) arises from the neural plate, an homogeneous layer 

of epithelial cells that forms the dorsal surface of the gastrula-stage embryo. The 

Peripheral Nervous System originates from ectodermal placodes and neural crest cells at 

the lateral periphery of the neural plate. As development progresses, the neural plate is 

folded on its anteroposterior (AP) axis to form a tube, the anterior end of which then 

divides into a series of vesicles known as fore-, mid- and hindbrain, and caudally the 

spinal cord (reviewed in Lumsden, Krumlauf 1996). These early morphological 

characteristics of the neuraxis, accompanied by position-specific expression of 

developmental control genes, dictate the general plan of the CNS and predict its regional 

specializations, known as “patterning feature”. Within each region, a large diversity of 

neuronal cell types is then generated, each having distinct identities in terms of 

morphology, axonal trajectory, synaptic specificity and neurotransmitter content. The 

intricate spatial order of differentiated neurons, essential to the subsequent formation of 

functional circuits, is crucially dependent on correct regional specification (Lumsden, 

Krumlauf 1996). 
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1. The Development of the Hindbrain  
 

The hindbrain or rhombencephalon is the posterior brain vesicle of the neural tube, a 

region that will give rise to part of the cerebellum, the pons and the medulla. This region 

contains the entry and exit points for 8 of the 12 pairs of cranial nerves as well as several 

neuronal centers essential for vital functions (Fig. 1; reviewed in Lumsden, Krumlauf 

1996) 

 

The early hindbrain development is characterized by transitory segmentation along the 

AP axis in metameric units called rhombomeres that govern the later organization of the 

hindbrain. The rhombomeres (r) are units of gene expression and cell linage that are 

separated by constrictions that split cells with different adhesion properties avoiding the 

cell intermingling. Neuronal differentiation and neural crest cell migration in the hindbrain 

reflects segmental organization. According to its rhombomeric origin, each type of 

differentiated cells acquires specific properties. These properties are essential for cell 

migration or proper axon projection to an specific time and location (reviewed in 

Lumsden, Krumlauf 1996, Schneider-Maunoury, Gilardi-Hebenstreit & Charnay 1998, 

Moens, Prince 2002, Lumsden 2004). 

 
Figure 1. Hindbrain development. The mice embryonic hindbrain (rhombencephalon) is the 3rd brain vesicle 
that in the adult mice gives rises to part of the cerebellum, pons, medulla oblongata and contains 8 pairs of 
cranial nerves. From Schneider-Maunoury. 
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There are various genes that have been shown to be expressed along the AP axis, which 

limits prefigure and later coincide with rhombomere boundaries. They belong to different 

gene families including transcription factors, secreted molecules and membrane-bound 

receptors and ligands (Fig. 2; reviewed in Lumsden, Krumlauf 1996, Schneider-

Maunoury, Gilardi-Hebenstreit & Charnay 1998, Moens, Prince 2002, Lumsden 2004). 

 

 
 
Figure 2. Segmental gene expression in the hindbrain. Segmentally expressed genes are presented by 
families: transcription factors (orange), genes for the Eph-tyrosine kinases receptor family (dark blue) and 
their ligands (blue), Hox genes (pink), secreted molecules (black), and molecules involved in the response to 
retinoids (green). The shading indicates the relative levels of transcripts with the expression domain of each 
gene in a 9 dpc mouse embryo. Absence of shading indicates that the expression of the gene is transient in 
that region and has been down-regulated by this stage Adapted from Lumsden, Krumlauf 1996, Schneider-
Maunoury, Gilardi-Hebenstreit & Charnay 1998. 
 
It is difficult to functionally classify the genes expressed in the hindbrain. However, 

attending to gain- and loss-of-function experiments mainly performed in mice and 

zebrafish, the hindbrain genes have been classified in: i) genes that confer positional 

identity along the AP axis; ii) genes involved in the formation of segments; and iii) genes 

that play a role in rhombomere-cell sorting (reviewed in Lumsden, Krumlauf 1996, 
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Schneider-Maunoury, Gilardi-Hebenstreit & Charnay 1998, Moens, Prince 2002, 

Lumsden 2004). 

 
1.1 Genes that give specificity of regional identity to the hindbrain 
 
The Hox gene family is probably the best characterized group of transcription factors that 

have been demonstrated to play a role in the specification of positional identity along the 

AP axis of the hindbrain (reviewed in Krumlauf 1994, Studer et al. 1998, Trainor, 

Krumlauf 2001b). 

 

Functional experiments in vertebrates demonstrated that Hox genes are the homologues 

of the Drosophila homeotic genes (HOM-C). They provide a combinatorial code, which 

specifies regional identity along the AP axis. They encode transcription factors whose 

DNA-binding domain consists of a 60 amino acid motif called the homeodomain. 

Vertebrate Hox genes are organized in four complexes (Hoxa-d), which are thought to 

derive from a unique ancestral complex, common to HOM-C. They can be classified into 

13 paralogous groups according to sequence similarity. The order of the paralogous 

genes within the different complexes has been evolutionary conserved. Hox genes are 

expressed from the caudal extremity of the embryo up to anterior limits, depending on the 

paralogous group and on the position of the gene within the cluster. The position that an 

Hox gene occupies within the cluster prefigures its expression pattern, being the most 3’ 

genes expressed more anteriorly and earlier in development, and the most 5’ genes 

expressed more caudally and later in time. This property, named colinearity, was 

previously described in the Drosophila HOM-C genes (Fig. 3; reviewed in Krumlauf 1994, 

Schilling, Knight 2001). 

 

Missexpression or inactivation of Hox genes leads to partial homeotic changes in 

rhombomere identity in terms of gene expression and development of ulterior structures 

(Studer et al. 1998, Rijli, Gavalas & Chambon 1998, Carpenter et al. 1993, Chisaka, 

Musci & Capecchi 1992, Chisaka, Capecchi 1991, Gavalas et al. 1998, Zhang et al. 

1994). Hox inactivation leads to the acquisition of more anterior rhombomeric features 

and Hox over expression leads to the posteriorization of anterior rhombomeres. Contrary 

to Drosophila homeotic transformations, identity changes in vertebrate Hox mutants are 

not fully penetrant; the territories change part of their features but are not completely re-

specified to another identity, most probably due to the fact that Hox genes of the same 
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paralogous group display some degree of functional overlap, thus generating functional 

redundancy. Accordingly, the inactivation of two or more genes of the same paralogous 

group leads to more drastic phenotypes than the mutation of a single gene (Carpenter et 

al. 1993, Choe, Sagerstrom 2004, McNulty et al. 2005). The posteriorizing function of Hox 

genes is a general feature of this gene family and the current conception is that Hox 

genes operate by conferring caudal identity to a rostral ground state. In the hindbrain, this 

rostral ground state is represented by r1-identity. Indeed in experiments in which the 

whole Hox system is inactivated by inhibiting obligated cofactors, the entire hindbrain is 

re-specified to r1-identity (Waskiewicz, Rikhof & Moens 2002).  

 

 
 

Figure 3. The arthropod and chordate Hox clusters derive from a common ancestor and present 
colinearity in their expression profiles. In the diagram each Hox paralogous group is represented with one 
color. From top to bottom: the AP expression of the Hox genes in the Drosophila embryo, the Drosophila Hox 
complex, the Hox complex of an hypothetical common ancestor for arthropods and chordates, the early 
vertebrate Amphioxus Hox cluster, the four mouse Hox clusters and the AP expression of the Hox genes in 
the mouse embryo. Arrows indicate evolutionary correlation between genes. From Carroll 1995. 
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1.2 Hindbrain segmentation genes 
 
The genes whose inactivation results in the elimination of hindbrain segments or a 

modification of their extension have been called segmentation genes. At least five 

transcription factors have been shown to belong to this category: Krox20, vHnf1, kreisler, 

Gbx2 and Hoxa1 (Fig. 4; reviewed in Trainor, Krumlauf 2001a). 
 

Krox20 encodes a zinc finger transcription factor, which was discovered after a screening 

of early responding genes after growth factor stimulation (Chavrier et al. 1990). In the 

hindbrain, it is expressed before morphological segmentation in two non-adjacent stripes, 

which prefigure, and then coincide with rhombomeres 3 and 5 (Wilkinson et al. 1989). 

Although presumptive territories of rhombomeres 3 and 5 form normally in Krox20 

inactivated embryos, these two rhombomeres are not maintained and the derived 

structures are eliminated, indicating that this gene is essential for the maintenance of the 

specification of these territories (Schneider-Maunoury et al. 1993). Analysis with 

molecular markers demonstrated that in Krox20-null embryos, r3 cells acquire r2 or r4 

identity, and r5 cells acquire r6 identity. On the other hand, study of embryonic chimaeras 

between Krox20 homozygous mutant and wild type cells showed that the mingling 

properties of r3 and r5 mutant cells are changed towards those of even-numbered 

rhombomere cells. Therefore, Krox20 is essential for the generation of alternating odd- 

and even-numbered territories in the hindbrain and that it acts by coupling the processes 

of segment formation, cell segregation and specification of regional identity (Voiculescu et 

al. 2001). In addition, electroporation experiments in chick showed that Krox20 

expression is sufficient to confer odd-numbered rhombomere characteristics to r2, r4, and 

r6 cells, presumably in a cell-autonomous manner (Giudicelli et al. 2001). 

 

The kreisler/MafB (Krml1, or valentino in zebrafish) segmentation gene encodes a basic 

domain leucine zipper (bZIP) transcription factor, which is expressed in rhombomere 5 

and 6 and is essential for their formation (Cordes, Barsh 1994). Initial expression of 

kreisler precedes the appearance of rhombomeric boundaries and other r5-r6-restricted 

genes (Cordes, Barsh 1994). kreisler mutants fail to develop rhombomere 5 and 6. 

Rhombomer 5 is missing and r6 is misspatterned while r6 adopts a continuous and 

unsegmented rhombomere 4 identity (McKay et al. 1994). At the same time, genes that 
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are normally expressed caudal to r6 shift rostrally in this mutant (Sadl et al. 2003). As a 

secondary effect, the kreisler mutants display early inner ear defects: they present a 

disorganized vestibular apparatus and cochlea resulting in head tossing, running in 

circles and deafness (Deol 1964). In part 3 of the introduction this is deeply explain. 

 

Gbx2 is an homeobox-containing transcription factor related to unplugged in Drosophila 

(Chiang, Young & Beachy 1995). It is early expressed in the anterior hindbrain (r1-r3) 

showing a sharp anterior limit of expression that coincides with the posterior limit of the 

Otx2 expression domain (Shamim, Mason 1998, Wassarman et al. 1997). Gbx2 is 

involved in positioning and maintenance of the isthmus-organizer (IsO) and also is 

essential for patterning the anterior hindbrain. Mice mutants for Gbx2 show 

misspecification of the IsO and of the anterior hindbrain (r1-r3) coupled with a dramatic 

reduction of this territory (Wassarman et al., 1997). Between the midbrain and r4, Gbx2 

null-mutants exhibit an area termed zone X which displays aberrant patterns of 

expression of midbrain genes (Otx2), IsO genes (Fgf8, Wnt1) and r4 genes (Hoxb1) 

(Wassarman et al. 1997). Gbx2 is also expressed in the otic vesicle of several species 

(Shamim, Mason 1998, Bouillet et al. 1995, Su, Meng 2002). In mice, the otic expression 

of Gbx2 is correlated with proper otocyst formation: Gbx2 knockout mice present 

vestibular and cochlear malformations that are probably due to disruption in the Gbx2 

signaling in both hindbrain and inner ear regions (Lin et al. 2005). 

 

Hoxa1 is the only gene up to date that has been shown to have a dual role. Hoxa1 is 

involved in hindbrain segmentation and it also provides positional identity to the cells 

along the AP axis. Hoxa1 exhibits a highly dynamic pattern of expression in the hindbrain. 

By the head fold stage, it reaches a sharp anterior limit of expression that corresponds to 

the prospective r3/r4 boundary, to then regress caudally during later stages of 

development (Chisaka, Musci & Capecchi 1992, Lufkin et al. 1991, Murphy, Hill 1991, 

Dupe et al. 1997). The Hoxa1 loss of function mutation results in a dramatic effect on r4 

and r5 and in an increase of the r3 size. In particular, these abnormalities include the 

appearance of patches of cells with r2-like molecular identity within r3, partial deletion of 

r4 and a severe reduction or disappearance of r5. These molecular defects result in an 

early neuronal differentiation in r3, which is normally characteristic of even-numbered 

rhombomeres, and an abnormal navigation of r3 motor axons that become similar to that 

observed in even-numbered rhombomeres (Carpenter et al. 1993, Gavalas et al. 1998, 
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Dolle et al. 1993, Helmbacher et al. 1998). It has been suggested an Hoxa1 non-

autonomous effect on rostral rhombomeres since cell patches of non-r3 identity within r3 

were observed in the Hoxa1 mutant. These phenotypic manifestations become more 

severe in the context of the additional inactivation of one allele of the Krox20 gene, 

demonstrating that Hoxa1 and Krox20 synergize in a dosage-dependent manner to 

specify r3 identity and odd- versus even-numbered rhombomere characters (Helmbacher 

et al. 1998). On the other hand, Hoxa1 ablation results in a drastic alteration of vestibular 

and cochlear morphogenesis, defect that can be rescued by maternal Retinoic Acid (RA) 

administration. This was attributed to the transient recovery of Hoxb1, kreisler and Fgf3 

expression in the hindbrain of RA-treated Hoxa1 mutants (Pasqualetti et al. 2001). 

 

vHnf1 is a homeodomain transcription factor expressed throughout the posterior 

hindbrain (up to r4/r5) and anterior spinal cord. It was identified in a mutational genetic 

screen in zebrafish as a positive regulator of valentino –the ortholog of kreisler- (Sun, 

Hopkins 2001). RA signals are essential for the activation of vHnf1 expression in 

zebrafish and mice. Furthermore, in zebrafish vhnf1 and valentino function as a part of a 

multistep process required for the repression of r4 identity in the posterior hindbrain 

(Wiellette, Sive 2003, Hernandez et al. 2004). vhnf1 acts largely independently of val to 

repress the r4 “hox code” and to block the acquisition of r4-specific neuronal fates in the 

posterior hindbrain, but it is not able to repress all aspects of r4 identity. valentino is 

required to repress the “Eph-ephrin code” by blocking caudal ephrin-B2a expression 

(Wiellette, Sive 2003, Hernandez et al. 2004). On the other hand, vHnf1 in chick acts with 

FGF to promote caudal hindbrain identity by activating MafB/kreisler and Krox20 

expression (Aragon et al. 2005). In addition to the hindbrain defects, the zebrafish vhnf1 

hypomorphic mutants present defects in otic patterning along both the AP and DV axes, 

which are the consequence of signaling defects in the caudal hindbrain (Lecaudey et al. 

2007). 
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Figure 4. Inactivation of ‘segmentation genes’ not only promotes changes in rhombomere identity but 
also in size and number of rhombomeres. Schematic dorsal view of mice embryos (A-E). The isthmic 
region is marked by Fgf8 (blue), Krox20 marks r3 and r5 (green) and Hoxb1 marks r4 (red). (A) 
Representation of a wild type embryo. (B) Hoxa-/- mouse. R4 is reduced and r5 almost lost. The remnants of 
these rhombomeres are fused with r6 in a territory termed rV. (C) Gbx2-/- mouse. The anterior hindbrain is 
unsegmented and severely reduced. Between the midbrain and r4 remains the zone X which displays 
aberrant expression of midbrain, IsO and r4 genes (Wassarman et al. 1997). (D) Krox20-/- mouse. r3 and r5 
are lost. (E) kreisler mutant. The hindbrain is unsegmented from r3/r4 boundary. The r5/r6 territory is reduced 
and misspecified (rX). R5-Krox20 expression is lost and Hoxb1 is caudally expanded. Modified from Ferran 
Aragon thesis 2008. 
 

1.3 Regulatory networks conferring rhombomeric identity 

 

Hox genes are key regulators of AP identity in the hindbrain. However, the mechanisms 

that regulate its expression are not fully understood. The different functional studies 

performed up to now in zebrafish, mice and chick led to the identification of three 

important aspects in the regulation of Hox gene expression: i) the transcriptional 

activation by segmentation genes such as Krox20 and kreisler; ii) the auto/cross 

regulation within the Hox family; and iii) the regulation by retinoids (Mark et al. 1993, 

Glover, Renaud & Rijli 2006). 
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Figure 5. The hierarchical relationship between segmentation genes (kreisler and Hoxa1) and genes 
involved in growth and maintenance (Krox20), segment identity (Hoxa2, -b2, -b3, -a3) and cellular restrictions 
(EphA4, -A7) during hindbrain segmentation and patterning. Modified from Trainor, Krumlauf 2000b. 
 

Krox20 directly regulates the transcription of at least two Hox genes in r5, Hoxb2 (Sham 

et al. 1993, Vesque et al. 1996) and Hoxa2 (Nonchev et al. 1996). Similarly, the tyrosine 

kinase receptor gene EphA4 is a transcriptional target of Krox20 in r3 and r5 (Theil et al. 

1998). Krox20 is required for the maintenance of r3 and r5 identity (Schneider-Maunoury 

et al. 1993), repressing Hoxb1 expression in r5 (Giudicelli et al. 2001) and cooperating 

with kreisler to regulate Hoxb3 in r5 (Manzanares et al. 2002). Meanwhile, kreisler alone 

directly modulates the expression of the paralogue group 3 Hox genes in r5 (Manzanares 

et al. 1999). Like Hox genes, kreisler is sensitive to posteriorizing signals such as RA, as 

shown in different species, and to FGFs, as documented in chick and zebrafish 

(Hernandez et al. 2004, Aragon et al. 2005, Grapin-Botton et al. 1998, Marin, Charnay 

2000, Papalopulu, Lovell-Badge & Krumlauf 1991). Finally, studies in several species 

have shown that vHnf1 is required for the activation of kreisler/MafB/valentino in r5-r6 but 

not for its maintenance (Fig. 5; Hernandez et al. 2004, Kim et al. 2005).  

 

The maintenance of Hox expression is dependent on Hox gene autoregulations, 

pararegulations (between paralogues) and/or cross-regulations (between non-paralogue 

members within or without the cluster) (Manzanares et al. 2001, Popperl et al. 1995). One 

example is that in r4, Hoxb1 and Hoxa1 are induced by RA signaling (Studer et al. 1998, 
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Dupe et al. 1997, Marshall et al. 1994), later on Hoxb1 is positively modulated by Hoxa1 

(pararegulation) and by itself (autoregulation) (Studer et al. 1998, Popperl et al. 1995, 

Studer et al. 1996). But in turn, Hoxb1 also modulates Hoxa2 and Hoxb2 expression 

(cross-regulation) (Gavalas et al. 2003, Maconochie et al. 1997, Serpente et al. 2005). 

Another example is that in r5 and r6, Hoxa3 and Hoxb3 are initially induced by 

kreisler/MafB (Manzanares et al. 1999); thereafter, Hoxa3 maintains its own expression 

by an autoregulatory loop while Hoxb3 is downregulated (Manzanares et al. 2001). 

 

Another aspect of the regulation of Hox gene expression involves retinoids. Retinoic Acid 

Response Elements (RAREs) have been identified in Hox gene promoters suggesting 

that endogenous retinoids may be involved in the direct control of Hox gene patterning 

functions (Dupe et al. 1997). The spatial and temporal nature of retinoid influence on 

gene expression depends on a large number of parameters. These include the local 

availability of retinoic acid (RA) receptors (RARα, β, γ and RXRα, β, γ), which transduce 

the retinoid signal, the enzymes necessary for RA synthesis and/or catabolism, and the 

intra- or intercellular carrier proteins (reviewed in Chambon 1996). The distribution of RA 

in the early embryo correlates with the opposing action of the two main RA metabolic 

enzymes: Raldh2 (Niederreither et al. 1997, Berggren et al. 1999), which converts 

retinaldehyde into RA, and Cyp26 a cytochrome P450 that oxidatively inactivates RA 

(Swindell, Eichele 1999, Sirbu et al. 2005). Raldh2 is strongly expressed in the somites 

adjacent to the caudal hindbrain and anterior spinal cord (Berggren et al. 1999, Swindell, 

Eichele 1999), whereas the different Cyp26 enzymes (Cyp26a1, Cyp26b1 and Cyp26c1) 

are expressed in dynamic patterns during hindbrain development (Swindell, Eichele 

1999, Sirbu et al. 2005, Hernandez et al. 2007). It has yet to be shown that a posterior-to-

anterior gradient of RA exists during hindbrain patterning, but the expression of Raldh2 

and Cyp26 is suggestive of a source and sink of RA that would be required to set up such 

a gradient (Dupe, Lumsden 2001).  

 

Retinoid deficiency leads to a loss of the posterior (r4-r8) hindbrain (Maden 1996, Maden 

et al. 1997), and injection of the dominant negative forms of RARs also affects specifically 

the posterior hindbrain (Kolm, Apekin & Sive 1997, van der Wees et al. 1998). Taken 

together, these studies suggest that the entire posterior hindbrain develops as a default 

r4 in absence of RA (Glover, Renaud & Rijli 2006, Begemann, Meyer 2001). 

Consequently, RA is likely to be the transforming signal involved in the specification of 
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posterior hindbrain structures in a specific time window. The RA may act as a morphogen 

conferring positional information on cells at different AP levels of the hindbrain by 

differentially regulating the expression of both, Hox and hindbrain segmentation genes 

(Fig. 6; Sirbu et al. 2005, Hernandez et al. 2007, Dupe, Lumsden 2001, Wendling et al. 

2001). 

 
 
 
Figure 6. Role of shifting RA boundaries during posterior hindbrain segmentation. A model for RA 
action during mouse hindbrain development is shown. RA generated by Raldh2 in the paraxial mesoderm 
travels anteriorly to presumptive r3 and r4 during establishment of Hoxb1 expression, but this is very 
transient. Initially, RA forms an early anterior boundary at r2/r3 (next to the r2 border of Cyp26a1 expression) 
followed soon after by a late anterior boundary at r4/r5 (next to the r4 border of Cyp26c1 expression). RA is 
therefore present in r3/r4/r5 to directly regulate Hoxb1 induction and repression through previously described 
3′ and 5′ RAREs (Marshall et al. 1994, Studer et al. 1994). vHnf1 requires RA for posterior hindbrain 
expression, and that vHnf1 is needed to establish the r4/r5 expression boundary. Thus, RA acts directly to 
induce Hoxb1 expression and then RA acts both directly and indirectly (through induction of vHnf1) to restrict 
Hoxb1 expression to r4. Also shown is a mutual repression between Irx3 and vHnf1 at the r4/r5 boundary, 
which has been demonstrated in zebrafish (Lecaudey et al. 2004) and mouse (Sirbu et al. 2005). From Sirbu 
et al. 2005. 
 

1.4 Boundary Formation 

 

Although the activation of a gene like Krox20 might be sufficient for the gross delimitation 

of a prospective rhombomeric territory, the establishment of restrictions in cell-migration 

between adjacent prospective rhombomeres, and the formation of sharp boundaries 

between homogeneous domains of gene expression are likely to require additional 

events. For example, cells belonging to odd or even rhombomeric territories display 

differential cell-to-cell affinities. The effectors of such differential affinity include members 
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of a family of receptor tyrosine kinases, the Ephs, and their membrane-bound ligands, the 

Ephrins (reviewed in Trainor, Krumlauf 2000a, Cooke, Moens 2002). These molecules 

mediate the establishment of cell adhesion or repulsion properties between even and odd 

territories (Theil et al. 1998, Xu et al. 1999, Cooke et al. 2001). Grafting experiments in 

chick showed that boundaries form when cells from adjacent rhombomeres are 

juxtaposed, but not when cells from the same axial level are put together (Guthrie, 

Lumsden 1991), suggesting that the apposition of cellular territories with distinct identities 

is required for formation of a boundary (Fig. 7). Furthermore, disruption of Eph signaling 

results in embryos showing loss normal segmental restriction of gene expression within 

the developing hindbrain (Xu et al. 1995, Cooke, Kemp & Moens 2005).  

 

Many members of the Eph family are expressed in rhombomere-restricted patterns and 

are potential downstream targets of segmentation genes (Flanagan, Vanderhaeghen 

1998). For example, the transcription of EphA4 in r3 and r5 is under the direct control of 

Krox20 (Theil et al. 1998). In addition, zebrafish experiments shown that valentino is 

required for activation of ephB4a expression in r5-r6, and for repression of ephrin-B2a in 

the same region (Cooke et al. 2001). 

 

The current hypotheses of hindbrain boundary formation propose that the Eph family are 

the main molecules involved in cell sorting (Fig. 7). Before rhombomere formation, the 

boundaries of gene expression in the hindbrain are fuzzy and cells with different 

rhombomeric identities are partially intermingled. During embryonic development, 

bidirectional cell repulsion between the Eph receptor and the Ephrin-expressing cells 

leads to sorting of cells with similar identity to presumptive rhombomeric domains (few 

mixed cells). Cell-community signaling induces the “wrong” identity cells to switch their 

gene expression. The plasticity of the cells allows changing their genetic expression at 

early stages, which accompanied by the formation of morphological rhombomere 

boundaries ensures sharp molecular and cellular segregation (no mixed cells with 

different identities) (Trainor, Krumlauf 2000a). 
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Figure 7. Hindbrain boundary formation. Interhombomeric boundaries are formed by cell-affinity 
segregation leaded by the differential rhombomere expression of Eph ligands and receptors. From Trainor, 
Krumlauf 2000a. 
 

 

2. Inner Ear Development 
 

The inner ear is a morphologically complex sensory organ responsible for hearing, 

balance and detection of acceleration. The inner ear consists of two main parts: a 

vestibular portion that contains the sensory organs responsible for the senses of motion 

and position, and the auditory portion that contains the sensory organ responsible for the 

sense of hearing. The organization of the vestibular region is highly conserved among 

vertebrates, while the auditory region shows increasing degrees of complexity across the 

phylogenetic scale (Fig. 8; reviewed in Riley, Phillips 2003). 
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Figure 8. Structure of the adult inner ear. Morphology of the membranous labyrinth in three vertebrate 
species: mouse (A), chicken (B) and zebrafish (C). The vestibular (dorsal) part of the membranous labyrinth 
contains five sensory organs: the three cristae (blue) located at the basis of the three semicircular canals and 
the utricular and saccular maculae (orange), surrounded by otoliths. The ventral, auditory part of the inner ear 
(grey) is highly variable in morphology and complexity in different vertebrates. In the mouse, the cochlear 
duct, a coiled structure, contains a finely patterned sensory organ, the organ of Corti. In chicken, the auditory 
organ, the basilar papilla, is also contained in the cochlear duct.In zebrafish, there is no ventral cochlear duct 
and the auditory function is carried by the saccular and lagenar maculae. ac: anterior crista; asc: anterior 
semicircular canal; cd: cochlear duct; hsc: horizontal semicircular canal; l: lagena; lc: lateral crista; pc: 
posterior crista; psc: posterior semicircular canal; s: saccule; u: utricle. The embryonic axes are indicated at 
the bottom. Modified from Schneider-Maunoury, Pujades 2007.  
 

The vestibular system houses the sensory organs that detect the motion of the head. It 

consists of a dorsally located semicircular canal system that contains the sensory organs 

tuned to angular motion detection, the cristae, which are located at the base of each of 

three canal ducts, the ampullae. The sensory organs tuned to linear motion detection are 

the maculae, which are contained within the centrally located saccule and utricle. The 

inner ear also has a dorsally projecting non-sensory appendage named the 

endolymphatic duct and sac (EDS), which plays an important role in maintaining the 

unique fluid environment essential for normal sensory function of the inner ear (Fig. 9A; 

reviewed in Rubel, Fritzsch 2002, Bok, Chang & Wu 2007). 
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Figure 9. (A) Location of the sensory patches in the inner ear. Schematic representation of the adult mice 
inner ear with sensory organs depicted in red. (B) Cellular components of a sensory patch. Drawing 
illustrating the functional unit of the inner ear composed by three different cell types: supporting cells (yellow), 
hair cells (red) and sensory neurons (green). Modified from Kelley 2006, Adam et al. 1998. 
 

The sensory patches constitute the functional units of the inner ear. Each of these 

patches consists of mechanosensory hair cells innervated by neurons arranged into a 

cellular mosaic (Fig. 9B), which transmit the information to the brain stem. Hair cells 

perceive sound and/or motion through the deflections of microvilli, the stereocilia, which 

projects from the plasma membrane of the luminal surface of the cell. The hair cells are 

mechano-electrical transducers that convey signals to the otic sensory neurons and 

transmit the information to the brainstem. The displacement of stereocila produce 

changes in channel activity and membrane potential of hair cells that result in membrane 

depolarization and transmitter release from the hair cell to otic neurons through synaptic 

junctions. In this manner, displacement of stereocilia is converted into electrical impulses 

that travel along otic neurons to the auditory and vestibular nuclei of the brainstem. Otic 

neurons lie in a composed ganglion located close to the ear epithelium, the VIII cranial 

pair or acoustic and vestibular ganglion (cochlear and vestibular ganglion, or stato-

acoustic ganglion, SAG, in mouse and humans). The supporting cells surround the 

sensory tranducing hair cells and provide the mechanical support for their precise 

geometrical arrangement. In addition, they release factors that maintain the trophism and 

survival of the hair cells, and they maintain the correct ionic environment for hair cell 

function by buffering the ionic changes associated with electrical activity (reviewed in 

Rubel, Fritzsch 2002, Stone, Cotanche 2007). 
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The different cell types of the functional unit of the ear derived all from the otic placode, a 

thickened area of the embryonic ectoderm adjacent to the hindbrain (reviewed in Torres, 

Giraldez 1998). The establishment of cell linage restriction during inner ear development 

is crucial to obtain cell diversity from a homogenous tissue. In chick, as early as otic 

placode stages, the otic epithelium has already started the cellular commitment to 

generate neurons (Alsina, Giraldez & Varela-Nieto 2003). In this animal specie, the otic 

placode shows a regionalized gene expression pattern that reveals the location of an 

anterior-medial domain that gives rise to the neuro-sensory elements of the ear, and a 

complementary posterior-lateral domain, which is devoid of neural competence. Cell 

intermingling appears to be restricted between these two domains (Abello et al. 2007). 

 

In mice, inner ear formation begins in embryonic day 8 (E8.0) (11-14 somites stage, ss) 

as a placodal thickening of the head ectoderm. As in other animal species, the otic 

placode arises adjacent to rhombomere 5 (Fig. 10A). Subsequently, from E8.5-9.0 (15-

24ss), the otic placode invaginates and forms the otic cup, from which neuroblasts of the 

eighth ganglion delaminate and migrate to the SAG. By E9.25-9.5 (25-31ss) the otic cup 

closes and separates from the surface ectoderm, forming the spherical otic vesicle or 

otocyst. A complex series of morphogenetic events are initiated at E10.5 with the dorsal 

outgrowth of the endolymphatic duct and sac, and a ventrally directed outgrowth of the 

cochlear duct. Concomitantly, an intense process of proliferation and differentiation takes 

place in the otocyst (Fig. 10B; reviewed in Torres, Giraldez 1998). 
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Figure 10. (A) The otic placode develops adjacent to r5. In situ hybridization of different vertebrate 
embryos, where the otic primordium stained with Pax2 in chick, Lmx1 in mice and pax2a in zebrafish, is 
clearly adjacent to r5. (B) Early development of the inner ear in amniotes. Schematic drawing of the 
development of the inner ear. (a) 3D representations of a transverse segment of the head region. (b-d) 
Transverse sections at otic level. The otic placode is in pink, the neuroblasts and SAG are in yellow, cd, 
cochlear duct; ed, endolymphatic duct; r, rhombomere; SAG, statoacoustic ganglion. From Schneider-
Maunoury, Pujades 2007. 
 

The multiplicity of cell types formed in the otocyst, the fact that these different cell types 

arise from specific regions of a single epithelium, as well as the complex morphogenesis 

taking place in this organ, underline the importance of integrating regionalization and cell 

type specification in the developing ear. 

 

2.1 Otic induction 

 

The initial induction and subsequent morphogenesis and differentiation of the otic 

epithelium involve signaling interactions within and between otic and non-otic tissues 

(Fig. 11). FGF signals have been shown to be necessary for otic placode induction and 

otic formation in fish, chick and mouse. In fish, Fgf8 and Fgf3 are the main candidates for 

ear induction (Phillips, Bolding & Riley 2001, Leger, Brand 2002). In mouse, Fgf3 and 
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Fgf10 are required for normal otic induction, Fgf3 being expressed in r5-6 and Fgf10 in 

the mesoderm underlying the presumptive placode and in the ventral neural tube of 

caudal rhombomeres (Wright, Mansour 2003, Alvarez et al. 2003). In chick, Fgf19 from 

the mesoderm, in addition to Fgf3 and Fgf19 from the hindbrain play the major role in otic 

induction (Ladher et al. 2000, Vendrell et al. 2000, Martin, Groves 2006). Fgf8 is the first 

known inductive signal involved in placode induction in chick and mouse. It is expressed 

in cranial endoderm and is necessary for the mesoderm expression of other FGFs, as 

Fgf19 in chick and Fgf10 in mouse (Ladher et al. 2005, Zelarayan et al. 2007). However, 

quail-chick graft experiments showed that FGF signaling is both necessary and sufficient 

for the induction of some, but not all the markers of otic placode (Martin, Groves 2006).  

 

Chick and mouse studies showed that Wnt pathway also participates in the induction of 

the otic placode regulating placode-epidermis fate decisions. Experiments in chick have 

shown that Wnt8c is induced in the hindbrain by mesoderm-secreted Fgf19, and acts 

synergistally with Fgf19 in inducting otic genes (Ladher et al. 2000). On the other hand, 

evidences from cell lineage tracing in chick (Streit 2002) and mouse (Ohyama et al. 2006, 

Ohyama, Groves 2004) suggest that the broad Pax2 domain, which is known as the pre-

otic field, contains cells fated to become otic and epibranchial placodes, as well as cranial 

epidermis. Studies in mice described that the Wnt pathway is activated in the ectoderm 

Pax2-positive that is adjacent to the neural plate, but not in the Pax2-positive region that 

is placed laterally relative to the neural plate (Ohyama et al. 2006). Conditional 

inactivation of Wnt signaling in Pax2 cells leads to a large reduction size of the otic 

placode and a corresponding expansion of cranial epidermis (Ohyama et al. 2006). Thus, 

Wnt signals presumably from the hindbrain, are required to limit the region of the 

ectoderm that forms the otic placode, defining its size, by mediating the placode-

epidermis fate decision (Ohyama et al. 2006). In addition, a recent work showed that 

conditional activation of Notch1 in the Pax2-positive pre-otic field in mice causes the 

expansion of some, but not all, otic markers at the expense of epidermis. Conversely, in 

Notch1 mutants, the otic placode was significantly smaller (Jayasena et al. 2008). 

Crossing the conditionally Notch1 activated mice with a Wnt reporter mouse shows that 

Notch signaling positively regulates the Wnt pathway suggesting that Notch increases 

Wnt signaling to help define the size of the otic placode (Jayasena et al. 2008). 
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In summary, the pre-otic field is induced primarily by FGF signaling to be then 

subsequently refined into the otic placode and the surrounding non-otic epidermis in a 

second step that requires Wnt and Notch pathways. 

 

 
 
Figure 11. Expression of FGFs during otic placode induction in chick and mouse. Schematic sections 
of embryos taken at the level where inner ear induction takes place in chicken and mouse. The presence of 
the different FGF members is indicated by the color code at the bottom of the figure. (A,D) Expression of Fgfs 
in the endoderm and/or mesoderm is observed during the first phase of induction. (B,E) A second phase of 
induction is defined by the onset of Fgf expression in neural tissue together with the initiation of otic placode 
formation in the surface ectoderm. (C,F) Finally, a third phase is characterized by the completion of placode 
formation and the initiation of placode invagination, a period when expression of some Fgfs expressed during 
placode induction is still maintained whilst other Fgfs initiate their expression in the placode itself or in the 
endoderm. For details, see text. Abbreviations: e, endoderm; m, mesoderm; n, neural tube; op, otic placode; 
pp, preplacodal ectoderm. From Schimmang 2007. 
 

2.2 Axial specification of the inner ear 

 

The adult inner ear is highly regionalized along its three axes. In addition to the 

dorsoventral (DV) subdivision into vestibular and auditory regions, there is a pronounced 

anteriorposterior (AP) and mediolateral (ML) asymmetry as revealed by the semicircular 

canals. Otic regionalization most likely begins about otic placode formation and involved 

early cell fate decisions: neural against non-neural and neuronal against sensory fates 
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(review in Bok, Chang & Wu 2007, Abello, Alsina 2007). Tissues surrounding the inner 

ear, such as the hindbrain, mesoderm and endoderm are potential sources of signals 

required for otic patterning (review in Schneider-Maunoury, Pujades 2007). 

 

Mutation in hindbrain segmentation genes, such as kreisler/MafB, vHnf1 and Hoxa1, 

which are expressed in caudal rhombomeres causes strong defects in vestibular and 

cochlear morphogenesis (reviewed in Schneider-Maunoury, Pujades 2007). While there 

are discrepancies among the interpretation of the results obtained in different animal 

species, available data from gene knockout experiments point to an essential role of 

hindbrain signals, and particularly FGF, WNT and Hedgehog (Hh), in otic regionalization 

(reviewed in Schneider-Maunoury, Pujades 2007, Bok, Chang & Wu 2007, Abello, Alsina 

2007, Whitfield, Hammond 2007). 

 

The first event of inner ear regionalization is the AP subdivision of the otic territory into a 

neural competent domain located in the anterior region of the otic cup versus a 

complementary non-neural domain (Alsina et al. 2004). Signals that modulate the 

development of neural competence have been explored at otic placode and vesicle 

stages, when neurogenesis is taking place the AV aspect of the otic vesicle. However, a 

detailed analysis about how the neurogenic domain is established is still missing.  

 

Experiments in which otic patterning was examined after rotation of the DV axis of the 

neural tube indicate that signals from the ventral hindbrain (Shh) are important for the 

specification of the neurogenic domain in the ventral aspect of the otocyst, and that 

signals from the dorsal hindbrain (Wnts) may inhibit the dorsal expansion of the 

neurogenic markers (Bok, Bronner-Fraser & Wu 2005). Accordingly, Shh mutant embryos 

showed a reduction of the expression domain of LFng, Fgf3, Neurog1 and NeuroD, thus 

a reduction of the neurogenic domain (Riccomagno et al. 2002). Interestingly, these 

neurogenic markers were absent in mice with conditionally activated Wnt pathway 

(Ohyama et al. 2006). Moreover, the expression of Neurog1 was ectopically expanded 

along the lateral wall of the otocyst in explants lacking the dorsal hindbrain, therefore the 

Wnt signals (Riccomagno, Takada & Epstein 2005). However, treatments of the ablated 

embryos with LiCl, which activates the canonical Wnt pathway did not fully restore the 

expression of Neurog1 (Riccomagno, Takada & Epstein 2005), suggesting that Wnts are 

not the only dorsal hindbrain signals involved in this process.  
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Another family of secreted molecules that may serve as signaling molecules for otic 

patterning is BMP, which is expressed in the roof plate of the hindbrain and dorsal 

ectoderm (Lee, Jessell 1999). BMP family members have been implicated in vestibular 

morphogenesis (Chang et al. 1999). Since BMP and Shh inhibit each other in the neural 

tube, and the inhibitors of BMPs expressed in the notochord do also modulate Shh 

functions in the ventral neural tube (Liem et al. 1995, Liem, Jessell & Briscoe 2000, 

Patten, Placzek 2002), it is possible that similar opposing interactions between Shh and 

BMPs occur in the inner ear. 

 

On the other hand, as otic targets there are Lmx1b, a transcription factor of the LIM 

family, expressed in a complementary region to the neurogenic domain in chick. Lmx1b is 

induced and maintained by dorsal neuroectoderm signals, whereas it is downregulated by 

the ventral neural tube (Giraldez 1998). Although Lmx1b is a good candidate to be 

involved in the neurogenic domain restriction, it is largely unknown its role during inner 

ear development. Tbx1, a transcription factor member of the T-box family, is another 

candidate that has been proposed to regulate cell proliferation and to suppress 

neurogenic fate in otic epithelial cells (Xu et al. 2007, Arnold et al. 2006). In Tbx1 null 

mutants, Neurog1 expression is expanded and the size of the cochleovestibular ganglion 

is increased or even duplicated, suggesting a role of Tbx1 in the restriction of the 

neurogenic domain (Arnold et al. 2006, Vitelli et al. 2003, Raft et al. 2004). Tbx1 

expression-driven cell tracing identifies a population of otic epithelial cells that contributes 

to most of the otocyst, excluding the neurogenic and the endolymphatic duct territories, 

involving Tbx1 in the proliferative process (Xu et al. 2007). Up to now it is not clear which 

extrinsic signals regulate Tbx1 expression in the otic epithelium, but it does not depend 

on Shh (Riccomagno et al. 2002). 

 

Taken together, these data suggest that Shh signals from the ventral neural tube and 

notochord positively regulates neurogenic identity in the ventral aspect of the otic cup-

vesicle, while Wnts, and possibly BMPs, emanating from the dorsal hindbrain restrict the 

neurogenic domain to the ventral region of the otic vesicle (Fig. 12). 
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Figure 12. A model on the timing of axial specification for mouse and chicken inner ears. (A) Induction 
of the otic placode is dependent on signals produced by surrounding tissues including Wnts, Fgfs and 
possibly Bmps from the hindbrain. The medial axis is likely the first axis to be specified in the otic epithelium 
since the newly induced otic genes such as Gbx2 and Pax2 are associated with the medial region of the inner 
ear at later stages. (B,C) The invaginating otic placode receives AP and DV signals from the surrounding 
tissues, including Wnts and possibly Bmps from the dorsal hindbrain and Shh from the notochord and floor 
plate. Cells located in the ventral posterior region of the otic cup migrate dorsally to form most of the lateral 
wall of the otocyst except the neurosensory domain in the antero-ventral region. (D) The newly formed lateral 
wall of the otocyst continues to receive existing AP and DV signals and further express regional-specific 
genes. Abbreviations: M, medial; L, lateral; A, anterior; P, posterior; D, dorsal; V, ventral. From Bok, Chang & 
Wu 2007. 
 

An essential function of the hindbrain in ear patterning has been demonstrated by the 

analysis of mutants of regulatory genes that are expressed in the hindbrain but not in the 

otic tissue. Those genes are involved in caudal hindbrain segmentation, such as 

kreisler/Mafb, vHnf1 and Hoxa1, and their mutation exhibits specific otic phenotypes. In 

all cases, the observed inner ear defects are attributed to defects in r4 to 6, the region of 

the hindbrain adjacent to the developing otocyst (Fig. 13; review in Schneider-Maunoury, 

Pujades 2007). The main defects observed in mice are changes in the normal pattern 

along the DV otic axis of the inner ear (Lin et al. 2005, Bok, Bronner-Fraser & Wu 2005, 

Riccomagno et al. 2002, Riccomagno, Takada & Epstein 2005, Choo et al. 2006), 
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whereas in the zebrafish they are along both the AP and DV axes (Lecaudey et al. 2007, 

Kwak et al. 2002). The analysis of the kreisler mutant has brought some important 

information about the role of hindbrain signals in ear patterning. Since MafB is not 

expressed in the otocyst and Fgf3 expression is reduced in the kreisler embryo, it has 

been proposed that the deficit in Fgf3 signaling is the cause of the otic defects seen in DV 

axis of the kreisler mutant (McKay et al. 1994, Choo et al. 2006). In this work we further 

analyze this problem and will highlight the importance of hindbrain-derived signals in the 

regulation of otic neurogenesis and the involvement of kreisler/MafB and FGF signaling in 

both the AP and DV patterning of the inner ear. 

 

 
 
Figure 13. Neural tube mutations affecting otic development. The first column shows gene expression 
profiles in the neural tube of mice and zebrafish embryos. The second column indicates the hindbrain 
phenotype observed in the corresponding mutants. The third column summarizes the otic phenotypes 
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described for those mutations. Genes are organized depending if they code for transcription factors or 
secreted molecules. Results obtained in zebrafish are indicated in italics. In schemes in the first column, 
anterior is to the left. From Schneider-Maunoury, Pujades 2007. 
 

3. Understanding kreisler mutation defects 
 

The mouse kreisler mutation was originally identified in an X-ray mutagenesis screen by 

the hyperactive behavior pattern of mutant animals, and characterized by head tossing 

and running in circles (Hertwig, P. 1942). Homozygous kreisler mice were also noted to 

be deaf and unable to swim, characteristics consistent with a defect of inner ear function. 

Morphological analysis revealed that the otic vesicle of these animals, which normally lies 

adjacent to rhombomeres 5 and 6 of the developing hindbrain, is displaced laterally and 

develops into a cystic structure without an organized vestibular apparatus and cochlea 

(Hertwig, P. 1942; Deol 1964). 

 

The original X-ray induced kreisler allele is a submicroscopic chromosomal inversion that 

does not disrupt the kreisler transcription unit, but nonetheless abolishes kreisler 

expression in r5 and r6 (Cordes, Barsh 1994). Starting with marker probes derived from 

the inverted fragment, Cordes & Barsh (1994) isolated a cDNA encoding a basic leucine-

zipper (bZIP) transcription factor of the Maf family. To prove that this cDNA encode kr, a 

second kreisler allele, krenu was generated by chemical mutagenesis and found to carry a 

mutation in the DNA binding domain of the kr cDNA, resulting in a non-functional protein 

(Cordes, Barsh 1994). 

 

The kreisler mutation was found to alter the pattern of rhombomere formation in the 

developing hindbrain (McKay et al. 1994, Frohman et al. 1993). In homozygous mutant 

embryos by the embryonic day 9.5, the first three rhombomeres appear normal, but in r3 

kreisler is ectopically expressed and seems to up-regulate Fgf3 (Giudicelli et al. 2003, 

McKay, Lewis & Lumsden 1996). The caudal rhombomeres, r4-r7, are replaced by a 

morphologically unsegmented neural tube. Accordingly, the expression of several 

segmentation genes in this region of the neural tube is altered: the anterior expression 

boundaries of Hoxb3, Hoxb4 and Hoxd4 are shifted rostrally in the mutant. The 

expression of Fgf3 is greatly reduced in r5-r6 and increased in r3. Krox20 expression is 

extinguished in r5 but maintained in r3 (McKay et al. 1994, Frohman et al. 1993, Giudicelli 

et al. 2003). In summary, there is a loss of r5 and a mis-specification of r6 in kreisler 
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mutants. The absence of r5 implies that no crest-free region exists adjacent to the 

otocyst. Indeed the CRABPI staining pattern suggests that crest cells from r4 migrate 

laterally not only into the second branchial arch (as they normally would) but also 

posteriorly and laterally into third arch (McKay et al. 1994). The axon-free regions at E9.5, 

that reflect the delayed neuronal differentiation characteristic of r3 and r5, are not present 

in kreisler mutants, only a single axon-free region can be identified corresponding to r3 

(McKay et al. 1994). Accordingly, the derivates of the neural crest originating from r5-r6 

are missing in the mutant, i.e. the glossopharyngeal ganglion nerve and the abducens 

nerve (McKay et al. 1994). For a summary see Figure 14. 

 

 
 
Figure 14. Summary of rhombomere-specific gene expression in kreisler alleles. (A) The normal 
expression patterns of some rhombomere specific genes in 8.0–9.0 dpc embryos are shown. The orange 
domains represent Krox20 expression in r3 and r5. (B) In kr/kr embryos, Krox20 expression is seen 
transiently in clusters of cells in the posterior hindbrain between 8.0–8.5 dpc. Hoxb1 and Hoxb4 expression 
extend ectopically into the presumptive r5/r6 region, and high-level Hoxb3 expression is absent from r5. 
kreisler expression is absent in the r5/r6 region, but is seen ectopically in r3. The Hoxb1, Hoxb3, and Hoxb4 
gene expression patterns shown here for kr/kr embryos were first reported by Frohman et al. (1993). (C) In 
krenu/krenu embryos, a narrow domain of Krox20 expression is observed in an “r5-like” domain. Hoxb1 and 
Hoxb4 expression still are expressed ectopically in the posterior hindbrain. However, Hoxb1 expression 
appears to be repressed in the Krox20 expressing “r5-like” domain. kreisler expression is seen in the r5-r6 
domain between 8.0 –9.0 dpc. In this schematic diagram, the overall expression domains are depicted. The 
time course of expression, e.g., differential expression of Krox20 in r3 and r5 or kreisler in r5 and r6 between 
8.0 and 9.5 dpc, is not depicted. From Sadl et al. 2003. 
 

Gain-of-function of kreisler in r3 and r5 using a r3/r5 EphA4-trangenic line (Theil et al. 

1998) results in undisturbed formation of the normal number of hindbrain segments. 

However, the ectopic expression of kreisler in r3 leads to changes at a molecular level 

consistent with an acquisition of r5 characteristics. The Hoxa3, Hoxb3, Fgf3 and Krox20 
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genes, which are co-expressed with kreisler in r5-r6 are either ectopically induced or 

show a prolonged expression in r3, thus, they are direct targets of kreisler (Theil et al. 

2002). In addition, experiments in chick embryos where kreisler/MafB was ectopically 

expressed along the hindbrain, showed the capability of kreisler to induce the expression 

of r5-r6-specific genes (Hoxa3, Hoxb3) while repressing a r4 gene (Hoxb1). Furthermore, 

they demonstrated that in r3, ectopic activation of endogenous kreisler/MafB or Hoxa3 

was restricted to cells that had down-regulated EphA4, suggesting that kreisler/MafB acts 

in a cell-autonomous manner (Giudicelli et al. 2003). However, an important difference 

between chick and mice is that in chick kreisler does not induce Fgf3 expression but on 

the contrary kreisler expression is induced by Fgf3 (Marin, Charnay 2000). 

 

Together, the data of the gain- and loss-of-function reveal a dual function of kreisler/MafB 

in both the segmentation and the specification of the AP identity of the hindbrain acting in 

a cell-autonomous manner (Fig. 15). 

 

 
 

Figure 15. Molecular hierarchy of kreisler-dependent hindbrain patterning. During normal development 
of r5 and r6, transcriptionally active kreisler homodimers are required for the activation of Hoxa3 in r5 and r6 
and Hoxb3 in r5. kreisler acts to maintain Krox20 expression in r5, and this maintenance of the Krox20-
expressing domain is observed in animals homozygous for either the krenu or val alleles. However, the 
Krox20-expressing domain does not expand normally in these mutants. During development of the sixth 
rhombomere, transcriptionally active kreisler protein and most likely direct targets of kreisler are required to 
repress Hoxb1 and Hoxb4 in r6. kreisler expression is maintained in the hindbrains of krenu/krenu mice but not 
in those of val/val fish (Moens et al. 1998). Therefore, maintenance of kreisler expression in r5 and r6 
indirectly or directly requires a complex that contains kreisler protein. From Sadl et al. 2003. 
 

3.1 Inner ear defects in kreisler mutants 

 

Gene expression studies have confirmed that kreisler is not expressed in the early 

developing ear itself but, instead, it is normally restricted to rhombomeres 5 and 6 
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(Cordes, Barsh 1994, Manzanares et al. 1999, Manzanares et al. 1997). Moreover, loss 

of hindbrain kreisler expression results in an altered instructive signal from the hindbrain 

to the developing ear that ultimately leads to morphogenetic defects and alteration in the 

sensory patches of the inner ear (Choo et al. 2006). However, the hindbrain-derived 

signal effects on early otic patterning remains elusive.  

 

As mentioned above, kreisler/MafB has been involved in DV patterning and sensory 

organ development of the ear: the kreisler mutants shows the absence of dorsal 

derivatives such as the endolymphatic duct and cochlear malformations (Choo et al. 

2006). Paint filling data showed a spectrum of kr/kr inner ear defects in both cochlear and 

vestibular apparatus, displaying significant variability in severity of malformation (Choo et 

al. 2006). By E15.5-E17, the inner ear phenotype is variable and has been described 

under three morphological categories of increasing severity. In all phenotypes, the 

cochlear ducts were abnormal and showed a globular appearance. The predominant 

defect in kreisler mutant ears is an absence of the EDS and common crus with dilated 

cochlea and variable defects of the anterior and posterior semicircular canals (Fig. 16; 

Choo et al. 2006).  

 

 
 
Figure 16. Inner ear paint fill data of wildtype and kreisler embryos. By E15.5, the inner ear phenotypes 
fall into 3 morphological categories of increasing severity (Type I, II and III). A control E15.5 inner ear is 
shown in (A) for comparison. (B-D) kr/kr inner ears showing absence of the EDS and common crus with 
dilated cochlea. Scale bars: 100 µm. lcp, lateral canal plate; lsc, lateral semicircular canal; psc, posterior 
semicircular canal; asc, anterior semicircular canal; coch, cochlea. Modified from Choo et al. 2006. 
 

One initial hypothesis was that canal defects could potentially be due to altered cell 

proliferation during canal pouch formation and/or deregulated apoptosis (Choo et al. 

2006). Previous experiments showed that kreisler otocysts have a shortened cell cycle 

and it implicated a higher mitotic rate (Ruben 1973). However, PCNA staining showed 

that cell proliferation in kreisler inner ears between E9.5 and E13.5 do not show any 

obvious differences when compared to control mice (Choo et al. 2006). Similarly, TUNEL 
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labeling of cells undergoing programmed cell death did not show marked changes in 

kreisler mutants except at E9.5, when kreisler mutant otic vesicles showed an increase in 

TUNEL profiles. The number of apoptotic cells also seemed to be particularly increased 

along the lateral otocyst epithelium, suggesting that the increased cell death in that region 

could have contributed to the smaller size of the vertical canal pouch observed at E11 

(Choo et al. 2006). 

 

Gene expression analysis at 9.5-10.5 dpc showed that loss of normal hindbrain kreisler 

activity ultimately results in a loss of Gbx2, Dlx5 and Wnt2b expression in the dorsal part 

of the otic epithelium that eventually gives rise to the endolymphatic duct. Otx2, a gene 

important for cochlear patterning, showed a medially-expanded expression suggesting an 

inhibitory role of kreisler on Otx2 expression. Analysis of late expressed genes in the 

sensory patches at 15.5 dpc, revealed that, although most sensory markers are present, 

their spatial expression is perturbed, and this defect is probably the cause of cochlea-

vestibular malformations occurring later in development (Choo et al. 2006). In contrast to 

the main defects described in the mouse, a mutation affecting kreisler in zebrafish, 

valentino (val) results mainly in AP patterning defects of the inner ear. Otic anterior 

markers are expanded posteriorly, while caudal markers are reduced or absent. val 

mutants also exhibit an excess of hair cells, which are ectopically produced between the 

anterior and posterior maculae (Kwak et al. 2002). This mutation leads to a caudal 

expansion of fgf3 expression in the hindbrain, and when fgf3 RNA levels are reduced, the 

otic defects are partially rescued, suggesting that in zebrafish, as well as in mouse, Fgf3 

is one major signal involved in inner ear patterning downstream of kreisler. Analyses of 

mutants for different hindbrain segmentation genes in both zebrafish and mice point to a 

role of hindbrain signaling downstream of these genes. The main defects seen in mice 

are along the DV axis, while in zebrafish, defects have been found along the AP axis. 

However, this difference may be only apparent, since a closer examination of the 

zebrafish mutants has allowed to detect DV patterning defects in both vhnf1 and val 

(Lecaudey et al. 2007; Schneider-Maunoury and Pujades, unpublished results). 

 

In order to pursue further the analysis of the hindbrain signals that instruct the 

development of the adjacent inner ear, we examined in detail the consequences of the 

kreisler mutation on the early establishment of the otic neurogenic domain, and analyzed 

further the signaling network that links hindbrain and otic patterning. 
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Tissues surrounding the otic primordium, and more particularly the adjacent segmented 

hindbrain, have been implicated in specifying structures along the anteroposterior and 

dorsoventral axes of the inner ear. Analysis of mutant embryos for different hindbrain 

segmentation genes, both in zebrafish and mice, strongly support the involvement of a 

combination of signals from r4 to r6 in normal patterning of the developing inner ear: the 

main defects observed in mice being along the DV axis, whereas in the zebrafish they are 

along both the AP and DV axes of the inner ear.  

This present work has been aimed to study the molecular mechanisms underlying the 

kr/MafB mutation in respect to its otic phenotype. kreisler/MafB gene has been implicated 

in DV patterning and sensory organ development of the ear. However, the hindbrain-

derived signals underlying early otic patterning and neurogenesis were still unknown. We 

have studied the effects of kreisler mutation on early otic patterning and neuronal cell 

specification, and we have characterized the hindbrain-derived signals involved in those 

processes. 

 

The specific aims of the present work are: 

 

1. To analyze the asymmetries in gene expression during the development of 
the otic primordium in mice embryos, and therefore to characterize its 
patterning process;  

2. To study the establishment of the otic neurogenic domain and its relation 
with the otic patterning;  

3. To examine the effects of the kreisler mutation within the hindbrain in otic 
patterning and neurogenesis;  

4. To determine the effects of positional information on cell specification 
within the otic primordium; 

5. To explore whether otic specification was responsible of the otic patterning 
and neurogenic defects observed upon kreisler mutation; 

6. To characterize the hindbrain-derived signals involved in otic patterning; 

7. To further explore the contribution of hindbrain-derived FGFs in the 
establishment of the otic neurogenic domain.  
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1. Early regionalization of the otic primordium: the establishment of the 
neurogenic domain 

 

1.1 The otic primordium is patterned since early stages of embryonic development 

In the inner ear, molecular asymmetries precede morphological asymmetries and genes 

encoding transcription factors that are expressed within the early otic primordium are 

thought to specify the future regions of the ear (reviewed in Fekete, Wu 2002, Abello, 

Alsina 2007, Schneider-Maunoury, Pujades 2007). First, we investigated when otic 

molecular asymmetries along the AP axis of the otic primordium arise in mouse embryos, 

and explored the first steps in the establishment of the otic neurogenic domain. 

The expression of LFng, a gene expressed in the anteroventral domain at the otocyst 

stage, was already regionalized at 8.75 dpc, and its expression was restricted to the 

ventral and anterior aspect of the otic cup (Fig. 1A). As otic morphogenesis proceeded, 

the LFng-expression domain expanded anteriorly, being always restricted to the anterior-

ventral-lateral quadrant of the otic vesicle (Fig. 1D,G,J,M). The expression of LFng was 

excluded from the region of expression of the transcription factor Lmx1a. Initially, the 

expression of Lmx1a was rather homogenous in the whole otic cup (Fig. 1B), but from 9 

dpc onwards it was confined to the dorsal aspect and the posterior region of the otic 

vesicle (Fig. 1E,H,K,N). Lmx1a was excluded from the LFng-positive domain (Fig. 

1E,H,K,N) and persisted at least until 10.5 dpc (Fig. 1K). Previous reports have shown 

that Tbx1 is expressed in lateral and posterior areas of the otic vesicle (Moraes et al. 

2005) and that it is excluded from the domain that gives rise to the sensory precursors 

(Xu et al. 2007). We assessed the spatial and temporal profile of Tbx1 during early otic 

development and compared it with the expression of LFng and Lmx1a. Tbx1 was 

expressed only in the posterior domain of the otic primordium during early otic cup 

stages, with a more caudal dorsal border than the one of Lmx1a (compare Fig. 1F and 

1E). In contrast to Lmx1a, Tbx1 expression was not complementary to the LFng-positive 

domain (compare Fig. 1M-O). Note that the anterior and dorsal aspect of the otic vesicle 

was devoid of LFng and Tbx1 (Fig. 1G,I) but not of Lmx1a (Fig. 1H). 
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Figure 1. The otic primordium is early regionalized during embryonic development. In situ 
hybridizations of embryos from late otic cup (8.75 dpc) to otocyst (10 dpc) stages with LFng (A,D,G,J,M), 
Lmx1 (B,E,H,K,N) and Tbx1 (C,F,I,L,O). Tbx1 is always restricted to the posterior domain remaining posterior 
in otic vesicle stages (C,F,I). (A-I) lateral views of whole mount embryos with anterior to the left. (J-L) 
Parasagittal sections with anterior to the left. (M-O) dorsal views with anterior to the top. Note the position of 
LFng domain in the anterolateral region (M), the exclusion of Lmx1 in this region (N), and the restriction of 
Tbx1 (O) to the posterior domain. See the close spatial relation between the hindbrain and the inner ear in M-
O. r5, rhombomere 5. Scale bars: 100 µm.  
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1.2 The otic neurogenic domain arises in the anteroventral part of the otic vesicle 

In amniotes, the specification of neuroblasts at the otic cup stage, is perhaps the earliest 

cell fate decision that takes place in the inner ear (Ma et al. 1998, Abello et al. 2007). Otic 

neurogenesis in mice begins at the otic cup/vesicle transition (9-9.5 dpc) as revealed by 

the expression of Neurog1 and Delta1 (Fig. 2A; Ma et al. 1998). Expression of these 

genes was detected only in a subdomain of the otic cup, suggesting that specification of 

the proneural region had already occurred by the otic cup stage. The characterization of 

the pattern of genes involved in cell fate specification such as Delta1 (Fig. 2A-D, 3C) and 

NeuroD (Fig. 2E-H, 3D) revealed that all of them were expressed in the region 

foreshadowed by LFng (compare Fig. 2A,E with 1A).  

This neurogenic region, located in the anteroventral aspect of the otocyst, was 

characterized by the expression of LFng-Neurog1-Delta1-NeuroD (Fig. 3), and the 

absence of Lmx1a-Tbx1. Neuroblast determination was presumably acquired through the 

Notch pathway as suggested by Delta1 (Fig. 2A-D, 3C) and activated Notch1 (Xu et al. 

2007) expression. There was a temporal delay between the expression of Delta1 and 

NeuroD (compare Fig. 2A and 2E).  

As neurogenesis proceeds, the NeuroD-positive cell population within the otic epithelium 

delaminates at very specific sites located in the most ventral part of the otic vesicle. They 

form the statoacoustic ganglion (SAG) that can be visualized since 9.25 dpc (Fig. 2G,H), 

where neuroblasts continue dividing before initiating differentiation (for review see 

Sanchez-Calderon et al. 2007). Note that Delta1 is expressed in the otic epithelium but 

not in the SAG, contrary to NeuroD that is expressed in both, otic epithelium and SAG 

(compare Fig. 2D with 2H). 
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Figure 2. The neurogenic region is established in the anteroventral domain of the otic epithelium. 
Whole-mount in situ hybridization of embryos from late otic cup (9 dpc) to otocyst (10 dpc) stages with genes 
involved in neuronal fate specification, such as Delta1 (A–D) and NeuroD (E–H). Delta1 is expressed at otic 
cup stage (A) and NeuroD is only present in few cells of the otic epithelium at this stage (E). Increasing 
numbers of Delta1- and NeuroD-positive cells in the otic epithelium are observed from 9.25 dpc onwards (B-
C, F-H). (D,H) parasagittal sections at otocyst stage showing that Delta1 expression is restricted to the otic 
epithelium. White outline mark the otic vesicle in C and G. In all pictures anterior is to the left and dorsal to 
the top. Scale bars: 50 µm. 

 

 

Figure 3. The neurogenic domain is characterized by the combinatorial expression of LFng-Neurog1-
Delta1-NeuroD. Whole-mount in situ hybridization of embryos at 9.5 dpc with LFng (A) Neurog1 (B), Delta1 
(C) and NeuroD (D). Outline in B, C, and D mark the otic vesicles. In all the pictures anterior is to the left and 
dorsal to the top. Scale bar: 50 µm. 

 

To better characterize the site of delamination of the neuroblasts, we analyzed the 

expression of NeuroD and Tbx1 by in situ hybridization in alternate parasagittal sections 

(Fig. 4A-C). Neuroblasts delaminated within a region located at the border of the 

overlapping NeuroD/Tbx1 expression domains along the AP axis of the otic vesicle, 

spanning at least 5-6 cell diameters (Fig. 4A-C, see yellow asterisks pointing to NeuroD-

positive cells, and red asterisks showing cells positive for both genes within the bracketed 
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region in 4C). Alternate coronal sections showed that NeuroD-positive cells were mainly 

localized in the anterior part of the otocyst and in the SAG (Fig. 4D) and that Tbx1 was 

expressed in the most posterior and lateral aspects of the otocyst (Fig. 4E). Only a small 

region of the otic epithelium showed staining for both genes (see arrow in Fig. 4F).  

 

 

Figure 4. The neuroblast delamination site is located at the border of NeuroD/Tbx1 domains. Alternate 
parasagittal sections of otic vesicles at 9.5 dpc showing NeuroD (A) and Tbx1 (B) expression. The merger of 
both stainings using Photoshop reveals the extension of the delamination area (panel C, merger of panels A 
and B; see bracket). To follow the very same cells, yellow asterisks in panels A and C mark a cell expressing 
only NeuroD, and red asterisks in panels A–C mark 3 cells that seem to express NeuroD and Tbx1. Coronal 
alternate sections of otic vesicles from 9.5 dpc embryos assayed for NeuroD (D) and Tbx1 (E) show the 
posterior and lateral expression of Tbx1 in the non-neurogenic domain (panel F, merger of panels D and E). 
Arrow in panels A and C indicates a delaminating neuroblast. Arrow in panels D and F shows a neuroblast at 
the border region NeuroD/Tbx1. (A–C) anterior to the left and dorsal to the top. (D-F) anterior to the left and 
medial to the top. nt, neural tube; m, mesoderm. Scale bars: 50 µm. 

 

In summary, patterning of the otic primordium along the AP axis is established very early 

during embryonic development and prefigures the neurogenic and non-neurogenic 

regions of the otic vesicle. LFng expression foreshadows the neurogenic domain located 

at the anteroventral region of the otocyst. Otic neuroblasts delaminate from a site located 

in the ventral aspect of the otocyst defined by the overlapping expression of NeuroD and 

Tbx1. 
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2. Analysis of kreisler mutants 

 

2.1 kreisler mutation within the hindbrain results in loss of r5 and misspecification 
of r6 

kreisler/MafB is an essential gene for caudal hindbrain patterning, which codes for a bZIP 

transcription factor and is expressed in prospective r5 and r6 (Cordes, Barsh 1994). The 

phenotype of MafB loss-of-function has first been studied in the mouse mutant kreisler, 

named accordingly to its circling behavior (Hertwig 1944). kreisler is not a null mutant for 

MafB but rather a regulation mutant, which abolishes MafB expression in r5-r6 and 

activates it in r3 (Eichmann et al. 1997, Giudicelli et al. 2003). In the hindbrain, the 

kreisler mutant display a loss of r5 and a misspecification of r6 (Fig. 5; McKay et al. 1994, 

Sadl et al. 2003).  

Those regions of the hindbrain that fail to differentiate into r5 and r6 appear to adopt a 

continuous unsegmented rhombomere 4 identity (McKay et al. 1994). As previously 

reported, kreisler mutation results in a loss of r5, revealed by in situ hybridization with 

Krox20 and LFng (Fig. 5A-B,E-F; McKay et al. 1994, Sadl et al. 2003). The loss of r5 

results in an expansion of r4 shown by Hoxb1 (Fig. 5C,G; McKay et al. 1994). At the 

same time, Hox genes that anterior limit of expression corresponded to r4/r5 (Hoxb3) and 

r6/r7 (Hoxb4) are shifted rostrally in the mutant, leading to abnormal expression of 

markers in the unsegmented region that was called “rX” (Frohman et al. 1993). As a 

result of hindbrain patterning defects, the delay in neurogenesis characteristic of odd-

rhombomeres, it is not respected in the prospective r5 territory in kr/kr as shown by 

Delta1-staining (Fig. 4D,H). 
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Figure 5. Hindbrain defects in kreisler mutant embryos. Wild type (A-D) and kr/kr (E-H) embryos 
hybridized with Krox20 (A,E) and LFng (B,F), double hybridized with Krox20/Hoxb1 (C,G) and Delta1/EphA4 
(D,H). In kr/kr embryos the r4-r7 region remains unsegmented (E,-H), r5 is absent (E-G) and r6 is 
misspecified (G,H). Note the caudal expansion of Hoxb1 (G) in kr/kr embryos and the lack of the 
neurogenesis-free region in Delta1-stained embryos (H). All pictures show flat mounted hindbrain with dorsal 
to the top. Scale bar: 100 µm. 

 

2.2 Mutation of kreisler in r5 and r6 results in expansion of the otic neurogenic 
domain 

An essential function of the caudal hindbrain in the development of the otic vesicle has 

been demonstrated by the analysis of mutants of regulatory genes expressed in this 

tissue (but not in the otic tissue) and involved in caudal hindbrain segmentation, such as 

kreisler, vHnf1 and Hoxa1 (McKay, Lewis & Lumsden 1996, Pasqualetti et al. 2001, Kwak 

et al. 2002, Choo et al. 2006, Lecaudey et al. 2007). In amniotes, the analysis of kr/kr 

mutants showed that the main defects were observed along the dorsoventral axis of the 

otic vesicle, since dorsal patterning genes are lost at expense of ventral ones. This 

resulted in defects in the sensory patches (Choo et al. 2006). However in zebrafish, the 

analysis of valentino mutants revealed the importance of hindbrain-signals in 

anteroposterior patterning of the otic primordium. In the absence of valentino, there is an 

anteriorization of the otic vesicle with expansion of anterior genes at expenses of 

posterior ones (Kwak et al. 2002). In spite of this, the data point to an essential role of 

signaling from the hindbrain, in particular FGF signaling, in otic regionalization.  
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In order to pursue further the role of the hindbrain-signals in instructing the development 

of adjacent tissue such the otic primordium, we examined the consequences of kr 

mutation on the establishment of the otic neurogenic domain. We analyzed the otic 

expression of NeuroD in kr/kr embryos at the stages of neuronal specification and 

commitment (from 9 to 9.5 dpc). Cells within the otic epithelium start to express NeuroD 

in the most ventral and anterior region of the otic cup (9 dpc) indicating their commitment 

to the neuronal fate (Fig. 2E-F and 6A-B). This cell population expands and at 9.5 dpc the 

neurogenic region corresponds to the anteroventral domain of the otic vesicle (Fig. 6C 

and 3D). This pattern was altered in kr/kr embryos, which displayed NeuroD-positive cells 

all along the otic cup, and neuroblasts were specified at ectopic locations along the AP 

and DV axes of the otic cup and vesicle (see arrows in Fig. 6A-C,E-G). Note that 

neurogenesis in other regions of the embryo did not change as shown in low 

magnification pictures (Fig. 6A,E). The acquisition of a neurogenic fate of these ectopic 

neuroblasts involved Delta-Notch signaling, as cells expressing Delta1 were also found in 

ectopic locations within the otic vesicle (Fig. 6D,H). 

 

 

 

Figure 6. Mutation of kreisler within r5-r6 results in expansion of the otic neurogenic domain. Whole 
mount in situ hybridization of wild type (A–D) and kr/kr embryos (E–H) with NeuroD (A–C, E–G) and Delta1 
(D, H). Note the ectopic neuroblast-fated cells in the dorsal and posterior domains of mutant embryos (see 
black arrows in panels E–H). Panels A, E are low magnifications of panels B and F respectively. Lateral 
views, anterior to the left and dorsal to the top. Scale bar: 100 µm. 
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Although kr/+ embryos display ectopic kreisler and Fgf3 within r3 (Giudicelli et al. 2003, 

McKay, Lewis & Lumsden 1996) no differences between wild type and kr/+ embryos 

regarding the otic phenotype were observed. Therefore wild type and kr/+ were used 

indistinguishably as control embryos. 

 

2.3 The otic primordium is misspatterned in kr/kr mutants 

In order to investigate the molecular targets downstream of the hindbrain signals 

responsible for the establishment of the neurogenic domain, we studied the expression of 

genes likely to be involved in otic patterning. Figure 7 shows that expression of LFng, a 

gene that prefigures the neurogenic region, was expanded posterior and dorsally in the 

otic vesicles of kr/kr embryos (compare Fig. 7A with B for whole mount images, and Fig. 

7G with H for parasagittal sections). The expansion of the LFng-domain correlated with 

the expansion of the neurogenic domain described above (compare Fig. 7B and Fig. 

6F,G). To determine whether the expansion of the neurogenic region of the otic vesicle 

occurred at the expense of the non-neurogenic territory, we analyzed the expression of 

Lmx1a, which was confined to the non-neurogenic region. In the otic vesicles of kr/kr 

embryos the Lmx1a-positive domain was smaller than in controls (compare Fig. 7C and D 

for whole mount views, and Fig. 7I and J for parasagittal sections), suggesting that 

indeed expansion of LFng and regression of Lmx1a were concomitant events. 

Parasagittal sections of kr/kr embryos confirmed the anterior and dorsal expansion of 

LFng and the reduction of the Lmx1a-domain as compared to control embryos (Fig. 7G-H 

and I-J).  

 

 

 

 

 

 



Results 

 42 

 

 

 

Figure 7. The otic primordium is mispatterned in kr/kr mutants. Lateral views of whole mount (A–F) or 
parasagittal sections (G–L) of 9.25 dpc wt (A, C, E, G, I, K) and kr/kr (B, D, F, H, J, L) embryos hybridized 
with LFng (A, B, G, H), Lmx1 (C, D, I, J) or Tbx1 (E, F, K, L). Note that LFng-expression is expanded dorsal 
and posterior, Lmx1-expression is reduced in kr/kr embryos, and that Tbx1 expression does not change in the 
kreisler mutant. Anterior is always to the left and dorsal to the top. Scale bars: 50 µm. 

 

A surprising observation was that although Tbx1 has been proposed as a regulator of 

proliferation and a suppressor of the neurogenic fate in otic epithelial cells (Xu et al. 

2007), it remained unaffected in kr/kr mutants (Fig. 7E-F, and K-L). Indeed, when the 

analysis of the patterning genes was combined with neuroblast staining we could observe 

that kr/kr embryos displayed NeuroD-positive cells within the expanded LFng-territory 

(white arrow in Fig. 8D), the Lmx1-positive region and the Tbx1 domain (white arrows in 

Fig. 8E,F). In wild type embryos we observed NeuroD within the LFng domain (Fig. 8A), 

few cells in the ventral border of Tbx1 (Fig. 8C), but not in the Lmx1a domain (Fig. 8B). 

These results suggest that in kr/kr embryos, otic epithelial cells that should be LFng-

negative have instead activated LFng cues and undergo neuronal specification.  
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Figure 8. kr/kr mutant embryos display NeuroD-positive cells within the Lmx1 and Tbx1 domains. 
Merge of alternate transverse sections of wt (A-C) and kr/kr (D-F) embryos at 9.5–9.75 dpc hybridized with 
LFng (A,D), Lmx1 (B,E) or Tbx1 (C,F) and immunostained for NeuroD. White arrows in panels D-F point to 
neuroblasts located within the non-neurogenic region. Medial is to the left and dorsal to the top. Scale bar: 50 
µm. 

 

2.4 Cell proliferation and programmed cell death in kreisler mutants 

Although we found a higher number of neuroblasts in kr/kr embryos at otic vesicle stage 

(compare Fig. 9A with C), we did not detect an increase in the size of the SAG at otocyst 

stage (compare Fig. 9B,B’ with D,D’). Since no ectopic neuroblasts were found after 

10.25 dpc in the otic epithelium, an abnormality in cell proliferation and/or programmed 

cell death was considered potentially relevant to explain this phenotype. 
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Figure 9. Ectopic neuroblasts in kreisler inner ears do not result in a larger or duplicated SAG. 
Parasagittal sections of 9 dpc (A,C) and 10.25 dpc (B,D) of wt (A-B) and kr/kr (C-D) embryos hybridized with 
NeuroD. B’ and D’ are magnified inserts from panels B and D respectively, showing the similarity of the size 
of both SAGs. Anterior to the left and dorsal to the top. Scale bar: 50 µm. 

 

Accordingly, we first analyzed cell proliferation in the otic primordium by labeling cells in 

mitosis using an antibody that specifically detect phosphorylated residues on histone 3 

(pH3). In order to identify the neurogenic domain, we performed in situ hybridization with 

LFng in parasagittal sections in wild type and kreisler embryos at 9.75 dpc and co-

immunolabeled with the pH3 antibody to identity the mitotic figures. We counted the 

number of cells stained with pH3 within the neurogenic (LFng-positive) and non-

neurogenic domains. Interestingly, the total number of pH3-positive cells present in the 

whole otic epithelium was not significantly different between wild type and kr/kr embryos. 

In the kr/kr embryos the neurogenic domain contained 20% more mitotic cells than in the 

control embryos (Table 1). To confirm that this was due to an increase of the size of the 

neurogenic domain and not to an increase of the overall proliferation we also counted the 

mitotic figures in the non neurogenic domain (Lmx1a-positive), which was 25% lower in 

kreisler than in wild type inner ears (Table 1). These data suggest that, when taking into 

account the size changes in the neurogenic and non-neurogenic regions, there is no 
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difference in the rate of cell proliferation in the inner ear of kreisler mutants compared to 

control embryos.  

 

 

Table 1. The mitotic rate is similar in wild type and kreisler embryos at 9.75 dpc. The neurogenic and 
non-neurogenic domains were visualize by in situ hybridization with LFng or Lmx1 respectively and colabeled 
with anti-pH3 for mitotic figures. For that purpose parasagittal sections of wild type and kr/kr embryos were 
used. The table shows the percentage of pH3 cells (over the total of positive cells) within each domain 
defined by the in situ hybridization. The addition of Lmx1+ plus Lmx1- domains is 100% of pH3 cells present 
in the otic vesicle. The same for LFng+ and LFng- domains.  

 

Since Lmx1a is expressed all along the otic placode stage and it is later restricted to the 

dorsal and posterior aspects of the ear (Fig. 1B,C), we wanted to elucidate whether the 

Lmx1a domain underwent changes in the cell proliferative rate between the early placode 

and vesicle stages that could account for the observed differences in kr/kr embryos. We 

analyzed embryos stained by whole mount in situ hybridization for Lmx1a that were co-

immunolabeled with pH3, and compared wild type and kr/kr embryos at otic placode (8 

dpc), otic cup (8.25 dpc) and otic vesicle stages (9.5 dpc). This analysis revealed no 

substantial differences between control and mutant embryos (Fig. 10A-L). Taking 

together all the proliferation experiments, our results show that mitotic rate is not affected 

at early otic developmental stages in kr/kr. 
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Figure 10. Cell proliferation is not affected in kr/kr mutants. Lateral views of whole mount embryos at 8.0 
dpc (A-D), 8.25 dpc (E-F) and 9.5 dpc (I-L) hybridized with Lmx1 (A,C,E,G,I,K) and immunostained for pH3 
(B,D,F,H,J,L). Mitotic cells were detected all along the otic primordium of wt (A-B,E-F,I-J) and kr/kr (C-D,G-
H,K-L) embryos suggesting that otic patterning defects did not affect the mitotic process in kr/kr mutants. 
Scale bar: 50 µm. 

 

We then investigated whether apoptosis may explain why the SAG was not enlarged in 

spite of the presence of surplus ectopic neuroblasts. When programmed cell death was 

analyzed by TUNEL, we confirmed that apoptosis occurs to on abnormal extent in otic 

vesicles from kr/kr embryos (see green cells in Fig. 11A-B, and insert B’). We found an 

increase of dying cells within the otocyst of kr/kr mutants (Fig. 11A-B; Fig. 12, green bars 

in panel B; wt=31±4 cells vs kr/kr=60.5±11.3 cells p≤ 0.0065). To analyze in which region 

of the otocyst this cell death was enhanced, we counted the apoptotic cells located in the 

different aspects of the otic epithelium: ventral, lateral, medial and dorsal. We found that 

apoptotic cells in kr/kr otocysts were concentrated in the lateral aspect of the otic 

epithelium, within the non-neurogenic region (Fig. 12, see green bars in panel A; Choo et 

al. 2006). In wild type embryos an average of 15.7±2.8 apoptotic cells were detected 

within the lateral aspect, and in kr/kr embryos this number was doubled to 31.7±3.2 (p≤ 

0.01) (Fig. 12, panel A). To check whether these cells eliminated from the otic epithelium 



Results 

 47 

by apoptosis were neuroblast-fated cells, we analyzed TUNEL preparations with an anti-

NeuroD antibody (see red cells in Fig. 11C-D, and insert D’). These additional NeuroD-

positive cells in kr/kr embryos were mainly located in the lateral aspect of the otic vesicle 

(Fig. 12, red bars in panel A; wt=2.3±0.4 cells vs kr/kr=25.8±1.7 cells, p≤ 0.001) as 

described above by RNA in situ hybridization. Double labeling showed that ectopic 

NeuroD-positive cells in the lateral aspect were indeed undergoing apoptosis (see yellow 

cells in Fig. 11E-F, and insert F’).  

 

 

Figure 11. Ectopically specified neuroblasts are eliminated from the otic epithelium by apoptosis. 
Analysis of neuroblast-fated cells undergoing apoptosis in wt (A,C,E) and kr/kr (B,D,F) otic vesicles. Same 
transverse sections of wt and kr/kr embryos at 9.75 dpc were used for TUNEL analysis in green (A, B) and 
anti-NeuroD staining in red (C, D). Panels E, F are the result of merging (A) and (C), and (B) and (D) 
respectively. Panels B′,D’,F′ are magnified inserts from panels B,D,F. Arrows in panels B, D, F, B′, D′, F′ point 
to the NeuroD-positive cells that undergo apoptosis in the lateral aspect of the otic vesicle. nt, neural tube. 
Scale bar: 25 µm. 

We observed as well an increase of NeuroD-positive cells in the whole otic epithelium of 

kr/kr embryos by means of NeuroD-immunostaining (Fig. 11C-D; Fig. 12, red bars in 

panel B; wt=40.6±2.7 cells vs kr/kr=84.9±5 cells p≤ 0.0017). The total number of cells in 

the otic epithelium expressing NeuroD and undergoing apoptosis increased dramatically 

in the kr/kr mutants (wt=5.7±0.7 cells vs kr/kr=44.1±7.1 cells p≤ 0.00087, Fig. 12, see 
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yellow bars in panel B). Apoptotic neuroblasts were mainly located within the ventral and 

lateral regions of the otic vesicles (ventral aspect: wt=2.3±0.7 cells vs kr/kr=13.3±3.6 

cells, p≤ 0.01; lateral aspect: wt=2.3±0.4 cells vs kr/kr=23.7±4.1, p≤ 0.01; Fig. 12, see 

yellow bars in panel A). Apoptosis of ectopic neuroblasts therefore appears to be a major 

consequence of the earlier defect in positional specification.  

 

 

Figure 12. Ectopic NeuroD positive cells undergoing apoptosis are mainly located in the dorsal and 
lateral aspects of the otocyst. Panel A: Quantification of previous data within the different regions of the otic 
vesicle. For counting cells labeled with anti-NeuroD and/or with TUNEL, the otic epithelium was divided into 4 
regions: ventral, lateral, medial and dorsal. TUNEL- and NeuroD-positive cells were counted in all confocal 
sections of a given specimen and the number was plotted (green bars for TUNEL-positive cells, red bars for 
NeuroD-positive cells, and yellow bars for NeuroD- and TUNEL-positive cells). Panel B: Total counts of 
neuroblasts and apoptotic cells within the otic vesicles. Otic epithelial cells expressing NeuroD and/or labelled 
with TUNEL were quantified in all confocal sections of a given specimen. Results were plotted with the same 
color code as in panel B. ⁎p≤0.05, ⁎⁎p≤0.01 and ⁎⁎⁎p≤0.001. In all panels n=4. 
 

In conclusion, these data show that the kr mutation results in an expansion of the otic 

neurogenic domain and in a higher number of neuroblasts. However, this does not lead to 

an increase in the size of the SAG because ectopic neuroblasts undergo apoptosis. The 
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increased cell death in the non-neurogenic region of kr/kr otocyts may reflect a regulative 

mechanism for coping with a surplus of neuroblasts. 

 

2.5 Otic specification is not affected in kr/kr embryos 

The earliest morphological difference in the inner ear between kr/kr and control 

littermates was observed at 8.75 dpc (approximately 18ss), when the position of the otic 

cup was laterally displaced relative to the neural tube (Fig. 14B-D, F-H; McKay et al. 

1994). In order to study whether this displacement was a result of the specification of the 

otic field in a location more distant from the neural tube, we analyzed the expression 

patterns of: Dlx5, a marker of the preplacodal region (Merlo et al. 2002), Pax8, an early 

marker of otic specification (Pfeffer et al. 1998), and Fgf3, which labels the otic placode 

and neurogenic region at the developmental stages where otic specification and induction 

take place (McKay, Lewis & Lumsden 1996). When embryos of 8-9ss were analyzed, no 

differences could be observed between control and mutant embryos, neither concerning 

preplacodal (Fig. 13A, E) nor otic specification (Fig. 13B-C and F-G). Tranverse sections 

in Figures 13A-B and E-F showed that in kr/kr embryos the otic placodal ectoderm was 

specified at the same distance from the neural tube as in control embryos. Moreover, the 

length of the Pax8-domain along the AP axis was not different between controls and kr/kr 

embryos (wt=255µm±7 n=3, kr/kr=260µm±0 n=2). Likewise, the AP length of the anterior 

otic domain stained with Fgf3 was the same in both control and kr/kr embryos, although 

the latter ones showed a decrease of Fgf3 expression within the hindbrain (Fig. 13C, G). 

To analyze whether kr/kr mutants showed a reduction in the size of the thickened otic 

epithelium, we followed the expression of Dlx5 (thickening is already observed at 11ss). 

Placode formation proceeded very similarly in control and mutant embryos (Fig. 13D and 

H). These results suggested that no differences in otic specification and/or induction 

could be responsible for the otic phenotype in kr/kr embryos.  

At 13ss, a lateral displacement of the otic placode could be already observed (Fig. 14A, 

E, see asterisk), and by the time that the otic cup invaginated, the separation between the 

otic tissue and the hindbrain comprised already several cell diameters (Fig. 14B-C, F-G). 

The difference in the relative position of the ear with respect to the hindbrain could be 

clearly observed in dorsal views between mutants and controls (Fig. 14C, G).  
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Figure 13. Otic specification is not affected in kr/kr embryos. Control (A–D) and kr/kr (E-H) embryos 
were analyzed with in situ hybridization using preplacodal and otic markers such as Dlx5 (A,D,E,H), Fgf3 
(C,G) and Pax8 (B,F) at stages of otic specification and induction. Note that at those stages no differences 
were observed in otic specification in kr/kr mutants. Transverse sections with dorsal to the top. Embryonic 
developmental stages are indicated at the bottom left in somite stages (ss). Scale bar: 50 µm. 

 

To pursue further why the otic placode was displaced from the hindbrain we examined 

the possible contribution of neural crest cells migrating out from the r4-r6 region. For this 

purpose we studied the dynamics of Sox10 expression, one of the first genes expressed 

in neural crest cells derived from rhombomeres (Kuhlbrodt et al. 1998). In the r4-r6 region 

of control embryos, the crest cells were divided into two distinct populations consisting in 

discrete streams anterior and posterior to the otocyst (Fig. 14D). In kr/kr mutants, no 

neural crest-free region next to the otocyst was observed (Fig. 14H); instead, Sox10 was 

expressed in a single continuous group of neural crest cells adjacent to the hindbrain that 

only diverged into two streams as cells migrated past the otocyst, apparently entering the 

second and third branchial arches (data not shown). These results are consistent with 

earlier observations at 9.5 dpc, showing that CRABPI protein marked a single mass of 

neural crest cells between the hindbrain and the otocyst in kr/kr embryos (McKay et al. 

1994). 
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Figure 14. The otic cup is displaced from the neural tube in kr/kr mutant embryos. Transverse sections 
(A-B,D,E-F,H) and dorsal views (C,G) of wt (A-D) and kr/kr (E-H) embryos with Wnt6 (A,E), MKP3 (B,F), 
Sox10 (D,H) and Lmx1 (C,G). Thickening defects are observed in kr/kr at 13ss (see asterisk in E). Neural 
crest cells are shown by Sox10 expression (see asterisk in G and arrows in C,G). Note that the displacement 
of the otic placode/cup from the neural tube is already evident at 18ss (see asterisk in F). In C and G, anterior 
is to the top. Developmental stages are indicated at the bottom left as somite stage (ss). Scale bar: 100 µm. 

 

3. Hindbrain-to-ear signaling pathways 

 

Since kreisler/MafB is only expressed in r5-r6, and the kreisler phenotype is a non-cell 

autonomous effect, it is plausible that a relay of molecules from the hindbrain act on otic 

molecular targets. For that purpose, we investigated the role of three main signaling 

pathways that are expressed within the hindbrain at the time of otic specification and 

patterning. 

3.1 Effects of hindbrain-derived FGFs in the otic neurogenic domain  

Several Fgf genes are expressed in the hindbrain with species-specific patterns. The 

function of FGFs in otic development has been extensively studied. Both in amniotes and 

in fish, the loss of function of Fgf genes leads to smaller and malformed otic vesicles, 

demonstrating a role for this signaling pathway in otic induction (review in Schimmang 
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2007, Whitfield, Hammond 2007). FGF target genes are expressed in the otic epithelium, 

suggesting a direct effect of this signaling pathway (Chambers, Mason 2000, Raible, 

Brand 2001).  

However, there is no clear picture of hindbrain-to-ear signaling pathways at early stages 

of otic patterning. Therefore, we studied in detail the role of hindbrain-derived FGFs in the 

establishment of otic neurogenic domain, by the analysis of the kr/kr mutant. 

Fgf3 is expressed since early stages of neural development (2-3ss) at high levels in r5 

and r6, and low levels in the rest of the hindbrain (Fig. 15A; McKay, Lewis & Lumsden 

1996, Wilkinson, Bhatt & McMahon 1989, Mahmood, Mason & Morriss-Kay 1996). In 

contrast, analysis of kr/kr embryos showed dramatic changes in the Fgf3 expression 

pattern. High levels of Fgf3 were no longer detectable in r5 or r6 (Fig. 15B), but a patchy 

low-level expression was observed throughout the whole hindbrain (compare Fig. 15A 

and B). To check whether Fgf3 from the hindbrain regulates the expression of Fgf3 within 

the otic placode, we analyzed its expression in the otic territory. We found that Fgf3 

expression was not affected in this territory in either kr/+ or kr/kr embryos (Fig. 15E-F), 

therefore excluding the contribution of placodally expressed Fgf3 to the kr/kr phenotype.  

Krox20 mutants fail to develop r3 and r5 but they do not display any defects in the 

development of the inner ear (Schneider-Maunoury et al. 1993). Accordingly, if Fgf3 was 

one of the major signals from the hindbrain involved in otic patterning, one would expect 

that Krox20 mutants should also exhibit unaffected Fgf3 expression within the hindbrain. 

However, when hindbrains of Krox20-/- embryos were assayed for Fgf3 staining, we 

observed that Fgf3 was not only expressed at low levels in r5 as in kr/kr embryos, but that 

it was downregulated as well in r6 (Fig. 15C-D). As for kr/kr, loss of Krox20 did not affect 

the expression of Fgf3 in the otic ectoderm (Fig. 15G-H). 
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Figure 15. Hindbrain-derived FGF3 signals are affected in kr/kr and Krox20-/- mutants. Flat-mounted 
hindbrains (A–D) or lateral views (E–H) of the otic domain (outlined) of whole mount in situ hybridized 
embryos with Fgf3. Control heterozygous littermates (A, C, E, G) and kr/kr (B, F) or Krox20−/− (D, H) mutant 
embryos. Note that the Fgf3 expression within the otic domain is equivalent in all phenotypes. Developmental 
stages are indicated at the bottom left as somite stage (ss). Anterior is to the top in (A-D). Anterior is to the 
left and dorsal to the top in (E-H). r2/r3 indicates the morphological landmark between rhombomere 2 and 3; 
r4 and r6, rhombomere 4 and 6. cHB, caudal hindbrain. Scale bar: 100 µm. 

 

Next step was to study whether mutations such as Krox20-/- and Fgf3-/- led to the kr/kr 

otic phenotype–the expansion of the neurogenic domain. For this purpose we 

investigated the expression of NeuroD in Fgf3-/- embryos, and in Krox20-/- embryos 

(which expressed Fgf3 in the otic territory but had downregulated Fgf3 within the 

hindbrain as kr/kr mutants). None of those mutant embryos displayed any defects in 

neuroblast specification in the otic primordium (Fig. 16A-D). Accordingly, they did not 

show any defect in otic patterning, as revealed by LFng and Lmx1a staining (Fig. 16E-L). 

These results showed that FGF3 could not be the molecule from the hindbrain 

responsible of the otic phenotype of kr/kr embryos. 
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Figure 16. Early otic patterning and neurogenesis are not affected in Fgf3-/- or Krox20-/- mutants. 
Lateral views of whole mount in situ hybridization with NeuroD (A-D), LFng (E-H), Lmx1 (I-L) at 9.25-9.5 dpc. 
Fgf3+/− (A,E,I), Fgf3−/− (B,F,J), Krox20+/− (C,G,K) and Krox20−/− (D,H,L) embryos. Anterior is to the left 
and dorsal to the top. Scale bar: 100 µm. 

 

To further study the expression of hindbrain-derived FGFs in kr/kr mutants, we analyzed 

the expression of other members of the FGF family expressed within the caudal 

hindbrain, such Fgf10 and Fgf15 (Wright et al. 2004). Fgf10 is normally expressed in the 

ventral side of the caudal hindbrain (Fig. 17A; Alvarez et al. 2003). In kr/kr mutants, 

however, Fgf10 was downregulated in this region (Fig. 17B). In the case of Fgf15 no 

difference was detected in kr/kr embryos as compared to controls (Fig. 17C-D). These 

results indicate that among the hindbrain-derived FGFs previously implicated in early 

inner ear development (Alvarez et al. 2003, Ladher et al. 2005), Fgf3 and Fgf10 are 

downregulated in the caudal hindbrain of kr/kr embryos. 

With this in mind, we explored the contribution of these two FGFs to the patterning and 

development of the otic neurogenic domain using a series of Fgf compound mutatns. 

Fgf3-/-Fgf10-/- mutants show a range of otic phenotypes, including complete lack of otic 
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vesicles, microvesicles lacking otic markers or reduced sized otic vesicles maintaining 

expression of several otic genes (Alvarez et al. 2003, Zelarayan et al. 2007). We took 

advantage of the latter subset of Fgf3-/- Fgf10-/- embryos to study a potential redundant 

requirement for these FGFs for proper otic neurogenesis. 

As mentioned above, Fgf3-/- embryos did not show a neurogenic phenotype; however, 

double mutant Fgf3-/-Fgf10-/- embryos displayed NeuroD-positive cells at ectopic 

locations of the otic epithelium that resembled the phenotype of kr/kr embryos (Fig. 17H). 

Mutation of a single FGF, or of a single allele of both, did not reproduce the kr/kr otic 

phenotype (Fig. 17E-G). This suggests firstly, that the kr/kr phenotype relies on FGF 

signaling and secondly, that there is a compensatory effect between FGFs within the 

neural tube.  

 

 

Figure 17. Double Fgf3 and Fgf10 homozygous mutants display a neurogenic phenotype that 
resembles the kreisler one. Transverse sections (A-B) or flat mounted hindbrains (C-D) of kr/+ (A, C) or 
kr/kr (B, D) embryos hybridized with Fgf10 (A-B) or Fgf15 (C-D) probes. Note the downregulation of Fgf10 in 
the ventral hindbrain of kr/kr mutants (B). (E-H) otic vesicles (outlined) from 9. 5 dpc compound mutants for 
Fgf3 and Fgf10 assayed for NeuroD. Note that double Fgf3-/-Fgf10-/- mice phenocopy the kr/kr otic 
phenotype (see arrow for ectopic neuroblasts in H). r3, rhombomere 3. Scale bar: 100 µm. 

 

To analyze the sufficiency of Fgfs to rescue the kr/kr otic phenotype and thus regulate the 

neurogenic domain, we used two transgenic lines: one that drives Fgf3 expression to r3 

and r5 and another driving Fgf10 to r3 and r5. An EphA4 r3/r5 enhancer in combination 

with a β-globin minimal promoter was used to drive expression of FGFs and an IRES-

lacZ reporter gene in the hindbrain (Alvarez et al. 2003, Theil et al. 1998). The reporter 

gene activity is first detected at the three to four somites stages in a narrow stripe of cells 
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corresponding to the presumptive r3, and by 7ss in a row of presumptive r5 cells, which 

then broadens to give r5. LacZ staining faithfully correlates ectopic Fgf transcripts 

expression (Fig. 18A-D). Therefore, tgFgf3 kr/kr or tgFgf10 kr/kr embryos, only express 

Fgf3 or Fgf10 ectopically in r3 because r5 is missing in kr/kr (Fig. 18 A-G). kr/kr embryos 

carrying ectopic Fgf3 or Fgf10 in r3 partially rescued the kr neurogenic phenotype in the 

otic vesicle (Fig. 18I-J, see Table 2). 

 

 
 
 
Figure 18. FGF3 and FGF10 signals from the hindbrain are involved in the restriction of the otic 
neurogenic domain. The ectopic expression of Fgf3 or Fgf10 partially rescues the kr/kr phenotype. Flat 
mounted hindbrains showing LacZ staining (A-B, E-G) and the correlated ectopic transgene expression (C-
D). Otic vesicles of 9.25 dpc embryos carrying the tgFgf3 (H-I) or tgFgf10 (J) with different doses of the 
kreisler gene. Note that the partial recue phenotype presents few ectopic neuroblasts (see arrows in I and J). 
r3, rhombomere 3; r5, rhombomere 5. Scale bar: 100 µm. 
 

As shown in Table 2, tgFgf3 in a kr/kr background was able to rescue the otic phenotype 

in approximately 60% of the cases. The phenotype was completely rescued in 17% 

(n=2/12), and partially rescued in 42% (n=5/12), since ectopic neuroblasts were absent 

from the dorsal region but still present in the posterior domain (Fig. 18I, n=5/12). When 

the transgene used was Fgf10, the rescue of the otic phenotype was of 70% (n=7/10), 

with 60% of total rescue and 10% of partial rescue (Fig. 18J, see Table 2). tgFgf3 +/+ or 

tgFgf3 kr/+ embryos were not different to wild type embryos (Fig. 18H). The same was 

true when the inserted trangene was Fgf10 (data not shown). 
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Table 2. The table displays the analyses of all the results obtained in the tgFgf3 kr/kr and tgFgf10 kr/kr 
rescue experiments. The partition of the otic vesicle (in red) is depicted in the table, showing how anterior A, 
posterior P, dorsal D, and ventral V regions were arbitrarily defined. Percentage of rescued otic vesicles over 
total of otic vesicles per each genotype. A,V considered as rescue. A,V,P considered as partially rescue or 
weak kr/kr phenotype. A,V,P,D considered as non-rescue or strong kr/kr phenotype.  

 

These data support the hypothesis that a compensatory effect of FGF3 and FGF10 

signals in the caudal hindbrain plays an important role for the proper organization of the 

adjacent otic neurogenic domain. 

Given that, the ectopic expression of Fgf3 or Fgf10 in r3 in kr/kr mutants could not rescue 

completely the otic phenotype, two hpothesis arose: i) FGF signals from r3 were located 

too far from the otic primordium and therefore there was not enough signal to complete 

rescue the phenotype; ii) the two FGF signals are fully required to proper establish the 

neurogenic domain; iii) other hindbrain-derived signals do play a role in patterning the 

otocyst. 

 

3.2 Wnt signaling candidates are expressed in kr/kr embryos  

The role of canonical Wnt signaling derived from the dorsal neural tube has been studied 

in mice (Riccomagno, Takada & Epstein 2005). Mice carrying the Wnt-responsive Topgal 

reporter gene have shown that Wnt signaling is active in dorsal regions of the otic vesicle 

in a pattern indistinguishable to that of Dlx5 (Riccomagno, Takada & Epstein 2005). This 

result together with the Wnt1/Wnt3a double knockout experiments, where the embryos do 

not present dorsal derivates, let the authors to argue that the Wnt canonical pathway is 

responsible for the expression of a subset of dorsal otic genes (Riccomagno, Takada & 
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Epstein 2005). Wnt1 and Wnt2b usually expressed in the dorsal territory of the otocyst 

are not expressed in kreisler and Gbx2 mutants at later stages (Choo et al. 2006, Lin et 

al. 2005), suggesting that Wnt signaling is affected in those mutants. 

Therefore we analyzed Wnt ligands that are expressed either in the hindbrain or in the 

ectoderm and otic tissue at the time of otic specification and regionalization: Wnt8a, 

which is normally expressed in r4 (Niederreither et al. 2000), and two ligands that are 

normally expressed in the roof plate and otic primordium, Wnt3a and Wnt6 (Riccomagno, 

Takada & Epstein 2005, Schmidt et al. 2007). In kr/kr hindbrains Wnt8a is expressed 

within the extended r4 and no differences were observed when compared with control 

embryos (Fig. 14A,D). The same result was obtained when Wnt3a and Wnt6 were 

analyzed (Fig. 19B-C,E-F).  

However it has been clearly shown that Wnt expression does not always closely correlate 

with Wnt activity. Therefore we cannot rule out the involvement of the Wnt signaling 

pathway in the establishment of the otic neurogenic domain. To be able to answer this 

question we are currently crossing mice carrying the Wnt-responsive Topgal reporter 

gene with kr/+ mice. The obtained kr/kr-Topgal embryos will let us elucidate the activity of 

the Wnt pathway during the otic development of kr/kr mutants. 

 

Figure 19. Some Wnt signaling molecules are expressed in kr/kr embryos. No differences in the 
expression of some Wnts were found between wt (A-C) and kr/kr (D-F) embryos. Flat-mounted hindbrains 
hybridized with Wnt8a (A,D,), transversal sections hybridized with Wnt3a (B,E) and Wnt6 (C,F). Anterior to 
the top. Scale bar: 50 µm. 
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3.3 BMP signaling pathway players are expressed in kr/kr embryos 

BMP is another family of secreted molecules that could play a role in the inner ear 

development since different members of the pathway are expressed in the neural tube 

and ectoderm. Bmp2 is one of the BMP members expressed in the presumptive neural 

crest cells and dorsal surface ectoderm adjacent to neural tube (Dudley, Robertson 

1997), at the time of otic induction and regionalization. At later otic stages, BMP2 was 

suggested to play an important role in semicircular canal morphogenesis in chick (Chang, 

ten Dijke & Wu 2002), but it is not known whether Bmp2 is involved in early otic stages of 

development. We performed in situ hybridization of Bmp2 at the time of otic induction and 

regionalization in wild type and kreisler embryos. Bmp2 expression was restricted to the 

ectoderm, being downregulated at the medial part of the otic placode (Fig. 20B). When 

kr/kr embryos were assayed, no differences were observed either at 9 or 14ss (Fig. 20D 

and data not shown).  

follistatin is a BMP signaling inhibitor described recently as a regulator of FGF3 in the 

hindbrain in chick (Weisinger, Wilkinson & Sela-Donenfeld 2008). When the expression of 

follistatin was analyzed by in situ hybridization experiments, either wild type or kr/kr 

embryos expressed follistatin in r2 and r4 (Fig. 20A,C). Its r4 expression was expanded 

caudally in kr/kr mutants (Fig. 20C), according to an expansion of r4-characters in the 

mutant hindbrains. However, we cannot completely discard the early contribution of 

BMPs in otic development, and we are performing experiments with another BMP-

inhibitor (noggin) and a BMP-target (cadherin 6).  
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Figure 20. BMP candidates in kreisler do not express embryos. Dorsal view of whole mount hybridized 
with follistatin (A,C) and transversal section hybridized with Bmp2 (B,D) showed comparable expression 
among wt (A-B) and kr/kr (C-D). Anterior to the top. Scale bar: 50 µm. 

 

In summary, our data demonstrate that the disruption of the caudal hindbrain associated 

with the kreisler mutation causes defects in the establishment of the otic neurogenic 

domain, resulting in ectopic neuroblast specification due to aberrant positional 

information. We provide evidence that FGF3 is not sufficient to control this patterning 

process: neither Krox20 nor Fgf3 null mutant embryos, in which Fgf3 is either 

downregulated or absent in r5 and r6, present ectopic otic neuroblasts. Interestingly 

however, the subset of Fgf compound mutants lacking Fgf3 and Fgf10 that proceeded in 

otic development, display the same otic phenotype as kr/kr embryos, namely the 

presence of ectopic neuroblasts along AP and DV otic axes. Finally, and remarkably, the 

kr/kr phenotype can be partially rescued when Fgf3 or Fgf10 are ectopically expressed in 

the hindbrain of kr/kr mutants. These results highlight a compensatory mechanism 

between FGFs, and the importance of hindbrain-derived signals in instructing otic 

patterning and the establishment of the neurogenic domain. 
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Key features of DV otic patterning in amniotes involve Wnt and FGF signaling from the 

hindbrain, and HH signaling from the midline. In the zebrafish, the same tissues and 

signals are implicated, but appear to play a role in both AP and DV axial patterning in the 

ear (for reviews see Choo 2007, Schneider-Maunoury, Pujades 2007, Whitfield, 

Hammond 2007). In this work we analyzed the kreisler mouse mutant and provide 

insights concerning two questions: i) the importance of hindbrain-derived signals in the 

early AP axial patterning of the inner ear in amniotes; ii) the requirement of an integrated 

network of FGF signals from the hindbrain to properly regulate the development of the 

otic neurogenic domain. 

 

Establishment of the otic neurogenic domain 

 

Asymmetric patterns of gene expression arise early in the otic developmental program, 

during or even before placode stages. Although otic asymmetry is not morphologically 

obvious until vesicle stages, we show that asymmetric gene expression is apparent in the 

otic cup, concomitant with the specification of the neurogenic domain. This suggests that 

the mechanisms for the specification of axial asymmetry in the ear must be active at 

placode stages, before the appearance of the neurosensory markers. LFng foreshadows 

the neuroblast-producing region, and is excluded from the Lmx1a domain, whose cells 

most probably contribute to the non-neurogenic region. These expression profiles are 

similar to those observed in chick where Lmx1b is excluded from the neurogenic region, 

which expresses LFng and Fgf10  (Giraldez 1998, Alsina et al. 2004). Although several 

reports have suggested that Tbx1 suppresses neuronal fate (Raft et al. 2004, Arnold et 

al. 2006) and that it is one main actor regulating the expansion of an otic epithelial cell 

population that contributes to most of the otocyst (Xu et al. 2007), our data show that its 

expression profile is not fully complementary to the LFng pattern. A detailed analysis of 

the expression domains of NeuroD and Tbx1 in alternate sections revealed that indeed 

there is a region where NeuroD- and Tbx1-positive cells intermingle and even some cells 

do express both genes. 

 

The Delta-Notch signaling pathway directs neuronal fate of ectodermic cells during the 

early formation of the cranial ganglia (Ma et al. 1998, Abello et al. 2007). We showed that 
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this pathway is activated in the neurogenic region of the otic epithelium by in situ 

hybridization with Delta1. Thus, Delta1-Notch1 signaling is likely to define the neurogenic 

region of the otocyst, leading to the expression of NeuroD and neuroblast specification. 

The otic neurogenic domain is specified in the most anterior and ventral aspect of the otic 

vesicle, and probably represents one of the first AP and DV molecular asymmetries 

displayed by the otic primordium during embryonic development. 

 

Lack of kreisler expression in r5 and r6 results in an expansion of the otic 

neurogenic domain 

 

The hindbrain and the otic placode keep an invariant spatial relation in many vertebrate 

species. Previous analysis of the kr/kr mutants has shown the disruption of otic sensory 

organs at later stages of development (Choo et al. 2006) similar to those observed in 

Gbx2 mutants (Lin et al. 2005). We show that embryos mutant for kreisler display a 

dramatic expansion of the otic neurogenic domain along the AP and DV otic axes and 

otic neuroblasts can be found in ectopic locations, dorsal and posterior in the otic 

epithelium. Neuroblasts are still specified correctly in the anteroventral region of the otic 

primordium, the normal neurogenic territory, suggesting that the ectopic cell specification 

is due to erroneous positional information. This is supported by the observation that the 

expression of LFng is expanded dorsally and posteriorly, invading the Tbx1 domain. 

Since kr/kr mutants do not have any defect during otic specification nor induction, we 

think that changes in extrinsic signaling results in disruption of otic patterning. If these 

genes are not merely positional markers in the otic vesicle, but play an active role in 

interpreting extrinsic signals, we would expect their loss to have similar effects on the 

patterning of the ear and may conclude that these genes are likely to be involved in the 

reception or interpretation of that signal. At present, there are few examples of mutations 

of otic genes that could be involved in the interpretation of extrinsic signals, since the 

LFng- or Lmx1a mutants (dreher mutants; Failli, Bachy & Retaux 2002) have not yet been 

analyzed for otic defects.  

 

Although Tbx1 has been proposed to constitute a determinant for AP patterning within the 

otic vesicle (Raft et al. 2004), up to now it is not clear which extrinsic signals regulate its 

expression in the otic epithelium. It is expressed in the posterior part of the otic epithelium 
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(Raft et al. 2004, Arnold et al. 2006, Xu et al. 2007, Moraes et al. 2005), but this 

expression is not dependent on Shh (Riccomagno, Takada & Epstein 2005) nor on FGF3 

signaling. In Tbx1 -/- mouse embryos, expression of some anterior otic markers such as 

Neurog1, NeuroD, LFng, Fgf3, extends posteriorly, and the rudiment of the SAG is 

duplicated (Raft et al. 2004, Arnold et al. 2006). These results suggested a role for Tbx1 

in antagonizing the neuronal fate. However, our analysis of kr/kr embryos shows that 

ectopic neuroblast specification is not accompanied by Tbx1 downregulation since kr/kr 

mutants display NeuroD-positive cells within the Tbx1 domain. Our results favor the idea 

that Tbx1 is a key factor in maintaining non-neuronal cell fate rather than controlling early 

cell specification. 

 

Ectopic neuroblasts are excluded from the otic epithelium by apoptosis 

 

The pattern of cell death in kr/kr otocysts is very dynamic but it is only significantly 

different from that of control embryos at around 9.5 dpc (Choo et al. 2006). We propose 

that cell death in the Tbx1-positive region of the kr/kr otic vesicle may be a late 

consequence of erroneous specification of neuroblasts in the presumptive non-

neurogenic territory. This is based on the observation that in kr/kr embryos the posterior-

lateral region of the otocyst contains more dying cells than normal. Our interpretation is 

that, in the kr/kr mutants, cells that would normally receive only Tbx1 and/or Lmx1a cues, 

are also exposed to LFng and thus undergo neuronal specification. This leads to NeuroD 

expression and neuroblast determination, but those cells find themselves intermingled 

with normally positioned non-neurogenic cells. Probably, the cell death at 9.5 dpc could 

be a late regulative phenomenon, occurring as a reaction to earlier erroneous positional 

information. Timed cell fate mapping experiments demonstrates that loss of Tbx1 

switches the fate of some members of the Tbx1-dependent cell population, from non-

neurogenic to neurogenic, an event associated with activation of the Delta-Notch pathway 

(Xu et al. 2007). Although these experiments suggest that Tbx1 is a negative regulator of 

neural fate specification (Raft et al. 2004), we demonstrated that Tbx1 lost is not required 

to be committed to the neuronal fate. Most probably, ectopically specified cells undergo 

apoptosis before delaminating. This would explain why kr/kr mutants do not display larger 

or duplicated SAG as reported for other mutants such Tbx1-/- where the neurogenic 

region is expanded (Raft et al. 2004, Arnold et al. 2006, Xu et al. 2007). 
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How does the kreisler mutation affect inner ear development? 

kreisler RNA is expressed in the hindbrain but is notably absent from the otic vesicle. 

Thus, as suggested by Deol 1964, faulty development of inner ear structures in kr/kr 

embryos must reflect abnormal inductive interactions rather than a requirement for 

kreisler in the otocyst itself. Our results clearly show that otic specification and induction 

measured by Dlx5 and Pax8 staining, recapitulate the same spatial and temporal 

dynamics in control and kr/kr embryos. Moreover no changes in cell proliferation or cell 

death are observed at these early stages of otic development, suggesting that the otic 

phenotypes observed are not a result of defects in early territory specification. 

Transplantation studies have shown that early development of the otic vesicle is 

dependent on physical proximity to the caudal hindbrain (Detwiler, Van de Ryke 1950, 

Carpenter et al. 1993). We pursued further this idea and investigated when the first 

physical separation between the otic placode and the hindbrain appeared. First 

differences are observed after the otic placode thickened and started to invaginate. Since 

this happened around 13ss, we think that neural crest cells could be relevant in this 

physical separation. Experiments carried out with the early neural crest cell marker Sox10 

together with the data obtained at later stages with CRABPI staining by (McKay et al. 

1994), suggest that early specified crest cells from r4 migrate laterally not only into the 

second branchial arch (as they normally would) but also posteriorly and laterally into the 

third arch. Moreover crest cells can be a source of patterning signals for the otocyst. 

 

Defects in hindbrain-derived signals result in displaced and smaller otic cups 

 

FGF signaling could be involved in the inner ear displacement in kr/kr. Application of FGF 

beads in isolated chick otic ectoderm leads to cytoskeletal rearrangements that direct otic 

invagination (Sai, Ladher 2008). This triggers a phosphorylation cascade that activates 

basal myosin II resulting in changes in the cytoskeletal architecture that led to the ability 

of chick otic ectoderm to autonomously invaginate. The same cytoskeletal re-organization 

required for otic invagination, may govern the transformation from a flat ectodermic tissue 

to a thickened otic placode (Sai, Ladher 2008). However, the mechanisms by which this 

morphogenesis is instructed and coordinated are still largely unknown. We show that 
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Fgf3 and Fgf10 expression is reduced in r5-r6 in kr/kr embryos, places where normally 

the adjacent otic placode will form. One hypothesis would be that the otic placode 

requires FGF signals to thicken and the FGF signal arise from different sources among 

them the hindbrain. In kr/kr embryos since the putative Fgf molecules from the hindbrain 

required for the thickening process are absent, Fgfs from other sources might partially 

compensate this deficiency resulting in the thickening of the most lateral part of the otic 

placode, remaining as a flat ectoderm the region most adjacent to the neural tube. 

Additionally, when Fgf3 or Fgf10 are ectopically expressed in r3 of kr/kr, 7 out 10 

embryos show similar otic vesicle size as controls and are localized adjacent to the 

neural tube. Since the reporter gene activity is first detected at three to four somites in the 

presumptive r3 (Theil et al. 1998) and the otic thickening commences at 10ss, it is 

possible that the Fgfs molecules from r3 compensate the absence of the Fgfs from r5-r6 

at the time of otic placode formation. In order to demonstrate this hypothesis analysis of 

the cytoskeletal organization within the otic placode should be carried out.  

 

 

Hindbrain-derived FGF signals required for otic neurogenic domain restriction 

 

Certain morphological defects of kr/kr embryos (Choo et al. 2006, Hertwig 1944, Deol 

1964) are common to those of Fgf3 null mutants (Mansour, Martin 1988, Hatch et al. 

2007), such as the failure to develop the endolymphatic duct and aberrant development 

of the semicircular canals. However, many animals that lack FGF3 function have a 

vestibular apparatus sufficient to prevent circling (Hatch et al. 2007, Alvarez et al. 2003), 

and therefore the effects of kreisler on inner ear development cannot be mediated solely 

by FGF3. In particular, failure of the otic vesicle to develop adjacent to the hindbrain is 

both an early and a prominent feature of kr/kr embryos but not those mutated for Fgf3 

(Manzanares et al. 1997). 

 

However, the role of FGF3 as a hindbrain-derived signal in ear patterning is consistent 

with the analysis of the Hoxa1 mutant, in which the appearance of ear patterning defects 

is also correlated with the loss of Fgf3 expression in the hindbrain (Pasqualetti et al. 

2001). In addition, the description of a set of Fgf3 mutants showed otic expression 

defects on the same dorsal genes (Hatch et al. 2007), which are affected in kr/kr and 
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Gbx2 mutant mice (Choo et al. 2006, Lin et al. 2005).  

 

To better understand the role of hindbrain FGF signaling in early inner ear patterning we 

analyzed the neurogenic phenotype of mutant embryos for kreisler, Krox20, Fgf3, Fgf10 

and Fgf3/Fgf10 compound embryos. Hindbrain-derived Fgf3 is downregulated in kr/kr and 

Krox20-/- embryos although Fgf3 expression in the otic placode is not affected. In spite of 

these similarities these mutants develop strikingly different otic neurogenic phenotypes: 

kr/kr ears display an expanded neurogenic domain due to patterning defects, that is not 

shared either by Krox20-/- or Fgf3-/- embryos. Therefore, it seems that in spite of the 

defects in Fgf3 expression in kr/kr mutants, there are other signals involved in otic 

patterning. Overall, it seems that Fgf3 is placed in between Hoxa1 and MafB/kreisler from 

the hindbrain, and Gbx2 from the dorsal otocyst, in a genetic cascade that would lead to 

dorsal otic patterning and endolymphatic duct formation (Hatch et al. 2007). However 

these events would take place later during the otic morphogenetic process. 

 

May other hindbrain-derived FGFs contribute to the kr/kr phenotype? Indeed the analyses 

of other Fgfs present in the hindbrain revealed that Fgf10, but not Fgf15, is 

downregulated in kr/kr mutants. It has been shown that Fgf15 is sufficient to induce otic 

markers in chick ectoderm, however, Fgf15 null mice form normal otic vesicles, 

suggesting that if Fgf15 has a role in otic development it is not uniquely required for otic 

induction nor otic patterning (Wright et al. 2004). On the other hand, our experiments of 

loss-of-function of both Fgf3 and Fgf10 phenocopies the expansion of the otic neurogenic 

domain observed in kr/kr mutants, strongly suggesting that a combination of FGFs from 

tissues surrounding the otic territory control the regionalization of the inner ear. However, 

one wild type allele of Fgf3 or Fgf10 appears to be sufficient to prevent the defect. This 

indicates that there is a compensation between FGF3 and FGF10 regarding the otic 

neurogenic domain. To overcome the effects Fgf3 and Fgf10 have in otic induction and 

be able to tackle their role later on in otic patterning, we took advantage of a subset of 

Fgf3-/-Fgf10-/- embryos that display reduced otic vesicles but maintain the expression of 

several otic genes (Alvarez et al. 2003, Zelarayan et al. 2007). 

 

Additional functional evidence to support this hypothesis is given by the phenotype 

obtained in the Fgf3- and Fgf10-rescue experiments. When Fgf3 is misexpressed within 
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the hindbrain of kr/kr mutants, the otic neurogenic phenotype is partially rescued in 42% 

of cases, showing still ectopic neuroblasts in the posterior domain but not anymore in the 

dorsal territory. The phenotype is completely rescued in 17% of the cases. When Fgf10 is 

the gene misexpressed in the hindbrain, the complete rescue of the phenotype is in 60% 

of the specimens, and only 10% show a partial rescue. Most probably complete rescue 

would require the presence of both FGF3 and FGF10 in a rhombomeric territory just 

adjacent to the otic primordium. Our transgenic lines drives Fgf3 or Fgf10 expression to 

r3 and r5 from the 3ss onwards (Zelarayan et al. 2007), but since r5 disappears in kr/kr 

mutants, tgFgf3 kr/kr and tgFgf10 kr/kr embryos will express Fgf3 or Fgf10 only in r3. 

These results suggest that FGFs from the hindbrain are involved in the establishment of 

the early molecular asymmetry in the otic primordium leading to the formation of 

neurogenic and non-neurogenic epithelia. 

 

Extrinsic factors from the hindbrain required for otic patterning 

 

Dorsal otic markers, related to the activity of the hindbrain-derived Wnt pathway 

(Riccomagno, Takada & Epstein 2005), are not expressed in kreisler embryos (Choo et 

al. 2006), suggesting that Wnt signaling is affected in those mutants. Experiments in 

chick and zebrafish showed the capacity of Wnt8 to ectopically induce otic tissue in a 

territory from the hindbrain expressing Fgf (Ladher et al. 2000, Phillips et al. 2004). 

However our results do not support this idea:  Wnt8a r4-expression is expanded in 

kreisler embryos, probably due to the characteristic absence of boundaries caudal to r4. 

Nevertheless, no ectopic otic tissue was observed in the ectoderm flanking the Wnt8a-

positive region. On the other hand, Wnt6 expression, described as necessary for chick 

neural crest induction through the non-canonical pathway (Schmidt et al. 2007), is clearly 

observed in the ectoderm and dorsal neural tube of both kreisler and wild type mice. The 

dorsal otic expression of Wnt2b, was unrelated to the canonical Wnt pathway from the 

neural tube (Riccomagno, Takada & Epstein 2005). Thus, even if Wnt6 expression was 

not affected in kr/kr mice, we cannot discard the contribution of the non-canonical Wnt 

pathway to the otic development. Surprisingly, Wnt3a, described as a specific ligand of 

the Wnt canonical pathway involved in dorsal otic development (Riccomagno, Takada & 

Epstein 2005), is normally expressed in kr/kr otic primordium and dorsal neural tube. In 

order to clarify if the canonical Wnt pathway is involved in the dorsal otic disorder of kr/kr, 
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studies of Wnt-activity in these mutants needs to be carried out.  

 

It has been argued that Wnt signals cannot be the only cues involved in pattern the dorsal 

aspect of the inner ear, since ventral otic determinants are appropriately expressed in 

double mutants for Wnt1 and Wnt3a (Riccomagno, Takada & Epstein 2005). Many 

authors have been suggested an early role of BMP family in the dorsal otic development, 

but it is still not demonstrated.  

The BMP pathway was suggested to play an important role in semicircular canal 

formation in chick (Chang, ten Dijke & Wu 2002), and it is interestingly expressed in the 

presumptive neural crest cells and dorsal surface ectoderm at the time of inner ear 

regionalization (Dudley, Robertson 1997). The similar Bmp2 expression in both wild type 

and kreisler embryos, suggest that it is not implied in early inner ear development. 

follistatin is a BMP antagonist described recently as required for the chick expression of 

three important hindbrain genes: Fgf3, Krox20 and Hoxb1 (Weisinger, Wilkinson & Sela-

Donenfeld 2008). The r2 and r4 follistatin expression was present in control and kreisler 

mutants, although its r4 expression was expanded caudally. Fgf3 and follistatin 

coexpress during the chick hindbrain development (Weisinger, Wilkinson & Sela-

Donenfeld 2008), but their respective expression are quite different from mice. Although, 

it is possible that in mice, follistatin diffuse from r2 and r4 to Krox20 and Fgf3 expression 

domains resulting in the same role described in chick. We cannot discard the early 

contribution of BMPs in otic development, therefore, others Bmp members have to be 

verify. 

The effect of BMP ligands, such Bmp7 and Bmp4, or BMP inhibitors, as noggin and 

chordin, at early stages of otic development has not been clearly analyzed. noggin is 

expressed in regions of the developing inner ear that are closely associated with Bmp-

positive domains, and most likely functions to modulate BMP levels in the inner ear (Bok 

et al. 2007). At the otic cup and early otocyst stages, noggin expression is transiently 

detected in the mesenchyme surrounding the developing inner ear, whereas Bmp4 is 

expressed at the rim of the otic cup (Bok et al. 2007, Morsli et al. 1998) and Bmp7 in the 

adjacent ectoderm (Dudley, Robertson 1997). In noggin mutants, the size of the otocysts 

is usually slightly smaller (Bok et al. 2007). Interestingly, double knockouts of noggin and 

chordin embryos have no inner ears (Bachiller et al. 2000). Single knockout of chordin 
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embryos have otocysts that are half the normal size (Bachiller et al. 2003). However, the 

cause of the otic phenotype in noggin and chordin mutants is most probably due to other 

morphogenetic defects. In order to pursue further in the role of BMPs during kreisler otic 

development, the expression of the mentioned BMP ligands and BMP antagonists should 

be investigated and we are currently doing it. 

 

 

 

To conclude, our work directly links hindbrain segmentation with the control of the FGF 

signaling towards the otic primordium. In addition we demonstrate the need of the 

integration of hindbrain-derived FGF signals for the proper patterning and development of 

the otic neurogenic region. Moreover we show that hindbrain signals are involved in AP 

otic patterning in amniotes, and not only to DV patterning. Although we start to unveil the 

molecular mechanisms governing otic patterning and neurogenesis, we still have a long 

way to go finding the effectors of the extrinsic factors in the otic primordium as well as the 

influence of other surrounding tissues as the periotic mesoderm. 



Conclusions 



Conclusions 

 70 

1. The patterning of the otic primordium along the AP axis is established at otic cup 

stage and prefigures the neurogenic and non-neurogenic regions of the otic vesicle. 

2. LFng expression foreshadows the otic neurogenic domain and it is located at the 

anteroventral portion of the otocyst and is complementary to Lmx1a domain. 

3.  Otic neuroblasts originate within the LFng-positive regions and involve the Delta-

Notch signaling pathway. 

4. Otic neuroblasts delaminate from a site located in the ventral aspect of the otocyst 

defined by the overlapping expression of NeuroD and Tbx1. 

5. Mutation of kreisler in r5-r6 results in a dramatic expansion of the otic neurogenic 

domain along the AP and DV otic axes. Ectopic neuroblasts express NeuroD. 

6. The acquisition of a neurogenic fate of these ectopic neuroblasts involves Delta-Notch 

signaling, as shown by ectopic cells expressing Delta1. 

7. The specification of the ectopic neuroblasts in kr/kr embryos correlates with the 

expansion of the LFng domain. This expands dorsally and posteriorly in the otic 

primordium, invading the Tbx1 domain. 

8. In kr/kr embryos, otic cells that would normally receive only Tbx1 and/or Lmx1a cues 

are exposed to LFng and thus undergo neuronal specification. 

9. Higher numbers of neuroblasts in kr/kr otic vesicles do not result in an increase in the 

size of the SAG because they undergo apoptosis. 

10. The increased cell death in the Tbx1-positive region of the kr/kr otic vesicle may be a 

late consequence of erroneous specification of neuroblasts in the presumptive non-

neurogenic territory. 

11.  Faulty neural tube signals result in smaller and displaced otic vesicles in kr/kr. This is 

a consequence of defects in the thickening of the otic placode, and not a result of 

problems in otic specification or cell proliferation. 

12. Fgf3 and Fgf10 are downregulated in the caudal hindbrain of kr/kr embryos. 

13. Double mutant Fgf3-/-Fgf10-/- embryos displayed NeuroD-positive cells at ectopic 

locations of the otic epithelium and phenocopy the kreisler mutants. 

14. Mutation of a single FGF allele or only one of the two FGFs does not reproduce the 

kr/kr otic phenotype. 

15. tgFgf3kr/kr and tgFgf10kr/kr were able to partially rescue the otic phenotype. 

16. The expression of Wnt8a, Wnt3a, Wnt6, is not affected in kr mutants.  

17. Bmp2 and follistatin, do not rely on the hindbrain kreisler expression. 
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