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Introduction

Overview

Hearing loss is a condition affecting people of all ages and can be 

categorized as either conductive or sensorineural. Conductive hearing loss is 

caused by pathology of the middle ear and will not be addressed in this volume. 

Our focus here is on sensorineural hearing loss, or hearing loss caused by 

pathology of the inner ear. Sensorineural hearing loss can be either inherited or 

acguired and congenital or late onset. Over 400 syndromes have been 

described that demonstrate hearing loss along with a variety of other anomalies. 

A few of the most common hereditary hearing loss syndromes include Branchi- 

oto-renal (caused by mutations in Eya1 and Six1), W aardenburg’s (mutations 

occur in the Pax3 and MITF  genes, among others), Pendred's (caused by a 

mutation in the PDS / pendrin  gene) and Usher’s (caused by a mutation in one of 

several USH genes) Syndromes. In addition, over 70 different genes have been 

described that produce non-syndromic hearing loss. These genes code for a 

variety of protein products including structural proteins, ion channels, and 

transcription factors. Acguired sensorineural hearing loss can be caused by 

trauma to the inner ear, environmental auditory insults, ototoxic medications and 

idiopathic sudden sensorineural hearing loss, and presbyacusis (hearing loss in 

elderly patients). The vestibular portion of the inner ear is also susceptible to 

disease including Meniere's disease, vestibular neuronitis, and benign 

paroxysmal positional vertigo (Snow, 2003) .



Severe sensorineural hearing loss is most commonly treated with cochlear 

implants. Cochlear implants consist of a microphone, speech processor, and 

transmitter coil. The incoming sounds are processed into discrete frequency 

bands, each corresponding to an electrode in the coil. These electrodes provide 

direct stimulation to the cochlear neurons. These devices are limited by the 

number of discrete channels that can be used without creating overlapping nerve 

stimulation patterns. For the patient this means partial restoration of hearing but 

many patients still rely, in part, on speech-reading for understanding spoken 

language. Additionally, cochlear implants can only work if the cochlear nerve 

has retained its structural integrity in the cochlea (Snow, 2003; Smith et al., 

2005). Furthermore, cochlear neurons must retain or reconstruct their synapses 

within the cochlear nucleus for full information processing (Ryugo et al., 2005).

A much better alternative for treating hearing loss would be to 

(re)generate missing or damaged hair cells. This approach could potentially 

provide the patient with completely normal hearing without the use of any 

external device. This might be accomplished either by the seeding of the inner 

ear with cells that have the potential to develop into sensory cells, or by 

stimulating the remaining supporting or general epithelial cells to divide and 

differentiate into hair cells. In order for such a treatment to be successful, these 

new hair cells must not only integrate into the proper location in the sensory 

epithelium, but also form specific connections with the sensory neurons such 

that sound information can be transmitted to the brain in the proper tonotopic 

pattern. Development and safe implementation of this technology requires a
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thorough understanding of the molecular basis of ear development in general 

and the development of the sensorineural component in particular. In this 

thesis, I review what is known about the molecular basis of inner ear 

development, and analyze the role of two genes that are crucial for proper inner 

ear development (Fgf10 and Foxg l).

Outline of ear development

Although development of the inner ear will be discussed in detail in the 

following chapters, it is helpful to have a general understanding of the process. 

The otic placode, a two-dimensional sheet of uniform ectodermal cells, is 

converted into a complex, three-dimensional organ with several recognizable cell 

types distributed into distinct epithelia, each with a specific function. To achieve 

this, numerous genes must specify precise areas to 1) select and guide 

neurosensory fate commitment, 2) initiate and maintain neurosensory 

development, and 3) regulate neuronal survival and formation of specific 

connections. Available data suggest that there is an initial specification of one or 

more adjacent proneuronal areas in the developing otocyst that subsequently 

undergoes progressive expansion and segregation (Fritzsch et al., 1998; Morsli 

et al., 1998; Fekete and Wu, 2002; Fritzsch et al., 2002a; Riccomagno et al., 

2002; Romand and Varela-Nieto, 2003; Raft et al., 2004). In the mammalian ear 

this area, that has been specified as proneuronal, breaks up into the six 

epithelial patches of hair cells that ultimately differentiate to perceive distinct 

stimuli: angular acceleration (semicircular canal cristae); linear acceleration 

(saccule and utricle); and sound perception (cochlea). In parallel, sensory
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neuron precursors are generated in circumscribed areas to form the vestibular 

and spiral ganglia (Karis et al., 2001; Fritzsch et al., 2002a; Raft et al., 2004). 

Each neuron within these ganglia is specifically associated with only one sensory 

patch. The possible clonal relationship between hair cells and sensory neurons 

(Fritzsch and Beisel, 2004) is particularly interesting since sensory neurons will 

ultimately connect to and depend for survival on hair cells. Finding clones that 

can be manipulated into generating both hair cells and sensory neurons could 

greatly benefit current attempts to restore neurosensory hearing loss.

In chapter one, I review what is known about sensorineural precursor 

development, regulation of proliferation and cell number, and cell fate 

determination. With this background, I aim to develop a model of these 

processes that can be used to predict and manipulate the generation of hair cells 

and sensory neurons in the inner ear of the mouse.
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This scheme shows formation and progressive segregation of the six inner ear sensory epithelia and 
the simultaneous formation and delamination of the sensory neurons. These developing 
neurosensory patches are superimposed on the morphogenetic changes that transform the otocyst 
into the ear between E8-P0. A uniform population of hair cell and sensory neuron precursors 
becomes segregated into the six mammalian sensory organs with their specific innervation.

Molecular basis of morphogenesis and neurosensory development

Although they are intimately connected, ear development can be viewed as 

two processes, morphogenesis and histogenesis. Morphogenesis is the 

formation of the three-dimensional structure of the inner ear such as the 

semicircular canals and the coiled cochlea. Histogenesis is the assignment of 

specific cells to form the sensory patches and sensory neurons and the 

differentiation of those cells. Genes involved in morphogenesis include Pax2, 

S/7/7 and Writ. These genes and the morphogenetic defects they cause are
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discussed in detail in chapter four.

I have chosen to study a 

morphogenetic gene, Fgf10, 

which as I describe in Chapter 2, 

plays a key role in canal 

formation. Genes involved in 

histogenesis include, among 

many others, the bHLH family of 

genes and the neurotrophins 

which are discussed extensively

The absence of any innervation of the posterior canal 
crista is shown in this E18.5 FgfW  null mouse using 
Dil tracing and confocal microscopy.

in Chapter 1. In Chapter 3, I describe, for the first time, another candidate gene 

for neurosensory cell fate determination, F oxg l. A brief look at each of these 

genes and their families follows.

Fgf10: FGF10 is a member of a large family of at least 22 secreted ligands 

that diffuse to interact with specific receptors (Fgfr genes). FGFRs are 

composed of an extra cellular domain for FGF binding and an intracellular 

tyrosine kinase domain for signaling. These receptor molecules require heparan 

sulfate chains for dimerization upon binding with the ligand. Once bound, these 

receptors activate various intracellular pathways which ultimately influence gene 

expression (Ornitz and Marie, 2002). FGFs are mitogenic but also play roles in 

cellular differentiation, motility and survival. FGFs are involved in neuralization of 

the ectoderm (Delaune et al., 2004), likely including neuralization of the otic 

placode.
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FGFs play a pivotal role for mammalian ear formation and histogenesis as 

demonstrated by mutants of Fgf genes and their receptors (Colvin et al., 1996;

Pirvola et al., 2000; Pauley et al., 2003). Double null mice ( F g f3 ~ l~ /F g f1 show 

only limited formation of occasional micro vesicles (Alvarez et al., 2003; Pauley 

et al., 2003). Similarly, Fgf3/Fgf8 knockdown zebra fish do not develop otic 

vesicles (Maroon et al., 2002) and the Fgf3/Fgf8 combination is essential for 

placode formation in mice and chicken (Ladher et al., 2005). An ear forms in 

Fgf3 mutant lines but the size reduction of the ear is apparently different in the 

two Fgf3 null lines generated so far, ranging from vesicle-like (Wright and 

Mansour, 2003) to apparently normal (Alvarez et al., 2003). A smaller ear also 

forms in single Fgf10 null mice (Ohuchi et al., 2005) and Fgf10  null ears do not 

undergo normal morphogenesis (Pauley et al., 2003; Ohuchi et al., 2005). FGF3 

and FGF10 proteins interact in a dose dependent fashion to regulate ear vesicle 

size (Pauley et al., 2003). In Fgfr2b null mice, the main receptor for both FGF3 

and FGF10, ear morphogenesis is almost entirely lost (Pirvola et al., 2000).

The effect of Fgf10  mutation is of moderate severity on ear morphogenesis 

due to signaling redundancy by other FGF’s. Fgf 10 null mice do not develop 

semicircular canals, consistent with FGF’s role in branching morphogenesis 

(Pirvola et al., 2000; Pauley et al., 2003). Fgf10 null mice show normal early 

development of sensory neurons some of which later disappear (Pauley et al., 

2003); these mutants also have a reduction or complete absence of hair cell 

formation in canal cristae. Thus FGF10 is involved in specification of cells that 

develop into sensory components of the ear. In chapter two, I aim to fully
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characterize Fgf10 expression in the developing ear, followed by an analysis of 

the morphological and histological features of the Fgf10  mutant inner ear.

Foxg l: F o xg l (formerly Bf1) belongs to a fam ily of over 100 winged helix 

(forkhead) transcription factors (Martindale et al., 2004). Forkhead genes are 

involved in numerous processes such as patterning, morphogenesis, 

cell fate specification 

and proliferation 

(Solomon et al.,

2003a), as observed 

in the forebrain and 

eye. In the

forebrain, F o xg l is 

known to affect 

proliferation by 

lengthening the cell 

cycle and

prematurely initiating 

the differentiation of 

neurons, resulting in 

a reduced

telencephalon 

(Hanashima et al.,

2002). In addition,

Effects of Foxgl on ear morphogenesis, ear innervation and 
organization of the organ of Corti are shown. In Foxgl null mice 
combined with FgfW  heterozygosity (A) the canals may be reduced 
to a single anterior-posterior canal and a horizontal canal. In all 
Foxgl mutants (B-G), there is no horizontal crista but a posterior 
and anterior crista (AC, PC). The cochlea (CO) is short and wide 
and the organ of Corti (OC) shows up to 16 rows of Atohl in situ 
positive cells (C) that receive a disorganized innervation (B,D) that 
overshoots the organ of Corti (OC in D). Anterior and posterior 
cristae are present (A and B) but not innervated when dye is applied 
to the brainstem (B), but the saccule (S) and utricle (U) are well 
innervated (B). Dye injection into the cochlea demonstrates bridging 
fibers to the vestibular organs as well as centrally projecting fibers 
and complete innervation to the anterior crista. Bar 100 p m.
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F oxg l affects cell fate determination by reducing the formation of different cell 

types to a single cortical cell type (Hanashima et al., 2002; Vyas et al., 2003). In 

the eye, F oxg l and F oxd l (Bf2) interactions are essential for retinal ganglion cell 

projections (Herrera et al., 2004; Pratt et al., 2004). In zebra fish, the forkhead 

gene Foxi1 is essential for otocyst formation (Solomon et al., 2003a) through the 

regulation of Pax2 and Pax8 expression (Hans et al., 2004). The mutation of the 

mammalian Foxi1 gene causes endolymphatic hydrops (Hulander et al., 2003b). 

F oxg l is expressed in the otic placode and in the developing zebra fish ear 

(Toresson et al., 1998; Hatini et al., 1999) and thus seems to be conserved in its 

expression. We have analyzed the role of F oxg l in ear development (Pauley 

and Fritzsch, 2006). We show that F oxg l mutation results in shortened 

cochleae that have up to 15 rows of hair cells, vestibular systems that have 

reduced or absent cristae, and highly abnormal innervation patterns throughout 

the ear. Clearly, the interactions with other morphogenetic and cell determining 

factors, such as Fgf 10 outlined above, need to be explored to more fully 

understand the role of F oxg l in neurosensory cell fate determination.
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A simplistic model of the interaction between these genes and others being 

investigated in ear development shows that the FGF receptors activate the Akt 

pathway and inhibit forkhead protein translocation into the nucleus. Reduction of 

forkhead signal through absence of protein (in F o xg l null mice) or continuous 

signaling of forkhead proteins (through reduction of the Akt pathway in Fgf 10 null 

mice) will alter both the cell 

cycle length and the post mitotic 

cell fate acquisition. Inhibitors of 

differentiation (ID) proteins are 

helix-loop-helix (HLH) proteins 

that can bind and block the 

action of forkheads, basic helix- 

loop-helix (bHLH) proteins, and 

retinoblastoma (Rb), involved in 

regulating proliferation and 

differentiation. The activity of Id 

genes thereby influences DNA 

binding of transcription factors 

(Fkh and bHLH) and affects 

proliferation, migration, path 

finding and differentiation.

In summary, the interaction of the FGFs and the FKHs are important for 

aspects of ear neurosensory development, likely in combination with several

Proliferation
Migration
Pathfinding

Differentiation

Proliferation

A simplified scheme of possible interactions of the 
gene products to be investigated. Forkhead (Fkh) 
protein translocation into the nucleus can be inhibited 
through the Akt pathway of tyrosine kinase receptors 
such as the FGF receptors. Alteration of forkhead 
signal through absence of protein (in Foxgl null mice) 
<Year>2005</Year><RecNum>6294</RecNumxrec 
ordxdatabase name='Ear new Copy .enl' 
y in Fgf 10 null mice) will alter both the cell cycle 
length and the post-mitotic cell fate acquisition. 
Inhibitors of differentiation (Id) genes are helix-loop- 
helix (HLH) genes that can bind and block the action 
of forkheads, bHLH proteins, and retinoblastoma 
(Rb); thereby influencing DNA binding of transcription 
factors (Fkh and bHLH) and affecting proliferation, 
migration, path finding and differentiation. Modified 
after (Costa et al., 2001; Yang et al., 2001)

Surface receptors
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other factors (Fritzsch et al., 1998; Bober et al., 2003; Burton et al., 2004; Chang 

et al., 2004; Raft et al., 2004). Although studied extensively in brain 

development, the role of F oxg l in the development of sensory systems has yet 

to be described. Therefore, in chapter three I aim to fully describe the wild-type 

expression of F oxg l in the developing and adult inner ear. I then analyze the 

morphological and histological defects of the F oxg l mutant. Finally, I will focus 

on Fgf10 and F oxg l and their possible interaction because of their known 

relationship to neurosensory development of the ear.

It has been suggested that all special sensory systems are derived from a 

common ancestral sensory system (Fritzsch and Piatigorsky, 2005). The 

common expression of the forkhead, F o x g l, in all special sensory systems of the 

head (otic, ocular, olfactory, and gustatory neurons) supports this hypothesis. 

Specifically, a correlation between the origin of eyes and ears has clearly been 

established (Fritzsch and Beisel, 2004). Further analysis of forkheads in sensory 

systems of other organisms may provide support for such a hypothesis. 

Significance

Together these data provide insight into the molecular mechanisms that help 

determine the three dimensional structure and neurosensory commitment of the 

otic epithelium. These molecular and cellular mechanisms need to be 

understood to aid ongoing attempts to regenerate lost hair cells (Izumikawa et 

al., 2005) or sensory neurons and to help establish hair cell type appropriate and 

sensory epithelium specific innervation of these regenerated hair cells.



Outlook

Together the data presented in this volume will contribute to our molecular 

dissection of crucial steps in ear neurosensory development by providing insights 

into the molecular mechanisms that help determine neurosensory commitment of 

the otic epithelium.

Each of the following chapters is composed of the final version of each 

publication on which I was first author. Other publications on which I am an 

author are listed below but not included in this thesis. The methods sections 

from each publication have been expanded and appear in their own section. 

References are all inclusive and listed at the end for better readability.
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Chapter 1

Wiring the Ear to the Brain: the Molecular Basis of 
Neurosensory Development, Differentiation, and Survival. 

Springer Handbook of Auditory Research

Sarah Pauley, Veronica Matei, Kirk W. Beisel and Bernd Fritzsch

The aim of this review was to develop a complete model of precursor 

development, numerical regulation, and cell fate determination processes so that 

we can predict and manipulate the generation of both the sensory neurons and 

the hair cells in the mouse inner ear.

Acknowledgements:

This work was supported by a grant from NIDCD (R01 DC005590 and 

DC05009). W e wish to thank Dr. Carl Hopkins for his EndNote style macro.
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“Physicists like to think that all you have to do is say:

These are the conditions! Now, what happens next?”

Richard P. Feynman

1. Introduction

Affecting both the young, due to congenital malformations or deficits 

acquired in childhood, and the old, due to age-related changes, hearing loss is 

one of the most prevalent chronic diseases of our time. Hearing reduction or 

loss can affect up to one in three elderly people. Normal hearing requires proper 

sound transmission to healthy cochlear hair cells for mechanoelectric 

transduction as well as sensory neurons to transmit the signal from the hair cells, 

to the brain. In the inner ear, the hair cells are most vulnerable to various drugs 

and intense sound. The most common solution for neurosensory hearing loss 

involves the use of cochlear implants to replace the hair cells and stimulate the 

surviving sensory neurons directly.

Since the first cochlear implants were developed in the late 1970s, nearly 

23,000 severely hearing impaired patients have received implants in the United 

States alone. Cochlear implantation acts in place of hair cells by supplying 

auditory information, via electrical stimulation, directly to the cochlear nerves. 

The functionality of such a device depends on its ability to reach and stimulate 

individual neuronal processes, which have retained their proper connections to 

the brain. Cochlear implants are largely limited by the number of discrete 

channels that can be interpreted by the sensory neurons to extract signal from 

noise for the listener.

15



An alternative approach for treating hearing loss is to regenerate 

damaged hair cells. For this, either new hair cells need to be generated out of 

progenitors and seeded into the ear, or remaining cells need to be converted into 

a hair cell phenotype. The differentiation of embryonic stem cells into inner ear 

progenitors has been described. Further, when implanted into the injured 

sensory epithelia of the inner ear in chick embryos, some of, these cells were 

able to integrate into the developing ear, express hair-cell-specific markers, and 

produce hair bundles (Li et al., 2003a; Li et al., 2003b). In addition, transfection 

with specific transcription factors can lead to transformation of embryonic or 

adult inner ear cells into hair cells (Gao, 2003; Kawamoto et al., 2003). To 

effectively use this approach to restore hearing, we need to ensure that these 

hair cells can not only integrate into the proper location in the sensory epithelium 

but also form specific connections with sensory neurons to transmit the sound 

signals to the cochlear nuclei in the proper topological (cochleotopic) order. 

Optimizing such a technology requires us to appreciate the developmental 

relationships between these essential neurosensory components and how they 

become specifically connected in order to implement this during regeneration.

We aim to develop a complete model of precursor development, their 

numerical regulation and cell fate determining processes so that we can predict 

and manipulate the generation of both sensory neurons and hair cells in the 

mouse. Only once this has been accomplished can we safely attempt cochlear 

neurosensory restoration in humans using a molecular approach. This chapter 

reviews what we have learned about vestibular and cochlear sensory neuron
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development, and presents our current model of precursor proliferation and cell 

fate specification, including the molecular basis of nerve fiber guidance and 

sensory neuron survival. Throughout this chapter we will use the currently 

approved nomenclature for genes (Table 1).

Table 1: Genetic Nomenclature
Gene Name Gene Description Gene Aliases
Atohl atonal homolog 1 (Drosophila) M a th l; MATH-1
Neurodl neurogenic differentiation 1 BETA2; BHF-1; Neurod

Neurogl neurogenin 1 AKA; ngn1; Math4C; 
Neurod3; neurogenin

Shh sonic hedgehog Dsh; Hhg1; 9530036011 Rik
Fgf 10 fibroblast growth factor 10 FGF-10
Gata3 GATA binding protein 3 Gata-3
Pou4f1 POU domain, class 4, transcription factor 1 Brn3; Brn-3; Brn3a; Brn-3.0

Pou4f3 POU domain, class 4, transcription factor 3 ddl; Brn3c; Brn3.1; Brn-3.1; 
dreidel

Pou3f4 POU domain, class 3, transcription factor 4 Slf; Brn4; Otf9; Brn-4
Gas1 growth arrest specific 1 Gas-1
Eya1 eyes absent 1 homolog (Drosophila) bor

Six1 sine oculis-related homeobox 1 homolog 
(Drosophila) -

Dachl dachshund 1 (Drosophila) Dac; Dach; E130112M23Rik
Dach2 dachshund 2 (Drosophila) -

Pax2 paired box gene 2 Pax-2
Tbx1 T-box 1 -
Myodl myogenic differentiation 1 MYF3; MyoD; Myod-1
Eya4 eyes absent 4 homolog (Drosophila)
Bmp4 bone morphogenetic protein 4 Bmp2b; Bmp2b1; Bmp2b-1
Gdf 11 growth differentiation factor 11 Bmp11
C dknlb cyclin-dependent kinase inhibitor 1B (P27) p27; Kip1; p27Kip1
Btg2 B-cell translocation gene 2, anti-proliferative Pc3; TIS21
Otx1 orthodenticle homolog 1 (Drosophila jv; A730044F23Rik
Lfng lunatic fringe gene homolog (Drosophila) -

Ntf3 neurotrophin 3 NT3; NT-3; Ntf-3

Ephb2 Eph receptor B2
Drt; Erk; Nuk; Cek5; Hek5; 
Qek5; Sek3; ETECK; Prkm5; 
Tyro5

Erbb2
v-erb-b2 erythroblastic leukemia viral 
oncogene homolog 2, neuro/glioblastoma 
derived oncogene homolog (avian)

Neu; HER2; HER-2; c-neu; 
Erbb-2; c-erbB2; mKIAA3023

Sema3a semaphorin 3A SemD; SEMA1; Semad; coll- 
1; Hsema-I

Bdnf brain derived neurotrophic factor -

Ntrk2 neurotrophic tyrosine kinase, receptor, type 
2 Tkrb; trkB
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2. Specification of Areas of Neurosensory Formation

Development of the vertebrate inner ear begins with a thickening of 

ectoderm adjacent to the hindbrain, referred to as the otic placode (Brown et al.,

2003). This placode folds in upon itself and moves inward to become 

surrounded by mesoderm. This patch of ectoderm, influenced by the 

mesodermal signals surrounding it, ultimately develops into the otic epithelium, 

including hair cells and supporting cells, and the primary sensory neurons that 

innervate the hair cells. The development of this otocyst depends on the pattern 

of gene expression both within the otic capsule and in the surrounding 

mesoderm. Global patterning is influenced by mesodermal signals such as sonic 

hedgehog (Shh), and has been described using the compartmental model 

(Fekete and Wu, 2002). Once established, this global patterning gradually gives 

rise to more elaborate and discrete local patterning as demonstrated by 

fibroblast growth factor 10 (Fgf10) (Pauley et al., 2003). It is this patterning in 

the inner ear that defines the areas for neurosensory formation.

Primary sensory neuron primordia can be identified either as delaminating 

cells (Carney and Silver, 1983) emigrating through the basal lamina surrounding 

the otocyst, or as cells that express specific markers such as neurogenin 1 

(.N euro g l; alias Ngn1) (Ma et al., 1998), neurogenic differentiation 1 (N e u ro d l; 

alias NeuroD) (Liu et al., 2000; Kim et al., 2001), neurotrophins (Farinas et al.,

2001), or other genes (Fekete and Wu, 2002). These delaminating cells are first 

apparent around otocyst formation in mice at embryonic day 9.5 (Ma et al., 

1998), or even before the otocyst is completely formed in chicken (Adam et al.,



1998). Later, primary neuron primordia express many other genes such as 

GATA binding protein 3 (Gata3) (Karis et al., 2001; Lawoko-Kerali et al., 2002), 

POU domain, class 4, transcription factor 1 (Pou4f1; alias Brn3a) (Huang et al.,

2001) neurotrophic tyrosine kinase receptors (Ntrks) (Farinas et al., 2001), and 

fibroblast growth factors (Fgfs) (Pauley et al., 2003). In addition to these more 

general neuronal genes, subtypes of sensory neurons must be specified through 

either overlapping expression of general genes or through as yet 

uncharacterized specific genes.

The possibility for unique identities of early primary sensory neuron 

precursors is underscored by differential expression of several genes in early 

delaminating cells (Lawoko-Kerali et al., 2002). Further, expression of specific 

genes appears to be critical for survival of certain neuron populations, for 

example, data from N eurod l null mutants demonstrates that most cochlear 

neurons die while the majority of vestibular neurons survive (Kim et al., 2001). In 

general, the already known diversity of gene expression at these early stages 

indicates that various areas of the newly formed otocyst could provide unique 

identities to delaminating precursors based on overlapping and discrete regions 

of transcription factor expression. Despite this interesting start, it remains to be 

seen how differential areas of origin in the otocyst relate to differential gene 

expression and, ultimately, differential projection of primary neurons to specific 

sensory epithelia of the ear and specific areas of the brain (Maklad and Fritzsch,

2002). It is possible, given sufficient nested expression patterns of various 

transcription factors within the ear, that primary neuron precursors acquire a
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unique cell fate assignment in the ear by analogy to that of neural crest derived 

primary sensory neurons and motoneurons in the central nervous system (CNS) 

(Gowan et al., 2001; Qian et al., 2001; Brunet and Pattyn, 2002). If these initial 

data in the ear can be confirmed and extended by future work, development of 

distinct peripheral and central projections could be predicted as a consequence 

of molecularly acquired cell fates already predetermined in the otocyst.

In this context it is important to realize that proliferation, delamination, 

migration to the final position, and development of central and peripheral 

projections, is a prolonged phase in mammals and birds that lasts for several 

days (Ruben, 1967; Rubel and Fritzsch, 2002). As previously pointed out by 

Carney and Silver (Carney and Silver, 1983) and recently confirmed by Farinas 

et al. (Farinas et al., 2001) and Fritzsch et al. (Fritzsch et al., 2002a), 

delaminating cells (which are likely neuronal precursors based on N eurod l 

expression) apparently migrate away from the otocyst, sending their lagging 

process, the dendrite, along fibers of more differentiated neurons that project 

toward the future sensory epithelia. It appears that spatio-temporally distinct 

populations of primary sensory neuron precursors specifically extend along the 

existing neuronal fibers that reach toward the future primary sensory epithelium. 

Thus, it is possible that fate acquisition, as specified through the gene 

expression mosaic in the otocyst, results in restricted areas of primary sensory 

neuron delamination with specific, predetermined fates.

Primary sensory neurons with acquired identities may subsequently project 

back to the area from which they originated, using other delaminating cells as
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substrate to extend their peripheral processes. Such a scenario would allow 

primary sensory neurons to be randomly distributed in the ganglia and 

nevertheless project specifically to the ear, using distinct and unique guidance 

cues to navigate to their various peripheral targets. In fact, recent data clearly 

show that most primary neurons projecting to distinct sensory epithelia are mixed 

in their distribution rather than completely sorted within the ganglion (Maklad and 

Fritzsch, 1999). Among the ear sensory epithelia, the cochlea of mammals is an 

exception with its highly organized peripheral and central projection (Lorente de 

No, 1933). However, even here, topologically mismatched primary sensory 

neurons can co-mingle (Fritzsch, 2003). In contrast, the distribution of primary 

sensory neurons in the vestibular ganglion is much more random and the 

peripheral, exclusive projection to distinct endorgans contrasts with the highly 

overlapping but nevertheless distinct topology in the central auditory nuclei 

representation of individual sensory epithelia (Maklad and Fritzsch, 1999; Maklad 

and Fritzsch, 2002). Furthermore, tracing of early primary neurons shows that 

some have already extended an axon toward the brain before they migrate out of 

the otocyst wall.

Numerous candidate genes exist that may be, at least in part, responsible for 

the precise localization of the delaminating sensory neurons. It is possible that 

the entire invaginating otocyst has the capacity to form neuroblasts and that 

several genes are utilized to reduce this capacity. The reduction in expression in 

Fgf10, possibly due to decreasing levels of growth arrest specific gene 1 (Gas1) 

(Kim et al., 2001; Liu et al., 2002), might relate to this, as does the change in
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expression of T-box 1 (Tbx-1) (Raft et al,, 2004). Other genes like Gata3, eye 

absent 1 (Eya1), sine occulis 1 (Six1), dachshund (D ach l & Dach2), and paired- 

box 2 (Pax2) may be important for the maintenance of the neurogenic capacity.

Recent analysis indicates a critical role for Shh in sensory neuron formation 

(Riccomagno et al., 2002). As mentioned earlier, signaling from the mesoderm 

during early otocyst formation is essential for establishment of the initial, global 

patterning. Specifically, SHH is a small, highly diffusible molecule that is 

prominently expressed in the notochord and floorplate. The diffusion gradient 

set up by Shh defines the 'm idline’ of the embryo and plays a role in the 

symmetric development of paraxial structures such as the somites (Brent et al.,

2003). Strong parallels can be drawn here between somite and otocyst 

development. Like the somites, the otocyst lies within this Shh gradient with the 

highest levels of Shh at the ventral (cochlear) aspect. Much like the basic helix- 

loop-helix (bHLH) gene, myogenic differentiation 1 (M y o d l; alias MyoD ), 

depends on Shh expression during somite development, N eurog l and N eurod l 

(also bHLH genes) in otic development are also Shh dependent. Given this 

apparent requirement for Shh in otic dorso-ventral patterning, we would expect 

alterations in the concentration of mesodermal SHH protein expression to disrupt 

the DV pattering, and therefore the specification of cochlear (ventral) and 

vestibular (dorsal) areas. Studies of the Shh null mice revealed morphogenetic 

defects in both the vestibular organs and the cochlea. Further, Shh signaling 

was determined to be necessary for specification of the most ventral cells of the 

developing otocyst. Additionally, Shh mutants failed to form the
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cochleovestibular ganglion (Riccomagno et al., 2002). No analysis of Gata3 

(described below) was performed in these mutants, however, leaving the 

question of whether or not a specific effect on spiral neurons occurs with sonic 

hedgehog, unanswered.

While under the influence of these mesodermal genes, the global patterning 

of the ear is set up. Three critical genes, expressed early in otic development, 

are the Gata3, Fgf3 and Fgf10. Gata3 is the only early marker that specifically 

identifies delaminating spiral sensory neurons (Karis et al., 2001; Lawoko-Kerali 

et al., 2002) but its role in spiral ganglion development is unclear. Based on 

pathfinding errors in inner ear efferents that also express this gene (Karis et al.,

2001) it is possible that Gata3 is also involved in pathfinding (a topic we will 

discuss shortly). Important to this discussion, is that in Gata3 null mice, otic 

development is arrested at the otocyst stage. Similarly, although both Fgf10 

(Pauley et al., 2003) and Fgf3 mutant mice have ears that develop, to varying 

degrees, past the otocyst stage, it is clear that in Fgf3/ F g f 10 double mutants, 

otic development is also arrested at the otic placode stage ((Alvarez et al., 2003; 

Pauley et al., 2003). The early expression of these genes can be considered a 

first tier of patterning. We have good reason to believe that these patterns are 

maintained over time and are congruent with later, local patterning. One such 

example is the late expression gradients of Fgf10 in the end organs of the 

developing ear (Pauley et al., 2003). This is the second, local tier of Fgf10 

patterning.
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Gas1 expression has been noted in the developing otocyst at embryonic day 

9.5 (Kim et al., 2001), and has been shown to up-regulate late Fgf10 expression 

(a gene that is also clearly involved in proliferation as its major in vitro assay) in 

the developing limb. Gas1 mutants show a decrease in late Fgf 10 expression 

accompanied by a down-regulation of Fgf8 and developmental abnormalities in 

the limb (Liu et al., 2002). Further characterization of Gas1 mutants needs to be 

completed to determine the relationship between Gas1 and the first tier of Fgf10 

expression in early inner ear compartmentalization. Conditional mutations are 

required for the selected study of later stage effects.

At the later stages in the formation of the embryonic ear, involvement of four 

gene families that are conserved across phyla are observed in the otic vesicle 

(Noramly and Grainger, 2002). The interaction of these genes has been best 

documented in their role in Drosophila eye development and demonstrates an 

evolutionarily conserved gene network composed of the Pax, Eya, Six, and Dach 

genes (Hanson, 2001). This gene network is also observed in zebrafish, 

chicken, and mouse. These genes may play a fundamental role in the process 

of invagination. For example, this network is observed in the involuting hypoblast 

cells at gastrulation and in or during the formation of otic and optic vesicles. It 

has been suggested that these genes permit cells to migrate without altering 

their cell fate commitment (Streit, 2002). By variation in family member usage 

and in co-expression patterns, this gene network can be co-opted into a wide 

variety of different morphogenetic contexts. Thus, these regulatory proteins are 

usually co-expressed throughout embryogenesis in a wide variety of cell types,
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tissues and organs. Their expression in a given tissue does not necessarily 

imply homology of such tissue, which has to be established by other means.

In order to understand their individual roles and predict their impact on 

downstream expression patterns, the interactions and functions of theses 

proteins must be understood. EYA and SIX proteins interact with one another to 

form a single, composite transcription factor. This complex can be functionally 

modified by binding of DACH with EYA, The DNA binding site is contained within 

SIX proteins, while EYA mediates transcriptional transactivation and contains 

SIX and DACH binding domains. Additional regulatory complexity is provided by 

DACH, which appears to function as a co-factor, interacting directly with EYA. 

Further, it is speculated that these genes function downstream of the Pax genes. 

However, Dach expression does not depend solely on a single Pax or Eya gene 

in otic or optic development. A conserved expression pattern is found in the otic 

vesicle where genes representing these four gene families are found. In the 

mouse otocyst, these genes are Pax2, Eya1 & 4, Six1 & 4, and both Dach genes 

(Davis et al., 1999; Davis et al., 2001; Noramly and Grainger, 2002).

With these genes, it is important to note that, in contrast to Gata3 and 

Fgf3IFgf10 mutants, the otic development of these mutants begins normally and 

defects are only observed later in development. This suggests that the Eya and 

Six genes are not required for the initiation of global patterning, but are needed 

to keep the patterns ‘up-and-running’ for normal morphogenesis. Like other 

genes involved in ear morphogenesis, these regulatory elements also play a role 

in histogenesis as indicated by their expression patterns in the developing ear.
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Recent work on Eya1 and Six1 show reduction to complete loss of sensory 

neuron formation (W heeler et al., 2002).

Another example is the Eya4 gene which is initially expressed in the otic 

vesicle (Borsani et al., 1999; W ayne et al., 2001). This gene is present primarily 

in the upper epithelium of the cochlear duct, in the region corresponding to the 

presumptive Reissner’s membrane and the stria vascularis of the cochlear duct. 

At embryonic day 18.5 (E18.5) of the mouse, Eya4 is expressed in areas of the 

cochlear duct destined to become spiral limbus, organ of Corti, and spiral 

prominence. The highest level of expression occurs in the basal turn and in the 

early external auditory meatus. Diminishing levels of expression are found at 

later stages in these tissues and in the developing cochlear capsule during the 

period of ossification after birth to post natal day 14 (P14). In the vestibular 

system, E ya4 is observed in the developing sensory e p ith e lia . In te re s t in g ly ,  

mutant mice lacking Eya4 exhibit late-onset deafness similar to the associated 

deafness in DFNA10 (mutated EYA4) patients (Wayne et al., 2001; Pfister et al., 

2002). In the cases of both Eya1 and Eya4 it is unclear whether this relates 

directly to neuronal capacity regulation or to the size reduction of the otocyst. 

Given that these genes play a role in morphogenesis and histogenesis of the 

inner ear as well as a survival role in the mature system, the complete 

spatiotemporal expression patterns must be ascertained before their function is 

fully understood. Categorization of their components in ear development must 

be approached by using conditional mutant mouse lines to understand the 

contextual role these regulatory genes are playing.
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Another gene family involved late in ear morphogenesis is the bone 

morphogenetic proteins (BMPs). These genes belong to the TGFß superfamily 

and have been shown to play an essential role in semicircular canal formation 

(Gerlach et al., 2000; Bober et al., 2003; Chang et al., 2004). Indeed, most 

recent overexpression experiments of BMP4 in chicken embryos shows their 

interaction with other BMP’s and FGF’s (Chang et al., 2004) (See also chapters

II and III).

3. Proliferation of Progenitors and Terminal Mitosis of Sensorineural Cells.

While the genes described in the previous section are important for defining 

areas of neuronal development, many of them also play an even more critical 

role in proliferation. We need to discuss here how global and local patterning in 

the ear relates to the specification and proliferation of individual progenitor cells 

that become specific sensory epithelia and their innervating neurons.

Progenitor/stem cells are defined by common cellular properties: they 

proliferate, self-renew, and give rise to differentiated progeny. In the simple 

single sensory cell organs of the fruitfly, the sequence of events as well as the 

genes regulating have been specified in great detail. It suffices here to state that 

many of the genes involved in these processes are conserved, with the caveat 

that the mammalian counterparts typically have multiplied and undergone some 

functional diversification. The remarkable conservation across phyla has been 

used to homologize individual cell types (Fritzsch et al., 2000) and has been 

used to demonstrate functional conservation of genes across phyla (Wang et al.,

2002). W hile interesting from an evolutionary perspective (Fig. 1) the
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Conservation of molecular cell fate determining mechanisms might ultimate help 

to understand the more complex interplay of proliferation and cell fate 

determination in the mammalian ear.
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Fig. 1
Basic Helix-Loop-Helix 
(bHLH) genes are 
crucial transcription 
factors for neuronal 
differentiation. They 
are highly conserved 
across phyla (A). The 
gene that is relevant for 
sensory development of 
chordotonal organs, 
including auditory 
organs of insects, 
atonal, is closely related 
to two mammalian 
orthologues, 
mammalian atonal 
homologue 1 (Atohl) 
and Atoh5. Replacing 
Atohl in mice with 
atonal or replacing 
atonal with Atohl 
shows that these two 
genes are functionally 
equivalent (Wang et al., 
2002). Two genes 
relevant for sensory 
neuron development of 
the ear, Neurogl and 
Neurodl, are each 
related to a single 
insect gene, biparous. 
However, in insects

biparous plays no role in chordotonal organ development. It has therefore been hypothesized that 
Neurogl and Neurodl were implemented in vertebrate ear development to accommodate the 
evolutionarily new formation of a sensory neuron (B). Implementing this addition into the cell fate 
scheme of an insect mechanosensory development (C) suggests a stepwise restriction of the cell 
fate capacity of neurosensory precursors. The initial precursor would likely be omnipotent and 
able to form all cells of the ear. The immediate neuronal precursor (Pllb) would express Neurogl 
and would have a restricted capacity for formation of sensory neurons, hair cells and supporting 
cells. Formation of sensory neurons further restricts the capacity of the hair cell precursors (Pill) 
to hair cells and supporting cells. The ligand Jaggedl acting through the receptor Notch 1 will 
activate the downstream factors Hes1 and Hes5 to stabilize the fate selection in supporting cells. 
Modified after (Fritzsch et al., 2000; Zine et al., 2001; Bertrand et al., 2002; Fritzsch and Beisel, 
2004).
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These cellular properties of self renewable stem cells correlate with the 

expression of general molecular markers [such as members of the SRY-box 

containing gene (Sox) and forkhead box gene {Fox) gene families] supporting 

the likelihood of conserved signaling pathways that maintain these generic and 

definitive properties (Begbie and Graham, 2001). If and where those genes are 

expressed in the developing and adult ear remains unexplored. Several models 

of progenitor proliferation have been proposed in the literature (Cai et al., 2002). 

These models describe different proportions of asymmetric vs. symmetric and 

terminal vs. non-terminal cell divisions. The most widely accepted model states 

that progenitors must first undergo rounds of multiplicative division in order to 

increase the population of progenitor cells (Fig. 2). This growth phase is followed 

by divisions that begin to generate undifferentiated or differentiated progeny or 

both. Progeny generation could be accomplished by asymmetric divisions that 

generate both a differentiated cell and another mitotically active progenitor, or by 

symmetric, terminal divisions that generate two differentiated cells. The fastest 

mechanism to generate the greatest number of differentiated cells in the smallest 

number of divisions is by employing symmetric progenitor division followed by 

terminal divisions (Fig. 2). For example, a progenitor that divides in an 

asymmetric stem cell mode would require four rounds of division to make the four 

differentiated cells and a progenitor that can continue to proliferate. In contrast, 

expansion proliferation would require only two rounds of division of a given 

progenitor cell to generate four differentiated cells without a progenitor.
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Another proliferation strategy is a variation of the model of asymmetric 

division of progenitors, where both a differentiated cell and another proliferative 

progenitor are generated without an expansion through symmetric division is 

followed by an asymmetric division that generates both a differentiated cell and 

another proliferative period of progenitor population (Fig. 2D). Compared to the 

fast mechanism detailed above, this strategy would require three rounds of 

division to make the same number of differentiated cells. Consequently, the 

generation of progenies is extended over a longer period of time and it requires 

the presence of differentiation factors earlier as compared to the simple clonal 

expansion of the progenitor pool by symmetric division.

These strategies may be employed differentially or in combination in inner 

ear development (Fig. 2) where studies (Ruben, 1967) have shown distinct 

temporal pattern of proliferation for cochlear and vestibular neurosensory 

components, respectively. Cochlea displays a sharp peak of terminal mitoses 

(between E 11.5-E13.5) whereas the vestibular hair cells undergo the bulk of their 

terminal mitosis over an extended five day period. The fast (symmetric) 

mechanism provides the type of fast growth needed for cochlea, whereas a mix 

of symmetric and the asymmetric mode appears to be suitable for vestibular 

extended proliferation mode of vestibular epithelia. The fast mechanism allows a 

delayed expression of differentiation factors, after the population is expanded 

and now is ready for differentiation. This is in accordance with recent data that 

have shown expression of differentiation factors such as A to h l (alias, M ath l) 

starting at E13.5 in cochlea, in postmitotic cells (Huang et al., 2002). The A to h l
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expression in vestibular component is earlier (at least E12.5, if not E11.5) when 

some of the expressing cells are still proliferating. These findings in the 

vestibular epithelia suggest an asymmetric proliferation mode.

It is important to have a precise knowledge o f the temporal sequence o f 

progenitor divisions in different sensory epithelia because the sequential 

expression o f transcription factors leads to different fates in the resulting 

progeny. It appears that the progression of the cell cycle is required to advance a 

“clock” that progenitors use to drive histogenesis (Ohnuma and Harris, 2003). 

The time at which the cell exits the cell cycle is considered its “birth date.” In 

most systems studied, there is a correlation between birth date and cell fate, 

giving rise to the process known as histogenesis (Caviness et al., 2003). Indeed, 

mere lengthening of the cell cycle can already change the cell fate as these cells 

then develop in a different ‘environment’ (Calegari and Huttner, 2003). One of 

the most obvious examples of histogenesis in the vertebrate brain is the 

generation of neurons before glial cells out of the same precursors (Bertrand et 

al., 2002). A somewhat comparable example might exist in the inner ear. Past 

research has revealed that neurosensory cells are generated over a prolonged 

period, with the sensory neurons predating hair cells in cochlear and vestibular 

systems in a topographically specific fashion (Ruben, 1967) and recent 

experimental work supports the notion of a clonal relationship of sensory 

neurons and hair cells (Ma et al., 2000).
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Fig.2
Possible clonal relationship and clonal expansion of neurosensory precursors are depicted. 
Formation of neurosensory cells starts with the patterning of areas in the developing ear that are 
specified to form patches of precursors for hair cells and sensory neurons (A,B). Several genes 
have been characterized that highlight the development of those areas (Morsli et al., 1998; Farinas 
et al., 2001). The neurotrophin Ntf3, which in later development is expressed in the supporting 
cells of the utricle, saccule and cochlea (Farinas et al., 2001), shows the progressive doubling in 
size and separation of the pro-neurosensory area into two patches (A,B). In addition, sensory 
neuron precursors delaminate apparently from these patches and form the vestibular and later the 
cochlear sensory neurons (VG in A,B). Analysis of the terminal mitosis using 3H-thymidine 
suggests that formation of sensory neurons is slightly ahead of hair cells in a spatially distinct 
fashion in the cochlea (C). Together these data suggest that there may be a clonal expansion 
through symmetric division of about three cycles per 24 hours at E10.5-11.5 followed by a 
coordinated transition of precursors with progressively more restricted capacity (D) and a 
lengthened cell cycle. We hypothesize that some general precursors transform into specific 
neuronal precursors after three rounds (approximately one day) of division. The immediate 
neurosensory precursors will form, through asymmetric division, sensory neurons that may exit the 
cell cycle by expressing Neurodl. Later, those precursors may transform into immediate 
precursors for hair cells which, through asymmetric or symmetric division, give rise to hair cells, 
possibly exiting the cell cycle through upregulation of Atohl (black arrows in D). Note that only the 
neurosensory part of the possible cell lineage relationships is depicted. Modified after (Ruben, 
1967; Fritzsch et al., 2000; Farinas et al., 2001; Cai et al., 2002). Abbreviations: C, cochlea; HC, 
hair cells; IHC, inner hair cells; SpGgl, spiral ganglion; U, utricle; VG, vestibular ganglion. Bar 
indicates 100pm in A,B
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Tight control of proliferation is an important event in tissue size regulation 

and development. Factors involved in regulating proliferation in other developing 

systems, such as muscle fibers and olfactory epithelium, are only now becoming 

apparent (Wu et al., 2003). How these regulatory elements are utilized in the ear 

and what specific molecules are performing these actions in ear development 

has yet to be determined also most of the genes described in other systems 

appear to be present in the ear. Experiments in the olfactory system support the 

idea that differentiated neurons produce signals that feed back to inhibit the 

generation of new neurons by neuronal progenitors (Wu et al., 2003). While the 

molecules that mediate such effects in vivo have not been identified, the bHLH 

gene N eurod l is a good candidate for this and other systems (Canzoniere et al.,

2004). The signal produced by differentiated neurons acts upon cells at a very 

early progenitor stage, causing a fraction of them either to die or to stop 

producing the downstream neuronal transit amplifying cells that generate 

olfactory neurons. BMPs and in particular Bmp4 may provide such a signal. 

Another candidate is growth differentiation factor 11, (Gdf11), which reversibly 

blocks progenitor divisions through a mechanism involving increased expression 

of cyclin-dependent kinase inhibitor 1B (P27), C dkn lb  (alias, p27Kip1) (Wu et 

al., 2003) a factor that is also important in ear development (Chen et al., 2003).

In the vertebrate nervous system, the gradual slowing and then cessation 

of progenitor cell proliferation suggests that neurogenesis is also under some 

form of negative control, sim ilar to that of the olfactory system (Cai et al., 2002). 

Gradual slowing of progenitor cell proliferation has also been documented in the
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inner ear (Fekete and Wu, 2002), but further data are needed to uncover the 

mechanisms that underlie feedback regulation of cell production. Mechanisms of 

slowing and or stopping cell cycles seem to be related to genes expressed inside 

the cells such as retinoblastoma (Ferguson et al., 2002) and the recently 

discovered B-cell translocation gene 2, anti-proliferative, Btg2 (Pc3) gene 

(Canzoniere et al., 2004). The latter is particularly interesting as it shows that 

Btg2 is upstream of A to h l and may relate to cell differentiation by exerting 

control of rather than ongoing cycling of precursors through action on cyclin D1 

(C cnd l) as well as initiating differentiation through regulation of A to h l. It is 

possible that the coordinated progression of different bHLH genes in sensory 

neuron and hair cell precursors as well as upregulation of specific bHLH gene in 

differentiating sensory neurons (Kim et al., 2001) and hair cells (Huang et al.,

2002) may directly regulate to the negative feedback loop, potentially via the 

ubiquitous delta-notch system,

Superimposed on the generic characteristic of proliferation is the regional 

patterning that was discussed in the previous section. For example, in the spinal 

cord, neural progenitors take on distinct dorsoventral identities in response to 

opposing diffusion gradients of SHH and BMPs and in co-operation with wingless 

oncogene (WNT) gradients (Maklad and Fritzsch, 2003), which also influence 

regional proliferation (Megason and McMahon, 2002). These are reflected by 

region-specific expression of homeodomain transcription factors (Gowan et al., 

2001). This transcriptional regionalization of neural progenitors has been linked 

with a general program of neurogenesis under the regulation of proneural and
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neurogenic bHLH transcription factors (Bertrand et al., 2002). As noted above, 

some bHLH proteins can direct progenitors' exit from the cell cycle and promote 

differentiation in a coordinated and regulated fashion (Cau et al., 2002).

In general, neurosensory development and evolution of the ear is based on 

the multiplication of existing sensory patches and their respective innervation 

(Fritzsch and Wake, 1988; Fritzsch et al., 2002a), largely through the proliferative 

expansion of variously committed precursor populations. From a theoretical 

perspective, larger sensory organs, such as the ear, can be formalized as a 

multistep expansion of clonal relationship of simple single cell sensory organs 

such as those found in the fruit fly (Fig. 1, 2). If so, the question than becomes 

how long the different progenitors remain capable of committing to all, many or 

few cell lines, and how this restriction relates to the progression in cell cycles. In 

addition, topological information needs to be integrated to provide unique 

identities and directions of differentiation for precursors dedicated to end up in 

the cochlea or a semicircular crista. Sensory epithelia modifications are likely 

followed by functional diversification through creation of modified, unique 

acellular covering structures (Goodyear and Richardson, 2002) that allow 

transduction of a previously unexplored property of the mechanical energy that 

reaches the ear.

The simplest ear to be found in extant vertebrates is the hagfish ear. This 

ear has only three sensory epithelia, one macula communis and two crista 

organs in a single canal (Lewis et al., 1985; Fritzsch, 2001a; Fritzsch, 2001b). 

The largest number of sensory patches in the ear is found in certain species of
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limbless amphibians, which have nine different sensory patches (three canal 

cristae, utricle, saccule, lagena, papilla neglecta, papilla basilaris and papilla 

amphibiorum (Sarasin and Sarasin, 1892; Fritzsch and Wake, 1988). 

Descriptive developmental evidence has long suggested that the evolution of 

multiple sensory epithelia comes about through developmental splitting of a 

single sensory anlage (Norris, 1892; Fritzsch et al., 1998) which has to grow by 

increase in cell number.

Beyond generating the ‘raw material by increasing neurosensory cell 

formation, forming a sensory epithelium that can access a novel sensory 

stimulus requires transformation of existing mechanoelectric transducers through 

morphologic alterations to tap into a novel mechanical energy source. Sound 

pressure reception for hearing is not already accomplished by the mere 

formation a novel sensory epithelium that can be dedicated to perceive this 

energy. However, it is reasonable to assume that once such an uncommitted 

receptor is available, changes in the ear morphology using some of the genes 

outlined above may achieve changes upon which further refinement can act in 

the slow process of selection of appropriate function-based modification. It is 

conceivable that such alterations will take place as soon as a new receptor forms 

simply because of the invariable alteration of FGF and BMP interaction that 

comes with that change of the formation of a new sensory epithelium. Indeed 

comparing just Bmp4 expression in chicken and mice (Wu and Oh, 1996; Morsli 

et al., 1998) shows differences in the expression patterns that need to be further
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explored by comparing the expression of Bmp4 with those of FGF ligands and 

receptors (Pirvola et al., 2002).

It is noteworthy that incomplete segregation of sensory patches has been 

reported in mutations with altered morphologies and reduced proliferation 

(Fritzsch et al., 2001a; Pauley et al., 2003). This implies that morphogenesis and 

segregation of sensory patches is linked, but not necessary causal, to clonal 

expansion through proliferation of precursors. The following section discusses, 

in detail, the role of bHLH genes in cell fate determination as well as maintaining 

and terminating the proliferative precursors.

4. Molecular Basis of Neurosensory Cell Fate Specification

Studies in recent years have revealed the molecular basis for the formation 

of sensory neurons (Ma et al., 1998; Ma et al., 2000) and hair cells (Bermingham 

et al., 1999) in the ear, mainly using the mouse as a model system. Data from 

these studies suggest the following molecules and their interactions in 

determining the fate specification of these cells.

In vertebrates, all neurons derive from ectodermal cells. These cells are 

transformed, via a cascade of genes, into neuronal precursors. Several genes 

have been identified that appear crucial for this designation of phenotype fate. 

Due to their apparent capacity to transform ectodermal cells into neurons (Lee, 

1997), these genes are referred to as ‘proneural genes’. They belong to the 

family of genes that encode an ancient protein family, with a basic Helix-Loop- 

Helix (bHLH structure (Fig. 1), that has a highly conserved DNA binding domain 

(Bertrand et al., 2002). Proneural bHLH proteins form heterodimers with the
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ubiquitous E2A proteins (i.e., the insect daughterless proteins) that enable them 

to bind to DNA and exert their function. These proteins not only have the unique 

capacity to turn ectodermal cells into neurons in gain-of-function experiments 

(Ma et al., 1996; Lee, 1997), but can also specify cell fate in unrelated tissues 

such as the pancreas (Liu et al., 2000) or the gut (Yang et al., 2001). In addition 

to transformation of ectodermal cells into neuronal precursors, they can also 

generate neuron-like cells, such as Merkel cells (Bermingham et al., 2001).

Given this unique capacity of the proneural genes, it is not surprising that 

these genes are tightly regulated in their spatio-temporal expression through a 

number of other transcription-regulating factors. Some of these factors interfere 

with the heterodimerization of bHLH proteins by binding to the E2A proteins and 

therefore interfering with neuronal differentiation. These genes are therefore 

referred to as ‘inhibitors of differentiation' or the bHLH inhibitor of DNA binding 

{Id) genes. Others, like the vertebrate hairy, and enhancer of split paralogs 

(Hes/Hey/Tle), act as classical DNA-binding repressors of proneural gene 

transcription. The activation of this gene family appears to be regulated by the 

ubiquitous delta-notch system, which down-regulates the proneural gene 

expression in neighboring cells. This is called lateral inhibition, and requires the 

upregulation of bHLH genes in a limited number of cells to prompt the activation 

of the delta-notch system. Important factors for the delta-notch system in the ear 

appear to be the downstream factors Hes1 (null mutants form extra rows of inner 

hair cells) and Hes 5 (null mutants form extra rows of outer hair cells (Zine et al., 

2001). Eliminating the Delta/Jagged receptor N otch l causes effects comparable
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to a double null for both Hes1 and Hes5\ double rows of inner and multiple rows 

of outer hair cells (Zine et al., 2001). Likewise, Jagged l null mutant mice have 

multiple rows of inner and outer hair cells (Zine et al., 2001). Most of the factors 

that drive this initial upregulation of proneural bHLH genes are still unknown, but 

the zinc finger protein family member (Z/'c) genes are good candidates.

In general, the bHLH genes can be divided into three functional groups: true 

proneural bHLH genes that generate a neural lineage, bHLH genes that drive 

neural differentiation and bHLH genes that drive the switch from neural to glial 

cell lineage (Bertrand et al., 2002; Zhou and Anderson, 2002).

Loss-of-function (targeted null mutations of a gene or genes) experiments 

have clarified some of the proneural genes critical for inner ear primary sensory 

neuron development. Inner ear primary sensory neuron formation requires the 

vertebrate bHLH gene, N eurog l (Ma et al., 1998). A follow up study showed that 

no primary sensory neurons ever form in these mutants (Ma et al., 2000). Due to 

the absence of primary sensory neuron formation in N eurog l null mutants, the 

ear is completely isolated from direct brainstem connections during development, 

as afferents do not form and neither efferents nor autonomic fibers appear to 

reach the ear in these mutants (Ma et al., 2000). Nevertheless, these ears 

develop a fairly normal overall histology. This suggests that ear formation and 

development, including that of many hair cells, is largely independent of 

innervation. Although hair cell numbers are reduced to varying degrees in 

N eurog l null mutant mice, those hair cells that do form develop normally in the 

absence of innervation (except for some minor disorientation). Interestingly, the
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cochlea is shortened and the saccule is almost completely lost (Fig. 3). In 

addition, extra rows of hair cells form in the shortened cochlea (Fig. 3). Also, the 

pattern of terminal mitosis is altered in N eurog l null mutant. It appears that in 

the absence of N eurog l there is not only a complete loss of neuronal 

progenitors, but also, the hair cell progenitors exit the cell cycle at an earlier 

embryonic stage than expected (Matei et al., 2004). These data suggest a 

significant interaction between progenitor cells that form primary neurons and 

progenitor cells that give rise to hair cells, supporting cells and other inner ear 

epithelial cells. Although other possible interactions can not be excluded 

(Fritzsch et al., 2002a), the most simple explanation would be a clonal 

relationship between primary sensory neurons and some hair cells/supporting 

cells (Fritzsch and Beisel, 2001; Fekete and Wu, 2002).
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Fig. 3
The effect of Neurogl null mutation on hair cell formation is shown using the BDNF-LacZ 
expression as a marker for differentiated hair cells. In contrast to the wild type littermates, 
Neurogl null mutants have almost complete lost the saccule (A,C) but show individual hair cells 
scattered along the ductus reuniens (dr) toward the base of the cochlea (C). The cochlea is 
shortened and the numbers of hair cells are reduced to approximately 60%. SEM details of the 
cochlea show that in the apex there are up to five rows of disorganized hair cells in Neurogl null 
mutants (E,F). This implies effects of Neurogl on hair cell proliferation, cochlear elongation and 
hair cell orientation, possibly mediated through the clonal relationship proposed in Figs. 1,2. 
Modified after (Ma et al., 2000; Fritzsch and Beisel, 2003). Abbreviations: IHC, inner hair cell; 
OHC, outer hair cell. Bar indicates 100 pm (A-D) and 10 pm (E,F).
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One model that can explain these data hypothesizes the co-expression of 

A to h l and N eurog l in the same progenitor cell and the cross-inhibitory 

regulation between bHLH transcription factors. In accordance to this model, in 

the absence of Ngn1, A to h l is upregulated at an earlier stage and this fact leads 

to an accelerated pattern of proliferation and, consequently, the exhaustion of 

progenitor pool. Such suggestions are in line with recent experimental data in the 

cerebellum (Canzoniere et al., 2004). In the mammalian ear, a direct clonal 

analysis using retrovirus infections and other experiments are needed to support 

this notion of a clonal relationship between neuron and hair cell progenitors and 

the interaction between bHLH genes.

Another bHLH gene that is immediately downstream of, and mostly regulated 

by, N eurog l is N eurod l (also known as Beta), (Ma et al., 1998). As is true for 

other proneural genes, N eurog l is only transiently upregulated in primary neuron 

precursors. As primary sensory neuron precursors delaminate from the otocyst 

wall, they downregulate N eurog l and upregulate N eurod l (Liu et al., 2000; Ma et 

al., 2000; Kim et al., 2001). The presence of either N eurog l or N eurod l seem to 

be involved in the continued proliferation of neuroblasts through interference with 

the cell cycle. This is based on data in the CNS (Bertrand et al., 2002). As with 

Ngn1 mutants, null mutations of N eurod l have been analyzed and show severe 

reduction (Kim et al., 2001) or even complete loss of sensory neurons (Liu et al.,

2000). The effect of NEUROD on cochlear primary neurons (almost completely 

lost) is different than that on the vestibular primary neurons (many more survive 

but they are dislocated and have aberrant projections). Further, it appears that
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the surviving vestibular and cochlear sensory neurons may be in an unusual 

position and project in an abnormal pattern to only a part of the cochlea and 

some of the vestibular sensory epithelia (Kim et al., 2001; Fritzsch and Beisel,

2003). Based on these data, N eurod l appears to play a role in neuronal 

differentiation, survival, migration to appropriate areas, and target selection of 

peripheral projections. These mutants also display a reduction and/or absence 

of certain neurotrophin receptor genes known to be essential for neuronal 

survival (Liu et al., 2000; Kim et al., 2001). Moreover, it is possible that the 

effects on survival of sensory neurons in N eurod l null mutants are, in part, 

mediated by the reduction of expression of a Pou4f1. Pou4f1 appears to have a 

somewhat similar phenotype, demonstrating lack of innervation of certain 

sensory epithelia (Huang et al., 2001). Like N eurod l, Pou4f1 affects 

upregulation of certain neurotrophin receptors and thus may only be indirectly 

affecting neuronal development. While no promoter analyses of these genes 

have been done, their later onset of expression relative to following N e u ro g l, 

and the less severe phenotypes in the null mutants of NeuroD  and Pou34f1 

suggest that these genes N eurod l and Pou4f1 might influence survival via 

regulation of neurotrophin receptors.

Another gene, the T-box gene, Tbx1, is implicated in the DiGeorge 

Syndrome (Merscher et al., 2001). Expression of Tbx1 has been described in 

the posterior part of the early otocyst and later in the anterior part (Riccomagno 

et al., 2002; Vitelli et al., 2003). Specifically, Tbx1 expression largely borders on 

N eurog l and N eurod l expression throughout otocyst development. Tbx1
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expression overlaps with that of Bmp4 and orthodenticle homolog 1 (Otx1), 

markers for the presumptive cristae and nonsensory cochlea respectively. 

Further, Tbx1 shows complimentary expression to that of lunatic fringe homolog 

(L fng)/N eurog l/N eurod l (Morsli et al., 1998; Kim et al., 2001).

Recent work with Tbx1 mutant and Tbx1 gain of function mice demonstrates 

a role for Tbx1 in N eurog l and N eurod l regulation (Raft et al., 2004). Tbx1 has 

been shown to suppress expression of the bHLH gene N eurog l. In the Tbx1 

mutant, N eurog l and N eurod l expression is increased and the expected 

increase in neurogenesis is seen. At E10 in these animals, the VINth ganglion, 

as identified by N eurod l expression, is increased by more than 80%. However, 

by embryonic day 15, many of these neurons have died, suggesting a role for 

Tbx1 in neuron survival at later stages. Conversely, gain of function Tbx1 mice 

show little or no neurogenesis in the region of Tbx1 expression, suggesting a 

down-regulation of N eurog l and, therefore, N e u ro d l. These mice demonstrate 

marked reduction in expression of N eurog l and N eurod l as well as a ganglion 

volume that is 39% of that of the wild type, as determined by N eurod l 

expression (Raft et al., 2004).

Absence of proneural genes, in insects, leads to a complete collapse of 

sensory organ formation (Caldwell and Eberl, 2002). Double null mutants for 

both N eurog l and A to h l (a hair cell expressed bHLH gene) were therefore 

analyzed. If these were the only proneural bHLH genes that were independently 

expressed in the ear, one would expect severe consequences on ear 

morphology. Preliminary results on a double-null mutant, however, show that
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absence o f both N eurog l and A to h l is compatible with ear development 

(Fritzsch and Beisel, 2003). Either, a third as yet unidentified bHLH gene is 

present in the mammalian ear, or the morphogenesis of the ear is nearly 

completely independent of the neurogenesis of sensory neurons and the 

formation of hair cells. The fact that retinoic acid treatment can entirely block the 

morphogenesis but still allows neurogenesis of the ear placode to proceed 

(Fritzsch et al., 1998) supports the latter suggestion. Further studies on this 

subject are clearly warranted.

In contrast to vestibular primary sensory neurons, cochlea (spiral) primary 

sensory neurons express gata3 (Karis et al., 2001; Lawoko-Kerali et al., 2002). 

GATA factors, including grain and, presumably, its vertebrate homologue 

GATA3, (Liu et al., 2000; Karis et al., 2001; Bertrand et al., 2002) can interact 

with bHLH dimers for transcriptional regulation. These genes may be directly 

involved in specific aspects of cochlear and vestibular fate determination via 

regulation of bHLH gene transcription. Unfortunately, most Gata3 null mutations 

result in early lethality before hair cells differentiate. Nevertheless it is important 

to note that a human GATA3 mutation exists and causes deafness (Van Esch et 

al., 2000).

In summary, the genes that regulate formation of the neurosensory aspects 

of ear development are beginning to emerge and their functions have been 

tested in specific null mutant mice. While this line of research has provided 

dramatic breakthroughs in our understanding of this process, numerous 

questions remain before this knowledge can be utilized to guide aspects of
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neurosensory regeneration that would benefit individuals with neurosensory 

hearing loss.

5. Fiber Growth to Distinct Peripheral and Central Targets

Bipolar sensory neuron fiber growth can occur in one of three different 

patterns. Not only do these patterns show unique methods of neuron growth, the 

dependency on innervation for formation and survival of the targets of these 

neurons vary. One pattern, exemplified by neurons in the epibranchial placode, 

is for the neuron to migrate away from the ectoderm, and then send out an axon 

toward the CNS and a dendrite toward the sensory area, e.g. the taste buds in 

the tongue (Fig. 4). In this case, both axon and dendrite project in a direction 

different from the course of cell migration. Furthermore, cells innervated by 

neurons from the epibranchial placode, such as the tastebuds (which are not 

derived from the epibranchial placode), require innervation for their survival, but 

not for initial development. These sensory cells will die following nerve 

transaction and reappear once nerve fibers have regenerated (Fritzsch et al., 

1997b).

In contrast, as neural crest cells migrate away from the CNS, their axon 

trails behind, causing the final course of the axonal fibers to follow the path of the 

neuronal delamination. In this way, the migration of the cell body determines the 

course of the axon whereas the dendritic pathway is determined by other factors 

related to pathfinding and potentially shared with the dendrite of the epibranchial 

placode derived neurons. Like in the epibranchial placode derived neurons,
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some target sensors like muscle spindles critically depend on innervation and will 

not even develop in the absence of innervation (Farinas et al., 1994).

In the ear, it is apparent that this pattern is reversed and the dendrites are on the 

trailing end of the migrating cell, leaving the dendrite within the ear as the cell 

body migrates away. In contrast to the above fiber growth patterns, sensory cells 

(hair cells) innervated in this manner do not require innervation for their formation 

or initial survival, as demonstrated by neurotrophin mutants. This developmental 

pattern provides these peripheral processes with a close approximation to their 

future sensory target(s), i.e. the area they delaminated from. This can be 

demonstrated in the cochlea using neurotrophin 3 (Ntf3 ; alias, NT-3) expression 

to label both spiral ganglion and cochlear epithelial precursor cells. At embryonic 

day 11.5, Ntf3 is clearly expressed along the inner radius of the cochlea, labeling 

future neurons and sensory epithelia (Fig. 2). By embryonic day 12.5, the Ntf3- 

positive spiral ganglion neurons have migrated away from the cochlea, leaving 

their dendrites in the inner curve of the cochlea and sending their axons toward 

the CNS (Fig. 4). Indeed, occasional neurons may be backfilled via their axon 

from the brain while the perikaryon is still in the cochlear epithelial wall (Fig. 4). In 

this manner, the path of the dendrites is determined by the migration of the 

neuronal cell bodies and there is little room for error in overall dendritic 

pathfinding. Another example is seen in Fgf10 mutant mice in which the entire 

sensory epithelia formation of the posterior crista is abolished. In these mutants, 

the initial projection of afferent fibers is targeted (Pauley et al., 2003), perhaps 

because of delamination of sensory neurons near the posterior crista epithelium.
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These data can be used to support the idea that the neural sensory cells are 

originating at or near their future sensory epithelium and the cell bodies move 

away from them and the ear. The specificity of the allocation of sensory neuron 

delamination to specific sensory epithelia and the precision in targeting future 

innervated sensory epithelium requires further analysis.

Despite being generated in such close proximity, the dendrites of these sensory 

neurons of the inner ear must still undergo extensive guidance to find the proper 

peripheral sensory patch, and the specific hair cell(s) to innervate. They must 

also follow signals that tell them to stop growing once they have reached their 

specific target. Additionally, the axon must find its path to the CNS by following, 

as yet undiscovered, molecular cues. Furthermore, it is clear that the dendritic 

pathfinding is completely uncoupled from that of the axon in the ear, as all of the 

mutants with defects in dendritic pathfinding show virtually no abnormalities in 

axonal guidance (Fritzsch et al., 1997a; Xiang et al., 2003).
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Fig. 4.
Various patterns of neuronal delamination with axon and dendrite formation in the PNS are shown. 
Expression of Ntf3 Lac Z in the E12.5 cochlea and spiral ganglion (blue staining in A) combined 
with tubulin immunocytochemistry (black in A) shows the distribution of nerve fibers selectively to 
the area of Ntf3 expression in cells that likely are related to the future supporting cells of the 
cochlea. Notice ß-galactosidase (Lac-Z) reaction of both the cochlear sensory epithelia and the 
delaminating spiral ganglion (SpGgl) neurons. Insert: dendrites in the cochlea will require little 
additional guidance to reach their hair cell targets and reach the sensory epithelia prior to hair cell 
formation in the base. Filling inner ear sensory neurons with biotinylated dextran amines shows 
multiple, delaminated neurons outside the cochlea (SpGgl) as well as single neurons still inside the 
expanding cochlear duct with an axon already reaching the central nervous system (CNS in C). 
These data suggest an important difference between otic (Vlllth nerve) ganglion cells compared to 
other neurons: epibranchial placode derived neurons send axons and dendrites on courses 
(indicated by lilac birectional arrow) different from that of the cell’s migration (indicated by the black 
arrow). Neural crest cells migrate away from the CNS (black arrow). The axon trails behind and 
the dendrite extends out to the peripheral target (yellow arrow). In the ear, the dendrite trails 
behind and the axon extends toward the CNS (green arrow). Modified after (Fritzsch, 2003).
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Recent molecular data suggest some genes that are candidates for 

regulation of peripheral process development. These genes belong to the ephrin 

ligand and receptor families, and the semaphorin ligand and receptor families, 

both of which are known to be important in other developing systems (Tessier- 

Lavigne and Goodman, 1996; Bianchi and Liu, 1999). Null mutant mice for the 

ephrin receptor B2, EphB2, show circling behavior and altered axonal guidance 

of midline crossing efferents, but no data on peripheral innervation have been 

provided (Cowan et al., 2000).

It has been suggested that glia-axon interactions may play a role in proper 

pathfinding in the lateral line system (Gilmour et al., 2002). Such a role could 

also be played by glial cells in the developing ear, in particular for the outgrowth 

of fibers toward the brain (Begbie and Graham, 2001). These issues could be 

studied in v-erb-b2 erythroblastic leukemia viral oncogene homolog receptor 2 

(Erbb2) mutant mice which have no glial cells (Morris et al., 1999). Preliminary 

data on Erbb2 null mutant mice strongly support this notion (Morris and Fritzsch, 

unpublished data).

The semaphorins and their receptors, the neuropilins and plexins, are 

important for their roles in neuronal pathfinding and regeneration (Pasterkamp 

and Verhaagen, 2001; Cloutier et al., 2002). Plexins and semaphorins have 

been described in the developing ear (Miyazaki et al., 1999; Murakami et al.,

2001), but their potential function has not yet been explored in the existing null 

mutant mice (Cloutier et al., 2002). Recently, a role for one semaphorin 3a, 

Sema3a, in providing a stop signal for growing afferents has been described. In
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this mutant, growing dendrites do not stop at the vestibular sensory epithelia but 

continue to grow and extend outside the ear and as far as the skin above the ear 

(Gu et al., 2003). In addition, work on semaphorin receptor mutants indicates 

that these receptors may play a role in guiding afferents (Gu et al., 2003). Given 

that all 16 or more semaphorins signal via only two receptors, a large degree of 

redundancy can be expected. Therefore, understanding the functions of these 

receptors and their ligands in the ear (Suto et al., 2003) may take some time.

Other factors associated with guidance are the large members of cell 

adhesion molecules, some of which are expressed in intricate patterns in the 

developing ear (Davies and Holley, 2002). Again, no experimental studies exist 

that support their function in fiber guidance in vivo.

Another issue that needs to be discussed is the extent of the hair cell's 

role in fiber guidance. The most direct way to determine how important hair cells 

are to fiber guidance is to study mutants that lack hair cells. Mice lacking the 

POU-domain, class 4, transcription factor 3 gene, Pou4f3 (alias, Brn3c), develop 

only a limited complement of undifferentiated hair cells. Theses cells are 

identified as hair cells by their hair-cell-specific molecular marker expression 

(Xiang et al., 1998). Examination of afferent innervation showed no correlation 

between fiber loss and the formation of these morphologically undifferentiated 

hair cells (Xiang et al., 2003). Specifically, a robust sensory innervation persists 

through embryogenesis into early neonatal life. Some profound conclusions 

about the role of hair cells in neuronal pahtfinding can be drawn from these 

mutants. Data from Pou4f3 mutants suggest that hair cells are not needed for
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the initial neuronal guidance and pathfinding and that at least some of the 

pathfinding properties must reside in the interaction between growing neurons 

and the otic cells surrounding them and perhaps the sensory patch per se even 

without hair cells.

Given that Pou4f3 null mice still form hair cells that subsequently undergo 

cell death (Xiang et al., 1998), another mutation was needed htat would not form 

any hair cells, such as Atohl (Bermingham et al., 1999). Examination of mutants 

lacking the bHLH transcription factor Atohl was expected to help test the 

functions of guidance and survival factors, released from hair cells, on sensory 

afferent neurons. Analysis shows that Atohl is required for hair cell 

differentiation and probably acts upstream of Pou4f3 (Bermingham et al., 1999; 

Fritzsch et al., 2000). Surprisingly, there is very little effect on the initial fiber 

growth of the sensory neurons in this mutant (Fritzsch et al., 2005b). Older 

embryos, however, show a severe reduction of afferents that does not 

correspond to the pattern of loss observed in neurotrophin null mutations. 

Closer examination of the expression of brain derived neurotrophic factor (Bdnf), 

using the Bdnf - LacZ reporter, showed that even in Atohl null mutants, some 

undifferentiated hair cells precursors form and express Bdnf. Thus, at least in 

some hair cell precursors, BDNF expression does not require Atohl-mediated 

hair cell differentiation.

Once the neurons reach their target hair cell(s) by whatever means, their 

survival is known to be mediated, at least in part, by the neurotrophins BDNF 

and NTF3 as described in the following section. The survival of these neurons in
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Pou4f3 mutants throughout embryogenesis is apparently mediated by the limited 

expression of both neurotrophins, Bdnf and Ntf3, in undifferentiated sensory 

epithelia as revealed using in situ hybridization. Even animals that were several 

months old had considerable innervation of the apical turn of the cochlea. This 

long term retention of cochlear innervation may also be mediated by 

neurotrophins as these neurotrophis are still detectable in neonatal animals 

(Stankovic and Corfas, 2003).

While these data indicate some progress in the molecular network of 

peripheral neuron guidance, many interesting questions remain to be addressed. 

It also highlights how rudimentary this research is (Fritzsch, 2003). For example, 

the FGFs, both qualitative and quantitative expression patterns of FGFs may 

further complicate this picture. Moreover, virtually nothing is known about the 

molecular guidance of developing vestibular and cochlear afferents into the brain 

(Rubel and Fritzsch, 2002; Maklad and Fritzsch, 2003).

6. Cell Survival and Death

In contrast to this apparent scarcity of data on molecular guidance, extensive 

knowledge exists on the molecular basis of sensory neuron survival (Fritzsch et 

al., 2004a). Numerous observations suggest that hair cells attract fibers to 

innervate them (Bianchi and Cohan, 1991; Bianchi and Cohan, 1993) and some 

neurotrophic effects might, in part, mediate these attractions (Cajal, 1919). One 

way of exploring neurotrophin effects in the ear would be to eliminate 

neurotrophins in the target of the inner ear afferents, the hair cells, by eliminating 

hair cells or preventing their differentiation. This is expected to eliminate late
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expression of Bdnf because older embryos express Bdnf exclusively in hair cells 

within the ear. In addition, if no hair cells form, it is likely that supporting cells will 

not form normally. This is because the differentiation of both hair cells and 

supporting cells is apparently linked; as the interactions between them are 

mediated by the delta-notch regulatory system (Zine et al., 2001). Recent 

investigations of two mutations that result in undifferentiated or absent hair cells 

show limited sensory neuron loss as a result of neurotrophin deficiency(Xiang et 

al., 2003; Fritzsch et al., 2005b). Alternatively, other mutants provide examples 

of sensory neuron loss that appears to be caused by abnormally low expression 

of the neurotrophic tyrosine kinase receptors for these neurotrophins (Liu et al., 

2000; Huang et al., 2001; Kim et al., 2001). The existence of neurotrophins with 

lox-P sites as well as the rapid generation of several specific Cre expressing 

promoter lines will allow soon investigating this issue in an even more targeted 

way.

In 1919, Ramon y Cajal proposed that hair cells secrete neurotrophic 

substance(s) that attract sensory afferents (Cajal, 1919). The data described 

above show that, despite our attempts to eliminate neurotrophin expression in 

the ear by causing mutations in essential transcription factors, even to this date, 

we have been unable to satisfactorily test this proposal. Unfortunately, the 

recent finding of neurotrophin expression in delaminating sensory neurons has 

made the interpretation of neurotrophin effects even more complicated. The 

limited expression of Bdnf in the undifferentiated hair cell precursors of Atohl 

null mutant mice is apparently enough to support many afferents throughout
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embryonic life. Consequently, we can not exclude a biologically significant effect 

of the limited expression of neurotrophins within delaminating sensory neurons. 

Thus, none of the mutations described above has been able to critically test the 

exclusive role of exclusively played by hair cells in attraction and maintenance of 

inner ear sensory neurons. Indeed, recent work on transgenic misexpression of 

neurotrophins suggest projections to non-sensory areas that lack hair cells 

(Tessarollo et al., 2004) indicating that the neurotrophin BDNF can override 

whatever attraction is provided by hair cells.

Within the past ten years, two neurotrophic factors, BDNF and NTF3, and 

their high affinity neurotrophic tyrosine kinase receptors, Ntrk2 (alias, trkB) and 

Ntrk3 (alias, trkC), as well as the low affinity receptor p75, have been identified in 

the ear (Pirvola et al., 1992; Wheeler et al., 1994; Fritzsch et al., 1999; Farinas et 

al., 2001). Remaining issues center on the uniqueness of function of each 

neurotrophin receptor combination. Since most other vertebrates express only 

one neurotrophin in the ear, it remains unclear why mammals have two. In 

addition, the expression patterns described show a highly dynamic change along 

the cochlea as well as alterations in the vestibular system. We have yet to fully 

understand the functional significance of these changes (Pirvola et al., 1992; 

Farinas et al., 2001). Targeted mutations of each of these neurotrophins and 

receptors have clarified their relative contributions to the survival of different 

sensory neurons in the ear (Fritzsch et al., 1999). These data have shown that 

there is the dramatic loss of 85% of cochlear (spiral) sensory neurons in Ntf3 null 

mutants (Farinas et al., 1994; Fritzsch et al., 1997a; Farinas et al., 2001) and of
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80-85% of vestibular neurons in the ßdnfnull mutant (Jones et al., 1994; Ernfors 

et al., 1995; Schimmang et al., 1995; Bianchi et al., 1996). Somewhat similar 

effects have been described in Ntrk null mutants (Fritzsch et al., 1995; Fritzsch et 

al., 2001b). Detailed counting has shown that neuronal loss happens within 2-3 

days after the fibers have first extended toward the sensory epithelia (Bianchi et 

al., 1996; Farinas et al., 2001). Together these data suggest that vestibular and 

cochlear sensory neurons have unigue, but complementary neurotrophin 

reguirements (Ernfors et al., 1995).

The relative distribution of neurotrophins with more prominent expression of 

Bdnf in the vestibular system and of Ntf3 in the cochlea supports the evidence 

for complementary roles of these neurotrophins in the vestibular and cochlear 

sensory epithelia, respectively (Pirvola et al., 1992; Farinas et al., 2001). In the 

context of the hypothesized role of neurotrophin function in numerical matching 

of pre-and postsynaptic targets, it needs to be pointed out that in the ear there is 

no uniform relationship between afferents and hair cells which can vary from 30 

to 1 (convergence on a single inner hair cell) to 1 to 30 (divergence on outer hair 

cells and some vestibular fibers). It is questionable that a single neurotrophin, 

such as BDNF, distributed fairly uniformly in all hair cells, would be able to 

mediate these differences. Clearly, quantitative data on specific amounts of 

BDNF expressed in different types of hair cells are needed to evaluate this 

aspect of ear innervation.

While specific null mutations showed significant effects on sensory neuron 

survival to distinct endorgans of the ear, it remained unclear whether more

57



neurotrophins or other neurotrophic factors might add to the survival of inner ear 

sensory neurons. However, double mutant mice, lacking both the neurotrophin 

receptors Ntrk2 and Ntrk3, or both neurotrophins Bdnf and Ntf3 have no 

surviving sensory neurons in the inner ear at birth (Ernfors et al., 1995; Liebl et 

al., 1997; Silos-Santiago et al., 1997). This dramatic effect of double mutations 

on ear innervation puts to rest any speculations about the requirement of 

additional neurotrophins or neurotrophin receptors. These data on double 

mutants also show that even if other ligands and receptors are present, their 

function for the development of the inner ear sensory neurons is far less critical 

than Bdnf/Ntf3 and their receptors Ntrk2INtrk3.

Single neurotrophin and neurotrophin receptor null mutant mice demonstrate 

specific losses of distinct cochlear and vestibular afferents. These losses appear 

to be related to a highly dynamic pattern of expression of neurotrophins but not 

of neurotrophin receptors in the ear (Pirvola et al., 1992; Farinas et al., 2001). 

During development and in the adult sensory neurons there appears to be a 

uniform expression of both Ntrk2 and Ntrk3 in all of the sensory neurons in the 

ear (Fritzsch et al., 1999; Farinas et al., 2001). In addition, primary sensory 

neurons express neurotrophins soon after delamination from the placodal 

epithelium is initiated (Farinas et al., 2001). Furthermore, a given primary 

sensory neuron expresses the same neurotrophin that is present in the area of 

the otocyst from which it delaminated (Fritzsch et al., 2002a). For example, 

delaminating sensory neurons from the cochlea express the neurotrophin Ntf3 as 

revealed in Ntf3 heterozygotic animals (Figs. 2, 4). Comparison of Bdnf- and
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/W3-LacZ positive cells with delaminating neurons marked by Neurodl-LacZ 

also suggests that the delaminating Bdnf or Ntf3 positive precursors are in fact 

Neurodl-expressing neuronal precursors (Liu et al., 2000; Kim et al., 2001; 

Fritzsch et al., 2002a). Proof of this, however, will require co-labeling for 

Neurodl and each of the neurotrophins.

These data indicate that initial fiber growth occurs normally in the absence of 

neurotrophins. Indeed, initial fiber growth may use the same molecular cues 

recognized by the delaminating primary sensory neuron precursors. 

Subsequently, there is a critical period where specific neurotrophins are required 

for sensory neurons to reach their targets. The partially overlapping expression 

of neurotrophins reported in the developing mammalian ear (Pirvola et al., 1992; 

Farinas et al., 2001) seems to translate into a spatio-temporal loss of primary 

sensory neurons in specific mutants (Farinas et al., 2001). Particularly, in the 

cochlea there is a delayed up-regulation of Bdnf expression in the basal turn, 

leaving all basal turn neurons solely dependent on Ntf3 for a brief, but critical 

period of embryogenesis (Fig. 5). Thus, if Ntf3 is absent, there is a progressive 

loss of spiral neurons, especially in the basal turn, where Bdnf is not present to 

compensate for the absence of Ntf3. Overall, sensory neuron loss will occur in 

an embryo with a targeted mutation in Bdnf or Ntf3 only where the other is not 

present to compensate for its absence.

This suggestion has led to the prediction that in the ear, Ntf3 and Bdnf 

are functionally equivalent and can be substituted for each other without 

compromising the development and survival of sensory neurons. Supporting this
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suggestion, data show that the topological loss of sensory neurons in the basal 

turn in the Ntf3 mutant can be rescued by transgenic expression of Bdnf under 

the control of Ntf3 gene regulatory elements (Coppola et al., 2001). Selective 

tracer injection in these animals shows reorganization of the peripheral projection 

pattern of vestibular neurons into the basal turn of the cochlea (Tessarollo et al.,

2004). These projections developed at the time the neurons are known to 

become susceptible to the neurotrophins for their survival suggesting that they 

become both neurotrophically as well as neurotropically dependent on 

neurotrophins at the same time (Fig. 5). Interestingly, the central projection 

remained unchanged in these animals suggesting little if any influence of 

neurotrophins on the patterning of the central projections. Overall, these data 

suggest that the molecular processes that guide peripheral and central projection 

are distinct. Likewise, the transgenic animal in which the Ntf3 coding region is 

inserted into the Bdnf gene is equally effective in rescuing the Bdnf phenotype in 

the cochlea, but not in the vestibular system (Agerman et al., 2003). Together 

these data suggest that the differential expression of neurotrophins in the ear 

plays a significant role in patterning the ear innervation.

Further, these data support a role for a very early onset of elimination of 

exuberant or unconnected afferents and the primary sensory neurons that 

generate these axons. This verification of proper connections occurs 

immediately after the fibers have reached and start to invade their target organs 

(as early as E11 in the canal epithelia and E12.5 in the basal turn of the cochlea; 

Fig. 4). The most interesting and striking effect of the single neurotrophin null
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mutation is the striking dependence of the basal turn cochlear neurons on Ntf3. 

This is due to the fact that Bdnf shows a delayed expression in the basal turn 

(Fig. 5). Clearly, Bdnf can not only compensate for Ntf3 and rescue the basal 

turn neurons (Coppola et al., 2001) but can also attract vestibular fibers from the 

nearby nerve to the posterior crista to innervate the basal turn instead (Fig. 5). It 

is conceivable that evolutionary pressures have resulted in the delayed 

expression of Bdnf in the basal turn because of the need to avoid misrouting of 

vestibular afferents. Misrouting of vestibular fibers to cochlear hair cells, 

assuming they maintain their normal connections in the CNS, will result in 

auditory information interfering with perceptions of position and motion.

Recently, spiral ganglion cells from the human cochlea were cultured in vitro. 

Unpublished data show that under the influence of BDNF and NTF3 and/or glial

cell-line derived neurotrophic factor (GDNF), these cells differentiated into 

elongated neuons. These neurons demonstrated transient expression of the 

intermediate filament marker, nestin (Rask-Andersen et al., 2005). While further 

investigation of these cultured cells is still to come, such as expression analysis 

for the spiral ganglion-specific Gata3 gene, these data suggest some plasticity of 

sensory neurons and an ability of neurotrophins to stimulate neuronal fiber 

outgrowth.

Interestingly, neurotrophins are apparently downregulated in neonates 

(Wheeler et al., 1994; Fritzsch et al., 1999; Stankovic and Corfas, 2003) and 

they appear to be largely lost in adults, despite the fact that their Ntrk genes are 

still expressed in the sensory neurons (Fritzsch et al., 1999). This has led to the
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suggestion that other neurotrophic factors may play a role in the neonatal death 

of sensory neurons (Hashino et al., 1999; Echteler and Nofsinger, 2000), a 

suggestion that requires further experimental verification in mutants with 

conditional targeting of neurotrophin genes.

In summary, certain molecular aspects of sensory neuron formation, 

guidance and survival have been clarified in recent years. Still, numerous open 

issues remain in this rapidly moving field and virtually no molecular data exist for 

the basic patterning of central projections. Moreover, the emerging role of 

neurotrophins in neonatal patterning needs to be further explored (Schimmang et 

al., 1995; Postigo et al., 2002; Davis, 2003). Interesting future work will have to 

sort out how the apparent relationship between specific sensory neurons and 

specific types of hair cells works at a molecular level inside a given sensory 

organ.
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A NeuroD LacZ (E11.5)

Fig. 5
The formation of sensory neurons, expression of neurotrophins and effects of neurotrophin 
misexpression are shown. Neurod1-LacZ positive cells exist in the otocyst and indicate the 
neurosensory area. Note that the area of Neurodl expression (A) overlaps with the area of Ntf3 
expression (red in C) as well as the anterior and horizontal crista (HC, AC) that are 6DA/F-lacZ 
positive (green in C, E). Labling of afferents with Dil shows dendrites extending to all patches 
highlighted by ßD/VF and Ntf3 expression as early as E 11.5 (C,D). BDNF expression becomes 
more restricted in E12.5 embryos (E) offering predominantly Ntf3 as a neurotrophin in the 
developing cochlea (red in E). Altering expression of BDNF through misexpression of BDNF under 
Ntf3 promoter control [Ntf3 tgBDNF) will alter the pathway of vestibular neuron dendrites that 
project to the cochlea. This can be enhanced by combining the transgene with BDNF null 
mutation (B). Under these circumstances, fibers stop on their way to the posterior crista (PC) and 
redirect their dendrites to the cochlea. In addition, fibers from the saccule project to the cochlea, 
as shown here after a cerebellar injection of a lipophilic dye tracer. Modified after (Fritzsch et al., 
2002a; Tessarollo et al., 2004). Abbreviations; AC, anterior crista; BT, basal turn (of cochlea); HC, 
horizontal crista; PC, posterior crista; S, saccule; U, utricle; VG, vestibular ganglion. Bar indicates 
100 pm.
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7. Summary and Conclusions:

Our level of understanding of global patterning processes of the ear, 

restriction of sensory neuron fate determination, molecular regulation of 

proliferation to determine clonal expansion and coordinated transition into the 

generation of different offspring has increased in the ear almost at the same 

pace as for neuronal development in general Future work will show which and 

how the presently known genes can be used to re-start cell proliferation and to 

direct hair cell formation in animals and humans with neurosensory loss. 

Likewise, future work is needed to fully characterize the limited number of 

presently known pathfinding molecules so that they can be used for fiber 

regeneration in hair cell regenerated patients or patients with cochlear implants. 

Unique features of the ear, as compared to other sensory system developments, 

are becoming apparent and provide challenges for the continued molecular 

dissection that is needed to have access to the molecular machinery for guided 

re-growth of nerve fibers to regenerated hair cells. Progress has been 

particularly prominent in the neurotrophin areas, where the ear holds an 

intermediate position between the hypercomplex CNS and the simple one 

neurotrophin, one neurotrophin receptor that prevails for almost all other sensory 

neurons. Such differences allow for unique experiments using transgenic 

misexpressers to exemplify the two levels of function of neurotrophins, trophic 

and tropic support of growing dendrites.

Future directions will have to identify progenitor populations, hopefully with 

the capacity to generate both sensory neurons and hair cells, to restore
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sensorineural hearing loss. Using the known guidance properties of 

neurotrophins, in particular of BDNF, could allow for a more directed growth of 

nerve fibers toward cochlear implants. This way the basic science gain could be 

translated into clinical applications beneficial for a growing number of patients 

suffering hearing loss.
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Expression and function of FGF10 in mammalian inner ear
development.
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Abstract

We have investigated the expression of FGF10 during ear development and the 

effect of an FGF10 null mutation on ear development. Our in situ hybridization 

data reveal expression of FGF10 in all three canal crista sensory epithelia and 

the cochlea anlage as well as all sensory neurons at embryonic day 11.5 

(E11.5). Older embryos (E18.5) displayed strong graded expression in all 

sensory epithelia. FGF10 null mutants show complete agenesis of the posterior 

canal crista and the posterior canal. The posterior canal sensory neurons form 

initially and project rather normally by E11.5, but they disappear within two days. 

FGF10 null mutants have no posterior canal system at E18.5. In addition, these 

mutants have deformations of the anterior and horizontal cristae, reduced 

formation of the anterior and horizontal canals as well as altered position of the 

remaining sensory epithelia with respect to the utricle. Hair cells form but some 

have defects in their cilia formation. No defects were detected in the organ of 

Corti at the cellular level. Together these data suggest that FGF10 plays a major 

role in ear morphogenesis. Most of these data are consistent with earlier findings 

on a null mutation in FGFR2b, one of FGFIO’s main receptors.
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Introduction

Fibroblast growth factors (FGFs) represent an ancient class of secreted, 

extracellular signaling molecules. A single ligand is known for insects and at 

least 22 ligands are known in mammals (Venter et al., 2001; Pauley et al., 2003). 

These ligands share 35% amino acid identity over a core region of approximately 

120 base pairs and are expressed in distinct spatial and temporal patterns in 

many developing organs (Pauley et al., 2003). In contrast, only 4 FGF receptor 

kinase genes are known in vertebrates (Venter et al., 2001). FGF receptor 

genes show tissue specific alternative splicing and act as membrane bound 

tyrosine kinase receptors. These receptors are activated by many FGFs that 

have various binding specificities with the receptors (Pauley et al., 2003). 

Variability of ligand receptor interaction is also enhanced by alternative 

spliceforms of FGF receptors have unique ligand binding properties resulting in a 

multitude of spatial and temporal interactions that depend on the concentration 

and specificity of both receptor and ligand. Despite this complex interaction, 

some functions of ligands and their receptors appear to be highly conserved 

across phyla. For example, the insect FGF ligand branchless is essential for 

tracheal formation (Sutherland et al., 1996) while the mammalian FGF10 ligand 

is essential for lung and limb formation (Min et al., 1998; Sekine et al., 1999). 

FGFs play multiple roles in cell-cell signaling. They are involved in pattern 

formation in the central nervous system (Lee, 1997; Bermingham et al., 2001) 

and regulate proliferation, differentiation, migration and neurite growth (Saffell et 

al., 1997; Hossain and Morest, 2000; Pauley et al., 2003). Given this wide range
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of functions, it is not surprising that FGFs and their receptors play a critical role in 

the development of the vertebrate ear.

The ear develops from an ectodermal thickening into a three dimensional 

organ that provides the cellular and extracellular substrate for mechanical 

sensory transduction of hearing and balance. To perceive these signals, hair 

cells convert mechanical energy into electric signals and primary neurons 

conduct this information to the brain (Fritzsch and Beisel, 2001; Fekete and Wu, 

2002). FGFs play a role in ear induction (Ladher et al., 2000; Vendrell et al., 

2000; Wright and Mansour, 2003), ear growth and morphogenesis (Pirvola et al., 

2000; Adamska et al., 2001; Phillips et al., 2001; Whitfield et al., 2002) and 

formation and differentiation of hair cells (Pirvola et al., 2002) as well as 

supporting cells (Colvin et al., 1996). However, the analysis of function of FGF 

ligands and receptors in the ear is complicated by the apparent complex spatial 

and temporal expression of many FGFs and FGFRs in the ear (Pickles, 2001) 

and the possibility that FGF function may not be conserved across species 

(Noramly and Grainger, 2002). In essence, it remains unclear how, for example, 

the two or more ligands for the FGFR2b isoform, that are so crucial for ear 

development (Pirvola et al., 2000), are expressed and interact with this and other 

receptors.

Previous work has shown the necessary role of one of the known ligands 

for FGFR2b in the ear, FGF3 (Wright and Mansour, 2003). It appears that ear 

formation is even more compromised in FGF3/10 double null mutants (Wright & 

Mansour, personal communication) suggesting that those two ligands are the
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main factors that regulate ear morphogenesis through FGFR2b. FGF10 has the 

highest affinity for the b isoform of FGFR2 (Ohuchi et al., 2005; Ryugo et al.,

2005). However, FGF3,7,10 and 22 are considered to be paralogs of an 

ancestral chordate FGF gene (Satou et al., 2002) and the roles of FGF7 and 22 

in the ear are essentially unknown.

Based on these data, we hypothesized that FGF10 should be involved in 

ear morphogenesis and formation of sensory hair cells and possibly sensory 

neurons. Here we show that FGF10 is indeed essential for the morphogensis of 

the posterior vertical canal and its sensory epithelium, but not the sensory 

neurons innervating this canal epithelium. We also show a milder effect of the 

FGF10 null mutation on other vestibular sensory organs. We suggest that a 

redundancy of the other FGF ligands accounts for the less severe effect of 

FGF10 null mutation in other vestibular epithelia.

Results 

Expression of FGF10 in the developing ear

Unpublished observations suggest the expression of FGF10 in the 

ectoderm prior to otocyst formation (E8) and this expression may play a role in 

otic placode induction (Noramly and Grainger, 2002). Using in situ hybridization, 

we followed FGF10 expression from E9.5 onward (Fig. 1A); the time the otocyst 

first appears in development. At E9.5 the expression was concentrated in the 

lower half of the otocyst and did not extend to the presumptive endolymphatic 

duct. One day later, the expression had changed and strong expression was
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present on the anterior pole of the otocyst as well as in delaminating cells of the 

forming cochleo-vestibular ganglion (Fig, 1D). In addition, a second, less 

extensive area of expression became visible at the posterior pole of the otocyst.

At E11.5 (Fig. 1B, C, E, F), the expression was highly focused, showing 

strong expression in three distinct patches. By comparison with later stages, 

these three patches were identified as the future epithelia for the three canal 

cristae. In addition, FGF10 was highly expressed in the delaminating sensory 

neurons of the forming cochlear and vestibular ganglion. Less prominent 

expression in the utricle and cochlea could be visualized only after the ganglion 

was surgically detached. All sites of expressions became stronger at older 

stages and these structures were described in part elsewhere (Pirvola et al., 

2000 ).

The pattern of expression was analyzed in more detail for each sensory 

epithelium at P0, a terminal point for our analysis of the FGF10 null mutant mice 

as these lungless animals die at birth. At this stage, FGF10 was expressed in all 

sensory epithelia but showed variable patterns in each sensory epithelium For 

example, in the cochlea, FGF10 was expressed most strongly in the greater 

epithelial ridge. It was only faintly expressed around outer hair cells and showed 

no detectable expression in Claudius cells or the cochlear lateral wall (Fig. 2C, 

D). The expression around outer hair cells was very faint and was undetectable 

in sections (Pirvola et al., 2000). Within the greater epithelial ridge, FGF10 

showed a continuous increase in expression, being highest at the region 

adjacent to the inner hair cells. The highest expression level in the cochlea was
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similar to that in sensory neurons, suggesting that these cells may be a major 

source of FGF10 in the ear throughout development. Both the utricle and 

saccule showed an interesting pattern that indicated a higher concentration near 

the neural side, falling off toward the abneural side (Fig. 2B). This pattern was 

inversely related to that of the greater epithelial ridge of the cochlea. However, all 

other sensory epithelia lacked the clear step in expression intensity seen in the 

area between the inner and outer hair cells. All crista organs retained their 

strong FGF10 signal (Fig. 2A) with only a limited indication of a gradient falling 

off toward the abneural side.

In summary, FGF10 expression showed a diffuse upregulation in the 

lower half of the developing ear that changed over only two days into strong 

expression in the canal cristae and somewhat less intense expression in all 

sensory neurons and all other epithelia. The cochlea, utricle and saccule 

showed a delayed upregulation that displayed prominent gradients, falling off 

gradually or stepwise from either the neuronal to the abneural side or the 

reverse, in each sensory epithelium.
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Fig. 1
These whole mounted in situ hybridizations (A-E) and sectioned (F) ears show the expression of 
FGF10 at embryonic day 9.5-11.5. At E9.5, FGF10 expression is in the entire ventral otocyst (A). 
By E10.5, expression is in a strong anterior patch that includes the forming sensory neurons (B). 
At E11.5 (C-F), FGF10 is strongly expressed in all three crista anlagen (AC, HC, PC). Strong 
expression also exists in the spiral and vestibular ganglion (SG, VG) and the anterior part of the 
cochlea. Note that the expression in the utricle is much fainter. Sections (F) show that the 
expression is throughout the columnar epithelium of the otocyst, but is most concentrated in the 
ventricular layer, the future hair cell layer. Arrows in A indicate orientation of the ears, bars indicate 
100pm.
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Fig. 2
These whole mounted in situ hybridizations show the distribution of FGF10 in the posterior crista 
(A), the utricle (B), and the cochlea (C,D) of a newborn wildtype control mouse. Note that every 
sensory epithelium is characterized by an asymmetric distribution of the in situ hybridization signal. 
This is particularly apparent in the cochlea, where the signal increases through the greater 
epithelial ridge (GER) to become strongest near the row of inner hair cells. It sharply decreases to 
the outer hair cells and is at background level in the remaining cells. Strong positivity is also 
apparent in the spiral sensory neuron (C, and insert). Asymmetries in expression are also 
apparent in the canal cristae (A) and the utricle (B). As in the younger embryos, the cochlea and 
the canal cristae have much stronger signal compared to the utricle. Bars indicate 100 pm.
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Ears in FGF10 null mutants

E18.5 FGF10 null mutant ears displayed severe dismorphogenesis with 

complete absence of all aspects of the posterior canal system: There was no 

posterior crista, no posterior canal and no trace of any myelinated nerve fiber to 

the area of the posterior canal (Figs. 3A, B). A blind ending stub was formed 

instead of the horizontal canal and the anterior canal was largely continuous with 

the utricle without forming a recognizable canal. The short canal emerging from 

the horizontal crista extended vertically toward the cochlea rather than horizontal, 

toward the posterior canal. In addition, the anterior and horizontal cristae were 

much smaller and barely segregated from the utricle. Consistent with the overall 

size reduction of the FGF10 ear, the saccule and cochlea sensory epithelia also 

appeared somewhat smaller but otherwise unchanged.

Our serial histological sections revealed no trace of a posterior crista. In 

fact, the utricle ended blindly as suggested by our dissected ears (Fig. 4a). The 

anterior crista was smaller in FGF10 null mice and barely segregated from the 

utricle. In contrast to the wildtype control (Fig. 4F), the anterior crista was 

partially continuous group of hair cells on the anterior end of the utricle in the 

FGF10 null mutant (Figs. 4C-E). The anterior canal formed a blind ending 

structure that was largely continuous with the utricle over most of its extent. The 

horizontal canal formed a small, blind ending extension, with the crista clearly 

separated from the utricle (Figs. 4A-D). The presence of a cupula rather than 

otoconia suggests that these hair cells represent the crista of the anterior and
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horizontal canal. In most specimens examined the utricle formed a central 

recess rather than a flat sheet of cells (Fig. 4B).

Histologically, hair cells appeared normal in all remaining sensory organs. 

However, closer examination using tubulin immunocytochemistry combined with 

phalloidin staining for actin revealed that hair cells in the canal epithelia had 

larger bulbs at their tips in FGF10 null mutant mice (Figs. 5A, B). These flat 

mounts also showed close proximity of cells with different sized bulbous tips near 

the anterior crista, suggesting an incomplete segregation of the anterior crista 

from the utricle (insert Fig. 5B). Flattening the remaining vestibular epithelia also 

revealed some size and shape differences (compare Figs. 5A, B) and resulted in 

cracks of the wrinkled and misshapen mutant epithelia. The polarity of hair cells, 

as determined by the position of the kinocilium with respect to stereocilia seemed 

to be identical in the mutant and their wildtype littermates. However, the mutant 

epithelia showed a somewhat greater variety of odd polarities in individual hair 

cells.
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Fig. 3
These whole mounted ears show the morphogenetic effects of FGF10 null mutation on the ear. 
Nerve fibers are stained with osmium tetroxide. Note the absence of any canal formation in the 
FGF10 null mutant. No posterior crista is present (compare with PC in A). However, there is an 
ampulla for the horizontal canal and a small sensory epithelium for the anterior vertical crista (AC, 
HC). The cochlea is shortened but otherwise normal. Utricle (U) and saccule (S) show slight 
dismorphogenesis and the saccule is in a somewhat different position, further away from the 
cochlea in the FGF10 null mutant. Bars indicate 200 pm.
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Fig. 4
These Epoxy resin embedded, thick sections show the sensory epithelia of E19.5 FGF10 null 
mutant ears (A-E) and littermate wildtype control (F). The coronal sections (A-D) show that the 
horizontal crista (HC) is in its own small recess whereas the anterior vertical crista (AC) is inside 
the utricular space and becomes confluent with the utricle (C). Moreover, the utricle forms a 
recess (B) never found in control animals. The sagittal sections illustrate this confluence of 
utricular and anterior vertical crista in the mutant (E) compared to the control wildtype littermate 
(F). Bars indicate 100pm.
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SEM and TEM observations

We next examined the appearance of the remaining vestibular organs 

using SEM and TEM. SEM revealed the continuity of the anterior crista with the 

utricle (Figs. 5C, D). The anterior crista was very different from control mice. In 

control mice, the anterior crista consisted of two hemicristae separated by a hair 

cell-free cruciate eminence (Fig. 5C). The anterior crista was transversally 

orientated with respect to the utricle. In contrast, no cruciate eminence was 

visible in the FGF10 null mutant crista. In addition, the remaining crista appeared 

to be 90 degrees rotated and was longitudinally rather than transversaly oriented 

as in control animals (Fig. 5D). The horizontal crista showed somewhat also 

some shape changes but the absence of a cruciate eminence made those 

changes less conspicuous.

The TEM analysis showed normally developed hair cells in the five 

remaining sensory epithelia, including well developed inner and outer hair cells 

(Fig. 6B). However, we found many vestibular hair cells, in particular in the canal 

cristae that displayed disorganized apical specializations such as blobbing of the 

stereocilia (Fig. 6A).

In summary, our morphological analysis showed that the most severe 

effects of the FGF10 null mutation are in the canal system. Canals are either 

absent (posterior canal) or severely disorganized (anterior and horizontal canal). 

In addition to these morphogenetic effects, entire sensory epithelia are either 

missing (posterior canal crista) or were smaller and disoriented (anterior and 

horizontal canal). Remaining hair cells of vestibular sensory epithelia showed
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some aberrations in the formation of apical stereocilia and enlarged bulbs on the 

kinocilia.

PO, FGFI'ffWT
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Fig. 5
These confocal (A,B) and scanning electron microscopy images (C,D) illustrate the 
dismorphogenesis of the horizontal canal and the disorientation of the anterior vertical cristae and 
its continuity with the utricle in newborn (PO, A,B) and E18.5 (C,D) FGF10 null mutant. Note that 
the anterior crista (AC) is virtually continuous with the utricle in the FGF10 null mutant (B,D) but 
separated by nonsensory epithelium in the control littermate (A,C). Note also the formation of the 
non-sensory cruciate eminence (CE) in the control animal (C) and the change in shape of the 
remaining anterior crista in the FGF10 null mutant (B,D). The shape of the horizontal crista is 
different in the FGF10 null mutant (B) and the control littermate (A). Closeup in B shows the 
proximity of bulbed kinocilia (red anti-tubulin Alexa568 fluorescence) of anterior canal crista with 
non-bulbed kinocilia of the utricle as well as the position of the kinocilium with respect to the green 
phalloidin-Alexa 488 positive stereocilia. Bar indicates 100pm (10pm in the insert).
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Fig. 6
TEM images of an E18 FGF10 null mutant ear hair cells. The cochlea (B) shows normal 
differentiation of hair cells, including the stereocilia. In contrast, some hair cell stereocilia of the 
anterior cirsta looked disorganized and had swellings (A). Bars indicate 10 |jm.

Development of innervation

We found no myelinated fibers extending toward the area of the missing 

posterior canal crista in late FGF10 null embryos. This absence could be related 

to the complete loss of all components of the posterior canal system, including 

primary sensory neuron formation. Alternatively, primary sensory neurons and
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their fibers could develop initially, with innervation lost in later embryos, possibly 

a result of the absence of neurotrophins (Bianchi et al., 1996) that would have 

been produced by the missing crista. We investigated these alternative 

possibilities using E11.5 and E12.5 embryos (Fig. 7). Our data showed that the 

initial formation of sensory neuron projection for the posterior canal was normal 

at E11.5 (Figs. 7A, B). Within one day, afferent fibers invaded all vestibular 

sensory organs in control littermates (Figs, 7C, E). In FGF10 null mutants there 

was a less extensive fiber supply to the anterior and horizontal crista (Fig. 7D) 

and the fibers to the posterior cristae showed no signs of invading the apparently 

absent posterior crista (Fig. 7F). One day later fibers to the posterior crista 

disappeared and the pattern of innervation was much like that at E18.5 (Fig. 8C). 

Thus, sensory neurons for all canals appear to form normally, but they become 

lost to the posterior crista and likely downsized to the anterior and horizontal 

crista. These patterns of innervation are consistent with the loss of the posterior 

crista (and concomitant loss of trophic signals) and reduced size of the anterior 

and horizontal cristae.
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Fig. 7
These Dil confocal images show the detailed pattern of afferent innervation of the developing 
vestibular system at E11.5 and E12.5. The initial formation of fiber outgrowth to the canal cristae 
is similar in the control and FGF10 null mutant littermate (A,B). Note the closer spacing of 
posterior crista sensory neurons (PCS) to the posterior crista (PC) in the mutant compared to the 
control animal, owing to the smaller size of the mutant ear. One day later, afferents invade all 
crista sensory epithelia in the wildtype (C,E) but only reach sparingly into the anterior and 
horizontal cristae in the FGF10 null mutant (D). Fiber still extend to the absent posterior crista (F) 
of the FGF10 null mutant, but show numerous side branches to non-sensory areas of the 
developing ear. Arrows in A indicate orientation, bars indicate 100 pm.
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Comparison with FGFR2b

FGF10 and FGF3 are two known ligands for FGFR2b. FGF3 null mutants 

have not been investigated in detail with respect to their innervation (Wright and 

Mansour, 2003) and only a few sensory neurons appear to survive in FGFR2b 

null mutants (Pirvola et al., 2000). Moreover, the presence of nerve fibers as 

well as the degree of development past the otocyst stage varied considerably. 

We wanted to understand in more detail the relative role played by two of the 

known ligands of FGFR2b.

We compared the projection of the few remaining sensory fibers in the 

FGFR2b null mutants with a control ear and the ear of the FG10 null mutants 

(Figs. 8A-C). In most FGFR2b mutants, no innervation to the otocyst could be 

detected by tubulin or neurofilament immunocytochemistry in either wholemount 

otocysts (this study) or sectioned material (Pirvola et al., 2000). Typically, only 

cystic vesicles with barely distinct endolymphatic duct formed. Four of the more 

differentiated ears of FGFR2b null mutants showed, despite reduction in size, a 

differentiation into a somewhat elongated sack. Those ears also displayed 

acetylated tubulin-positive fibers that extended toward the posterior half of the 

otocyst (Fig. 8B).

Comparison of the topology and overall distribution of these fibers 

suggested that they may represent a bundle running toward the area of the 

undifferentiated posterior crista and multiple fibers extending toward an area that 

topologically compares to the cochlea (Fig. 8B). In striking contrast, the fiber 

bundle to the posterior crista were always absent in similar aged FGF10 null
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mutant mice (Fig. 8C). These data suggest that at least the FGF10 effects on 

the posterior canal are not entirely mediated by FGFR2b but that another FGF 

receptor may also play a role. Indeed, some signaling via FGFRIb is known 

(Ryugo et al., 2005).

Fig. 8
These whole mounted ears compare the pattern of innervation as revealed with Dil in a PO control 
animal with an E18.5 FGF10 null mutant and immunocytochemistry for acetylated tubulin of an 
E18 FGFR2b null mutant. Note that the cochlea innervation is rather normal in the FGF10 null 
mutant (compare A and C). Utricle (U), saccule (S) and horizontal crista (HC) also receive rather 
normal innervation. However, the innervation to the anterior crista (AC) is reduced in the FGF10 
null mutant (compare A and C) and there is no innervation to a posterior crista in the FGF10 null 
mutant. In the FGFR2b null mutant there is some innervation in a pattern consistent with a 
cochlear projection (C). There is also a fiber bundle to the posterior aspect consistent with a 
posterior crista-like innervation in the FGFR2b null mutant (compare A and B). Bars indicate 
100pm.
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Discussion

FGF expression patterns and their implications.

Among the expression patterns of FGF’s thus far described for the 

vertebrate ear (McKay et al., 1996; Colvin et al., 1999; Pirvola et al., 2000; 

Noramly and Grainger, 2002; Wright and Mansour, 2003), FGF10 is 

characterized by progressive restriction to sensory neurons and sensory epithelia 

and intricate patterns of expression within sensory epithelia. In contrast, other 

FGFs show different expression patterns. For example FGF8 shows an early 

expression, followed by downregulation, and is again upregulated later to display 

expression in the forming inner hair cells (Pirvola et al., 2002). This inner hair cell 

expression appears to mediate FGFR3-related pillar cell development (Colvin et 

al., 1996). In contrast, FGF3 is upregulated early but shows less expression in 

the differentiating ear around E 11, before any localization to specific sensory 

epithelia is possible (McKay et al., 1996). FGF9 appears to be expressed in a 

pattern somewhat similar to FGF10 in the cochlea (Colvin et al., 1999). Only 

scant data exists on the spatio-temporal expression of other FGFs in the 

developing otocyst. A recent study suggested that most FGF’s are expressed in 

the ear at one time or another (Pickles, 2001). However, these data have not 

been extended to a detailed spatio-temporal expression pattern analysis using in 

situ hybridization.

Understanding the possible functional redundancies and interactions 

between these FGFs and their ligands requires a more detailed in situ
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hybridization analysis of many more of the FGFs, as was recently performed for 

facial development (Bachler and Neubuser, 2001). Such multiple in situ 

hybridizations with various probe are especially needed for FGF 3,7,10, and 22, 

as those FGFs might have redundant signaling capacity (Satou et al., 2002; 

Pauley et al., 2003).

The expression pattern and intensity of FGF10 in situ hybridization 

suggests that FGF10 plays a major role in canal crista development, 

development of the greater epithelial ridge, as well as development of the 

sensory neurons. The function of FGF10 in primary sensory neurons might be 

difficult to assess owing to the alleged presence of FGF1 and 2 in sensory 

neurons (Hossain and Morest, 2000). Despite the paucity of topological 

expression data concerning redundancy of FGFs that could signal like FGF10, 

little redundancy seems to exist in the crista organs, in particular the posterior 

crista. Most importantly, FGF3 expression is concentrated in the anterior pole of 

the otocyst, likely overlapping with the anterior expression domain of FGF10 

around E10. Thus, FGF3 could provide redundant signaling with FGF10 in the 

anterior part of the otocyst during initial formation of the otocyst, but not in the 

posterior part as it is not expressed there.

FGF10 and morphogenesis of the ear.

FGF10 binds with high affinity to FGFR2b and with lesser affinity to other 

FGF receptors (Ryugo et al., 2005). Null mutations of FGF10 appear to mimic 

null mutants of FGFR2b (Ohuchi et al., 2005). Of the receptor null mutations 

thus far analyzed for the ear (FGFR1, FGFR2b, FGFR3) only FGFR2b shows
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major morphogenetic defects (Pirvola et al., 2000) whereas FGFR1 and FGFR3 

show only histological defects (Colvin et al., 1996; Pirvola et al., 2002). 

Consistent with the affinity of FGF10 for FGFR2b and the morphogenetic defects 

of FGFR2b, FGF10 null mutants show morphogenetic defects as well. However, 

the FGF10 null ear is much further developed than the FGFR2b null mutant ear 

(Fig. 8). This suggests that other ligands also signal through FGFR2b and may 

thus partially compensate for FGF10 loss. Clearly, FGF3 expression in the 

anterior aspect of the otocyst (Wright and Mansour, 2003) could compensate for 

the absence of FGF10 in this area. However, no expression of FGF3 is to be 

expected in the posterior canal. In the absence of other known FGFs expressed 

in this area, we suggest that absence of FGF10 causes dismorphogenesis of the 

posterior canal system via lack of signals through FGFR2b. This does not imply 

that all effects of FGF10 are only mediated through FGFR2b as certain features 

in the receptor mutant and the ligand mutant are mutually exclusive and suggest 

that FGF10 signals through at least one other FGF receptor or FGFR2 isoform 

(Fig. 8).

FGFs are known to interact with BMPs (Adamska et al., 2001; Revest et 

al., 2001; Horner et al., 2002) and BMP signaling interference results in 

dismorphogenesis of the semicircular canals (Gerlach et al., 2000; Chang et al., 

2004). Moreover, in nervous tissue FGFs antagonize the antineural function of 

BMPs (Diez del Corral and Storey, 2001; Scully and Rosenfeld, 2002). Thus, in 

the absence of FGF10, no proneural signal for the formation of posterior canal 

hair cells might be established, resulting in lack of posterior crista formation as
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well as reduction of the anterior and horizontal crista. Further studies are 

required to show if and how much expression of BMP-4 or BMP-4 signaling is 

affected and how this relates to the number of remaining hair cells in FGF10 null 

mutant mice. Likewise, future studies need to evaluate how the reduction or 

absence of cristae affects canal formation as the latter may depend on organized 

formation of a crista. In Otx1 null mutants no organized horizontal crista 

(Fritzsch et al., 2001a) or horizontal canal forms (Cantos et al., 2000).

FGF10 and histogenesis of the sensory epithelia.

Given the already established role of FGF receptors in inner ear 

histogenesis (Colvin et al., 1996; Pirvola et al., 2002), it is not surprising to find a 

role for FGF10 in the histogenesis of the remaining vestibular sensory epithelia. 

However, in contrast to previous work which showed effects on the differentiation 

of specific cellular components of the cochlea, FGF10 has a major effect on the 

overall orientation and form of the sensory epithelia. FGF10 null mutant mice 

have smaller anterior cristae. In addition, these cristae appear to be rotated 90 

degrees compared to their wildtype littermates. The differentiation of sensory 

hair cells, known to be mediated by the bHLH gene Mathl (Bermingham et al., 

1999; Fritzsch et al., 2002b) and the Pou domain factor Brn3c (Xiang et al., 

1998; Xiang et al., 2003) is largely unaffected in FGF10 null mutant mice. 

However, many vestibular hair cells had more or less severe alterations in their 

sensory cilia in the remaining canal cristae (Figs. 5, 6) whereas cochlear hair 

cells were normal, including their apical specializations (Fig. 6).
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In addition, the cruciate eminence, a prominent non-sensory structure of 

the anterior and posterior crista (Fig. 5) is apparently absent or transformed in 

FGF10 null mice. The absence or presence of the cruciate eminence requires 

further elucidation using GATA3 as a molecular marker for the cruciate 

eminence (Karis et al., 2001).

Apparently, even the initial formation of the posterior canal crista is 

completely abrogated in FGF10 null mutants, whereas the formation of hair cell 

and supporting cells is reduced in the anterior and horizontal crista. How FGF10 

interacts with the molecular processes that regulate hair cell and supporting cell 

formation (Zine et al., 2001; Pirvola et al., 2002) to downsize the numbers of hair 

cells and supporting cells remains unknown. Data on FGFR1 suggest that this 

may come about by regulating precursor proliferation (Pirvola et al., 2002). Such 

ideas are consistent with the overall stunted growth of FGF10 null mutant ears 

(Figs. 3, 7). Detailed analysis of cell proliferation and cell death is needed to 

further specify the FGF10 effects.

The interesting expression pattern of FGF10 in the developing greater 

epithelial ridge (GER) of the cochlea is not related to any recognizable 

phenotype in the FGF10 null mutant embryos. These data are consistent with 

recent findings on the expression of FGFRIb null mice, a major binding partner 

in the cochlea. These mice live to adult life and show no hearing deficits. This 

suggests that the FGF10/FGFR1b interaction is not sufficient to generate a 

cochlear phenotype. What function the strong and highly patterned expression
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of FGF10 plays in the GER awaits further analysis using conditional mutants of 

the FGF10, comparable to a recent study on FGFRIb (Pirvola et al., 2002).

FGF10 and neurogenesis of the ear.

FGF10 and other FGFs are expressed in the delaminating sensory 

neurons and thus could play a role in their differentiation. In addition, the early 

expression of FGF10 in the area of the ear from which sensory neurons 

delaminate (Fritzsch et al., 2002b) could possibly influence formation of sensory 

neurons as much as hair cell/supporting cell clones. In contrast to this possible 

outcome, FGF10 null mutant mice seem to form rather normal complements of 

sensory neurons. However, two points require further discussion: the reduced 

innervation of the anterior and horizontal canal and the rapid loss of innervation 

to the posterior canal.

Clearly, the initial formation of sensory neurons to the posterior canal 

shows hardly any overt reduction and fairly normal targeting (Figs 7A, B). 

However, within only two days all afferent fibers to the posterior canal are lost 

(Fig. 7, 8). These data suggest that formation of the posterior crista afferents 

and their initial targeting is fully independent of the posterior crista. However, 

consistent with losses of fibers to the posterior crista in neurotrophin and 

neurotrophin receptor mutant mice (Fritzsch et al., 1995; Bianchi et al., 1996), 

there is loss of these fibers over a similar period in the FGF10 null mutant mice. 

We propose that this loss in FGF10 null mutants occurs for reasons similar to the 

losses in BDNF or trkB null mutants: lack of trophic support resulting from the 

lack of formation of the posterior crista. Further analysis with specific markers
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for the forming posterior crista such as BMP4 (Morsli et al., 1998; Fekete and 

Wu, 2002) and BDNF (Farinas et al., 2001) are needed to detail these 

suggestions.

In contrast to the effect of Otx1 on the horizontal canal, where only canal 

formation is affected (Cantos et al., 2000; Fritzsch et al., 2001a), FGF10 appears 

to affect both canal morphogenesis and formation of the posterior crista. Further 

information on gene(s) that regulate formation of sensory neurons is needed to 

understand the differences between both model systems of canal 

dismorphogenesis.

The effects of loss of FGF10 on the pattern of anterior and horizontal 

crista innervation is more complex. First, from the onset there is an apparent 

reduction of sensory fibers growing toward these cristae (Fig. 7), suggesting that 

in those endorgans formation of hair cell clones and sensory neurons may be 

linked (Ma et al., 2000; Fekete and Wu, 2002). Such a link was recently 

proposed for all but the posterior canal crista (Fritzsch et al., 2002b). Moreover, 

the initial pattern of innervation is retained for these sensory epithelia, suggesting 

that there is a target mediated phase of sensory neuron loss. A quantitative 

evaluation of sensory neurons projecting fibers to the remaining canal cristae is 

needed to support or refute this idea.

Comparison of FGF10 with that of FGFR2b and FGFRIb mutants

Recent data (Ryugo et al., 2005) have demonstrated a high affinity of 

FGF10 for the FGFR2b receptor isoform. FGF10 also binds with high affinity to 

FGFRIb (Pirvola et al., 2002). Others have shown that FGF10 null mutants
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affect organ development in a manner similar to an FGFR2b null mutation 

(Ohuchi et al., 2005). Neither the FGFRIb null mutant nor the FGF10 null 

mutant show major morphogenetic or histogenetic defects in the cochlea, an 

area of high co-expression. These data suggest that other FGFs and FGFRs 

can compensate for this specific ligand/receptor pair in the cochlea. More data 

on expression patterns of other FGF ligands and receptors are needed to firmly 

establish these suggestions and, if such expression is shown to exist, double null 

mutants will be needed to show effects. In addition, transgenic expression of 

suggested redundant FGF(s) under FGF10 promoter control is needed to verify 

the signal redundancy as recently shown for inner ear neurotrophins (Coppola et 

al., 2001; Farinas et al., 2001).

Summary and conclusion:

As expected, based on previous null mutations of FGFs or FGFRs, 

FGF10 plays a major role in ear morphogenesis, ear histogenesis and, probably 

indirectly, in sensory neuron survival. It is possible that the differential effects of 

FGF10 null mutation in various sensory organs is related to partial overlap with 

the presence of other FGFs, thus providing in some, but not all endorgans, signal 

redundancy to counteract the antineural activity of BMPs. It is also likely that the 

dismorphogenesis of the canals is related to variations in BMP mediated 

signaling owing to the absence of FGF10.
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Chapter 3

Foxgl is required for morphogenesis and histogenesis of the
mammalian inner ear.

Developmental Dynamics, Submitted.

Sarah Pauley, Bernd Fritzsch

The aims of this paper were to characterize the expression of Foxgl in the 

developing inner ear and describe the morphogenic and histogenic defects in the 

Foxgl null mouse inner ear.
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Abstract
Foxgl, a member of the forkhead gene family, is involved in patterning, 

morphogenesis, cell fate determination, and proliferation By binding to factors 

such as Groucho, Hes, and Runx, Fox proteins regulate transcription of 

numerous genes, including bHLH genes. Several Fox genes (Foxi1, Foxgl) are 

expressed in the developing otocyst of both zebrafish and mammals and play 

variable roles. Here we demonstrate that Foxgl is expressed in most, but not 

all, cell types of the inner ear of the adult mouse. We show that Foxgl mutants 

have both morphological and histological defects in the inner ear. These mice 

have a shortened cochlea with multiple rows of hair cells and supporting cells. 

Additionally, these mice demonstrate striking abnormalities in cochlear and 

vestibular innervation including loss of all crista neurons and numerous fibers 

that over-shoot the organ of Corti. Closer examination shows that some anterior 

crista fibers exist in late embryos. Tracing these fibers shows that they do not 

project to the brain, but to the cochlea instead, establishing an ‘interepithelial 

connection’. Finally, these mice completely lack a horizontal crista, although a 

horizontal canal forms, but comes off the anterior ampulla. Anterior and 

posterior cristae, ampullae and canals are reduced to varying degrees, 

particularly when compounded with FgflO heterozygote. Compounding FgflO 

heterozygotic effects suggest an interaction between FgflO and Foxgl during 

inner ear development, possibly mediated through BMP regulation. We show 

that sensory epithelia formation and canal development are linked in the anterior 

and posterior canal systems. Although much of the Foxgl phenotype can be 

explained by the participation of the protein binding domain in the
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delta/notch/hes signaling cascade, there are additional consequences from the 

loss of the DNA binding domain whose molecular interactions are still unknown.
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Introduction

The mammalian forkhead family contains 43 genes and belongs to the 

larger family of 100 known forkhead genes in animals (Solomon et al., 2003b) 

that form 17 sub-families, 10 of which are conserved across phyla (Lee and 

Frasch, 2004). The forkhead family members are also known as winged helix 

domain proteins, based on the structural motif of the approximately 100 amino 

acid monomeric DNA binding domain of the founding members: Drosophila 

forkhead and hepatocyte nuclear factor 3a (Tao and Lai, 1992). Forkhead genes 

play pivotal roles in organogenesis, including patterning and morphogenesis, but 

are also crucial for adult homeostasis through their involvement in processes 

such as regulation of proliferation and cell fate specification (Solomon et al., 

2003b). In addition, several forkhead genes are implicated in carcinogenesis 

through gene amplification, retroviral integration and chromosomal translocation 

(Katoh and Katoh, 2004). A number of forkhead genes have been identified in 

the ear, notably Foxi and Foxg genes (Hatini et al., 1999: Ohyama and Groves, 

2004) and Foxp2 appears important for auditory system and language 

development (Vargha-Khadem et al., 2005) .

Work in zebrafish and mice has shown that all three Foxi genes are 

expressed in the otic placode (Solomon et al., 2003a; Ohyama and Groves, 

2004). Foxi1 is essential for otocyst formation in zebrafish, apparently through 

the regulation of Pax2 and Pax8 expression (Hans et al., 2004). However, the 

mutated mammalian Foxi1 gene results in almost normal ear development 

(Hulander et al., 1998). Postnatal Foxi 1 null mice develop endolymphatic
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hydrops due to deregulation of the chloride / iodide transporter gene, pendriir, 

and pendrin mutations are known to cause deafness in humans (Hulander et al., 

1998; Hulander et al., 2003a).

Foxgl (previously known as Bf-1) is also expressed in the otic placode 

and its expression has been analyzed up to embryonic day 12.5 using the LacZ 

reporter (Hatini et al., 1999). A successful Cre expressing line, using the Foxgl 

promoter, has been generated (Hebert and McConnell, 2000) and has been 

effectively used to analyze conditional ear mutations (Pirvola et al., 2002; 

Kiernan et al., 2006). Foxgl is also found in the developing zebrafish ear 

(Toresson et al., 1998) and therefore does seem to be conserved in its 

expression in vertebrates. The role of Foxgl in eye and forebrain development 

has been thoroughly analyzed (Hanashima et al., 2002; Vyas et al., 2003; 

Martynoga et al., 2005). In the eye, Foxgl and Foxdl (Bf2) are essential for the 

projection of retinal ganglion cells (Herrera et al., 2004; Pratt et al., 2004) 

whereas other Fox genes (Foxn4) play essential roles in regulating the 

expression of bHLH genes associated with specific neuronal cell fate acquisition 

(Iwahori et al., 2004).

Data generated in the forebrain of Foxgl null mice have revealed major 

aspects of the molecular machinery directed by Foxgl to regulate cell cycles and 

initiate differentiation. Foxgl mutation in mice reduces the multiple neuronal 

types of the forebrain to a single cell type, the Cajal-Retzius cells, which are 

normally the first cell type to differentiate in the forebrain (Hanashima et al.,

2002). Reduction of size and cellular diversity in the forebrain of Foxgl null mice
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comes about through reduced progenitor cell proliferation due to premature 

lengthening of the cell cycle (Martynoga et al., 2005). This early cell cycle 

lengthening causes a reduction in the progenitor pool and, combined with 

premature differentiation, truncates the progenitors' proliferative capacity 

(Hanashima et al., 2002; Vyas et al., 2003), thus producing a much smaller 

forebrain containing only one type of neuron.

In this paper we use Foxgl heterozygotic mice with the LacZ reporter 

substituted in the reading frame of Foxgl to completely analyze the expression 

of Foxgl beyond the previously reported early embryonic stages in the mouse 

inner ear (Hatini et al., 1999). Such data are essential to provide a rational basis 

for the full interpretation of data from conditional Foxg1-Cre lines (Hebert and 

McConnell, 2000; Ferguson et al., 2002; Pirvola et al., 2002; Kiernan et al.,

2006) not only in embryonic but also in adult tissue. We analyze the 

morphogenetic defects on both cochlear and vestibular outgrowth in Foxgl null 

mice. Lastly, in agreement with the apparently conserved molecular interaction 

with suppressors of hair cell differentiation such as Fles signaling that is known to 

have major effects on sensory epithelia and hair cell patterning (Zine et al., 2001; 

Daudet and Lewis, 2005), we investigate the formation of sensory epithelia, hair 

cells and sensory neurons in Foxgl null mice.

We show here that Foxgl null mutants have both morphogenetic and 

histogenetic ear defects. Foxgl mutant mice i) have a shortened cochlea that 

has excessive rows of hair cells, ii) have a vestibular system that shows a 

reduction of or loss of canal cristae accompanied by a reduction in size or loss of
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canal formation, and iii) show aberration in cochlear and vestibular innervation 

including lack of any innervation that connects the canal cristae to the brain.
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Results

Foxgl is differentially expressed in most but not all inner ear sensory 

neurons and sensory epithelial cells.

Foxgl expression data exist for the forebrain and eye of both Foxgl-LacZ 

heterozygotic mice and the Foxgl-Cre mediated LacZ expression in Rosa 26 

mice (Hatini et al., 1994; Hatini et al., 1999; Hebert and McConnell, 2000; 

Herrera et al., 2004; Martynoga et al., 2005). In contrast, only limited embryonic 

data, up to embryonic day 12.5 (E12.5), and no adult data are available for the 

ear (Hatini et al., 1999). Using the LacZ reporter system we describe the 

extensive expression of Foxgl, not only in the embryonic ear, but also in the 

adult ear, suggesting that, in addition to its role in development, this transcription 

factor may have a function in adult homeostasis, comparable to recent 

suggestions for adult expression of Atohl (Matei et al., 2005a). In situ 

hybridization for Foxgl at embryonic days 12.5 and 18.5 showed a similar 

expression pattern to the LacZ data but with much lower intensity.

Our LacZ data suggest a widespread and profound expression of Foxgl 

in all sensory neurons of the ear: both spiral and vestibular ganglion neurons 

(Fig. 1, E and I). In contrast to the strong expression in the sensory neurons, 

expression in hair cells is much less profound (Fig. 1, F and H). Only occasional 

hair cells of the cristae organs are positive and the distribution in the utricle and 

saccule is patchy. Interestingly, in the utricle, the distribution of Foxgl in hair 

cells is such that abneuronal hair cells are negative whereas neuronal hair cells 

are positive. Sections suggest that the lack of expression may coincide with
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changes in hair cell polarity in the striola (Fig. 1, G). In the cochlea, inner hair 

cells are positive whereas outer hair cells show only very faint lacZ positivity. In 

contrast to this limited label in hair cells, virtually all supporting cells of all 

sensory epithelia are positive. Thus, the sensory epithelia of the canal cristae, 

utricle and saccule show a sharp delineation against the unstained non-sensory 

epithelia (Fig. 1), in particular against the unlabeled dark cells of the cristae (Fig. 

1, B). Some labeled cells are found outside the vestibular sensory epithelia such 

as the endolymphatic duct and parts of the canals. Cellular labeling in the 

cochlea extends beyond the cells of the organ of Corti (Deiters, pillar, border 

cells) and shows expression in all cells of the cochlear duct, except for the cells 

of the stria vascularis (Fig. 1, D and F).

In summary our adult expression data suggest that Foxgl is differentially 

expressed in sensory and non-sensory cells of the ear, but is variably expressed 

in all sensory neurons.
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Fig 1. Adult Foxgl Expression Analysis using LacZ. (A) the adult inner ear stained using ß- 
galactosidase reaction to show Foxgl expression. Strong Foxgl expression is seen in the spiral 
ganglion (SPGI), superior and inferior vestibular ganglion (SVG, IVG), organ of corti (OC), saccule 
(S), utricle (U) and canal cristae (AC, HC, PC). Lighter Foxgl expression is seen in the canals, 
particularly near the ampullae of the cristae. Expression in the canals is strongest at the inner and 
outer curvatures. In the utricle, an expression gradient can be seen from stronger to weaker 
expression in the neuronal to abneuronal portions, respectively. There is a faint gradient in the 
organ of Corti (OC) with the base being less stained than the apex. (B) The horizontal crista 
sensory epithelium has been outlined to show that the Foxgl expression is limited to the 
supporting cells of the sensory epithelia. (C) An over view of the cochlea shows very intense 
expression in the spiral ganglion (SPGI), the inner spiral limbus (SPSI), the organ of corti except 
for the cell-free tunnel of Corti (TC). (D,E) Radial sections through the cochlea show intense 
staining in the Reissner’s membrane (RM), spiral limbus (SL), and inner spiral sulcus (below 
tectorial membrane; TM). The inner hair cells (IHC) are strongly labeled; where as outer hair cells 
(OHC) are faintly labeled. All supporting cells are labeled, including border cells (BC), inner (IP) 
and outer pillar (OP) cells, Deiters cells (DC), and Hensen cells (HC). The outer spiral sulcus, or 
Claudius cells are strongly labeled, but the stria vascularis (SV) is strikingly devoid of staining, as 
is the otic mesenchyme such as the basal membrane (BM). (F) The vestibular ganglion shows 
Foxgl staining in all neurons, but the intensity of staining is variable. (G) The utricle of the adult 
shows staining in some hair cells and all supporting cells on the neuronal side, with a rapid 
decrease of expression on the abneuronal side (A, G). (A, C, D, H) All spiral ganglion neurons 
(SPGI) demonstrate Foxgl expression to varying degrees. Bar indicates 100 pm in A-D, F-H and 
10 pm in E.
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Foxgl is expressed in all neurosensory precursors

The expression pattern of Foxgl in the early mouse embryo has been 

described in detail and Foxgl is expressed in the developing otic placode (Hatini 

et al., 1999) and at E10.5, the entire otocyst shows Foxgl expression (Hebert 

and McConnell, 2000). We have followed Foxgl expression through ear 

development from E11.5 through E18.5. By E11.5, the Foxgl expression, as 

shown by LacZ, was strong in the entire presumptive cochlea, vestibular end 

organs and all sensory neurons (Fig. 2, A). Additionally, strong expression was 

seen in the endolymphatic duct and at the base of the developing canals. By 

E12.5, Foxgl expression remained virtually unchanged, except that the 

expression in the developing canals was reduced (Fig. 2, B). The developing 

horizontal canal showed no Foxgl expression. Therefore, the horizontal crista is 

identifiable as a profoundly labeled patch against a pale background (Fig. 2, B 

and C).

By E13.5, Foxgl expression clearly labeled the developing cochlea, 

saccule, utricle, all three canal cristae, and the sensory neurons. The non- 

sensory structures of the endolymphatic duct and anterior and posterior canals 

also showed some expression (Fig. 2, C). By E18.5, LacZ staining was strong in 

all sensory patches of the ear and in the spiral and vestibular ganglion neurons. 

In contrast to E13.5, the vestibular sensory epithelia showed reduced staining in 

particular in the abneuronal half of the utricle (Fig. 3, A). A low level of staining 

was also seen in the canals where it is reduced to a set of cells along the most 

medial aspect next to the fused canal plates.
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Fig 2. Morphogenesis of the Foxgl null inner ear Foxgl in heterozygotic 
animals (A,C, E) is expressed in the entire presumptive cochlea, the vestibular 
ganglia (IVG, SVG), the spiral ganglion (SPGI), the geniculate ganglia (GG), 
developing utricle (U), saccule (S), and all canal cristae. Weaker expression is in 
the developing anterior and posterior canals (but not the horizontal canal), and in 
the endolymphatic duct (ED). In the Foxgl null (B,D,F), the expression pattern is 
basically the same as in the wild type at E11.5. Whereas the size of the cochlea 
and ganglia appear to be normal, there is reduced antero-posterior extension of 
the canal plates and the posterior plates that would normally fuse to form the 
posterior canal (E), remains un-fused (F). The cochlea shows a delay in 
spiraling (D). Additionally, the mutant shows LacZ expression in the horizontal 
canal, whereas there is no Foxgl expression in the horizontal canal of the Foxgl 
heterozygotic wild type. Most interesting, the Foxgl heterozygotic animals show 
a distinct horizontal crista sensory patch (C,E) that is completely absent in Foxgl 
null mice (D,F). Note the overall more extensive reaction in Foxgl null mice that 
appears to be related to the double expression of LacZ under Foxgl promoter 
control. Bar indicates 100 pm in all images, anterior is to the left, dorsal is up.
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Foxgl mutants lack a horizontal crista and have a posterior canal 

morphogenetic phenotype

The initial Foxgl phenotype is a somewhat smaller otic vesicle at E10.5. 

At E11.5, the Foxgl mutant inner ear was clearly distinguishable from that of its 

wild-type littermate. The mutant inner ear was roughly half the width of the wild- 

type at this stage (Fig. 2, D). It appeared that the area of the cochlea and 

sensory neurons is approximately the same as that of the wild-type and that the 

size difference was a result of severe reduction in the developing canals. The 

difference in size of the canal area was more obvious in E12.5 and E13.5 Foxgl 

null mice compared to heterozygotic littermates (Fig. 2). In addition to the 

obviously smaller radial curvature of the canals, the canals showed a more 

intense labeling; perhaps due to a higher LacZ copy number, so that there was 

no distinction between the canal cristae and the canals as seen in the 

heterozygotic littermates. In heterozygotic animals the central part of the canal 

plates fuses with a separation of the common crus as previously described 

(Morsli et al., 1998; Chang et al., 2004). Similar fusion was seen in the anterior 

canal plates of the Foxgl null mice. However, the posterior canal showed 

extensive expression throughout the fusion plate at E12.5 with limited fusion 

appearing around E13.5 (Fig. 2, E and F).

In contrast to Foxgl expression only in the horizontal canal crista of 

heterozygotic animals, the mutants showed a profound expression of Foxgl 

throughout the entire forming horizontal canal at E12.5 -E13.5 (Fig. 2, E and F). 

However there was no obvious enlargement of a horizontal canal ampulla and no
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distinct staining indicative of a horizontal canal crista was identifiable. Aside 

from a single case in which an epithelial thickening with no identifiable hair cells 

was observed near the base of the horizontal canal, E18.5 Foxgl null mice 

showed no indication of a distinct horizontal crista or ampulla. In contrast, a 

horizontal canal was always present, emanating from the anterior canal ampulla 

(Fig. 3). These data suggest that Foxgl null mice have a morphogenetic defect 

in the posterior canal formation and lack formation of the horizontal crista and 

ampulla entirely. How this loss of the horizontal ampulla relates to the mis- 

expression of Foxgl-LacZ in the horizontal canal of the Foxgl null mutant 

remains to be determined.

The Foxgl  morphogenetic phenotype is enhanced in compound FgflO 

heterozygotes.

Previous work has shown that FgflO null mice entirely lack formation of 

canals and show reduced canal epithelia with a complete lack of the posterior 

crista and no obvious phenotype in the cochlea (Pauley et al., 2003; Ohuchi et 

al., 2005). The phenotypic similarity in the vestibular region gave us reason to 

suspect an interaction between FgflO and Foxgl. We therefore crossed the 

Foxgl mutant mice with the FgflO mutant mice. So far, we have not obtained 

any mice null for both Foxgl and FgflO. However, the mice null for Foxgl and 

heterozygotic for FgflO showed a variable aggravation of the Foxgl phenotype 

of the posterior canal at E18.5. Both Foxgl simple nulls as well as compound 

mutants showed a wide range of almost normal posterior canal formation to near

107



complete loss. In the most extreme case, found only in the Foxgl null/ Fgf10 

het, there was no posterior canal at all nor could we detect any canal crista. In 

most cases the size of the posterior canal was reduced and in many cases we 

found incomplete separation of the posterior canal from the common crus (Fig. 3, 

C and D).

The size variation of the posterior canal was always accompanied by a 

reduction of the posterior canal crista (Fig. 3, F and G). Indeed, in the two ears 

in which we found no evidence of a posterior canal there was also no evidence 

of a posterior canal crista, indicating that posterior canal formation correlates 

with the formation of a crista. Consistent with this assertion is the less severe 

reduction of the anterior canal and anterior crista in all compound mutants. In 

contrast to vertical canals, neither simple Foxgl null nor compound Foxgl null 

and Fgf 10 heterozygotic animals had any signs of a differentiated horizontal 

canal crista but always had a horizontal canal (Fig. 3, B, C and D). Therefore, 

the formation of a horizontal canal does not show a correlation with the 

horizontal crista formation. However, since an anterior crista always forms and 

since the horizontal canal always emerges from the anterior ampulla in Foxgl 

null mice, it is possible that the anterior crista can somehow influence formation 

of both the anterior and the horizontal canal.
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C ochlea - Cochle.

Fig 3. Morphological defects of the Foxgl null at E18.5. Foxgl heterozygotic (or wild-type) 
animals have fully developed three canals and the common crus (D and H) and show Foxgl 
expression in all cristae, utricle, saccule and cochlea, much like the adult pattern of expression. In 
contrast, Foxgl mutants in particular on an FgflO heterozygotic background have a reduced (C) or no 
posterior crista or posterior canal (A, not reacted for LacZ). All Foxgl mutants lack a horizontal crista, 
but do have a horizontal canal (B-D). All Foxgl mutants have a shortened, wide cochlea (A-C) with a 
reduced spiral ganglion (SPGI in B) that does not spiral along the cochlea. The anterior crista of Foxgl 
mutants is somewhat smaller than that of the wild type and is asymmetrical around the cruciate 
eminence (E, F, and H). Note the absence of a horizontal crista in Foxgl mutants (F, H) and that the 
horizontal canal branches off the same ampulla as the anterior crista. The posterior crista of Foxgl null 
mice is much smaller compared to the posterior crista of the wild type (F-l). Additionally, there is no 
sign of a cruciate eminence. Note that the utricle shows less intense staining near the striola region (D, 
H) and that the canal cristae have extensive staining in both hair cells and supporting cells (E, G, I). 
Bar indicates 100pm in A-D, F, H and 50 pm in E, G, I.
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Foxgl  null mice have a shortened cochlea with multiple rows of hair cells.

In contrast to the early appearance of a vestibular phenotype, the 

developing cochlea of Foxgl mutants showed only a minor size reduction at 

E13.5. However, closer examination of the Foxgl null mutant cochlea at E18.5 

showed a much shortened cochlea that formed at most one turn and typically 

was coma shaped (Fig. 4, B; 5,A). In contrast, the cochlea of the Foxgl 

heterozygotic animals had almost two turns. Accompanying this reduced growth 

of the cochlea was a reduced formation of the spiral ganglion. Although this 

ganglion extended along the entire cochlea in the wild type and Foxgl 

heterozygotes (Fig. 1, D), it was reduced in size and showed an extension of no 

more than 2/3 the length of the short cochlea in the mutant. In extreme cases it 

formed only a small ganglion near the middle of the shortened cochlea. These 

data suggest a morphogenetic effect as well as an effect on neurogenesis and/or 

survival of sensory neurons. Since the shortened cochlea could display 

alteration in hair cell organization as previously reported for the shortened 

cochlea of Neurogl null mice (Ma et al., 2000; Matei et al., 2005a) we next 

examined the organization of hair cells using the hair ceil markers MYOVI 

immunocytochemistry and Atohl in situ hybridization (Fig. 4, A, B, D and E).

Foxgl null mutants showed severe disorganization of cochlear hair cells 

(Fig. 4; 5). Near the basal and in particular in the middle turn, the cochlea 

sometimes showed a normal organization of three rows of outer hair cells and 

one row of inner hair cells. In the apex, however, both Atohl in situ hybridization 

and MyoVI immunocytochemistry showed multiple rows of what appeared to be



both inner and outer hair cells with no clear organization into discrete longitudinal 

rows (Fig. 4, D and E). We next investigated these hair cells in thin radial 

sections through ß-galactosidase reacted cochlea. These sections showed a 

well organized organ of Corti which displayed, however, a surplus of hair cells 

and supporting cells (Fig. 4, C and F). Even in well oriented radial sections we 

identified up to 14 rows of strongly Foxgl positive outer hair cells and up to four 

rows of more disperse and more weakly labeled presumptive inner hair cells. 

Allocation of these cells was facilitated by the location of the spiral artery, a 

landmark that normally highlights the tunnel of Corti between inner and outer hair 

cells. Lack of cytological differentiation of supporting cells precluded any further 

identification as pillar, border or Deiter's cells without assistance of further 

molecular markers. However, the lateral aspect of the organ of Corti showed the 

usual one to two rows of intensely labeled Henson cells followed by a single row 

of Claudius cells. The greater epithelial ridge showed a marked reduction in 

labeling in the area that will differentiate into the spiral limbus (Fig. 4, F).

Using scanning electron microscopy, we examined the organ of corti (Fig. 

5). The shortened cochlea with only a % turn had hair cells with complete 

differentiation of the apical specializations, or hair bundles (Fig. 5). Organization 

of the rows of hair cells and their polarity, however, was disrupted. In the base 

(Fig. 5, C), four continuous rows of outer hair cells and one row of inner hair cells 

were easily distinguished. Polarity in the base appeared normal. In the middle 

(Fig.5, D) and apex (Fig.5, B) there were progressively more, discontinuous, 

rows of hair cells and distinguishing between inner and outer hair cells became



increasingly difficult. Additionally, the polarity of the hair cells, particularly in the 

apex, was disrupted. The disruption was most profound in outermost outer hair 

cells which were approximately oriented along the longitudinal axis of the 

cochlea. The number of differentiated hair cells was estimated by counting the 

apical specializations seen in the SEM images. Based on this count, the number 

of differentiated hair cells in the Foxgl is less than 40% of the wild-type cochlea. 

In summary, Foxgl null mice had a shortened cochlea with multiple rows of fully 

differentiated but somewhat disorganized hair cells with the severity of the 

phenotype increasing nearer to the apex. The shortened Foxgl cochlea with the 

multiple rows of hair cells closely resembles that of a monotreme (Ladhams and 

Pickles, 1996).



A  E18.5 Wild-Type 
MyoVI Immuno

IHCs

OHCs

Fig 4. Multiple rows of hair cells form in the apex of the Foxgl mutant at 
E18.5.
MyoVI immunostaining, a marker for hair cells, shows three rows of outer hair 
cells (OHCs) and one row of inner hair cells (IHCs) along the length of the 
cochlea in the wild type cochlea at E18.5 (A). In contrast, MyoVI immunostaining 
shows multiple rows of outer and inner hair cells near the apex in Foxgl null 
mice (D). Likewise, in situ hybridization for A toh l, a marker for differentiating hair 
cells in the Foxgl null cochlea shows that the organ of Corti widens to multiple 
rows of hair cells near the apex (B, E).
The dotted line represents the approximate location of the near radial epoxy 
sections of a lacZ-reacted Foxgl mutant cochlea shown in F. Up to 15 rows of 
poorly differentiated hair cells can be identified, partially segregated in outer and 
inner hair cells (IHCs, OHCs). The spiral artery (SPA) is visible running below 
the organ of Corti. This artery normally runs below the tunnel of Corti and can be 
used as a land mark to differentiate between inner and outer hair cells and pillar 
cells (C). In the Foxgl null, this land mark is of little use as we are unable to 
distinguish any of the supporting cells (SCs) as pillar cells and there appears to 
be no tunnel of Corti. Nevertheless, both Reissner’s membrane (RM) and 
Claudius cells (CC) were prominently stained. One or two rows of Hensen's cells 
(HC) capped the lateral edge of the organ of Corti. The greater epithelial ridge 
(GER) showed less reaction whereas the spiral ganglion cells (SPGL) were ß- 
galactosidase positive (F). Bar indicates 100 pm in A, B, D, E and 10 pm in C, F.
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Fig 5. Multiple rows of hair cells revealed by scanning electron microscopy.
At E18.5 in the Foxgl null, the cochlea shows almost one full turn (A). Hair cells 
throughout the cochlea show mature apical specializations including a kinocilium 
and stereocilia (B-D). At the base (C) the organization of the hair cells is fairly 
normal. There is an additional row of outer hair cells (OHC) for a total of four 
distinct rows, and the normal, single row of inner hair cells (IHC). Additionally, 
the polarity of the hair cells is normal as illustrated by the arrows pointing in the 
direction of the kinocilium. In the middle of this shortened cochlea (D) we see 
many more disorganized rows of hair cells and it becomes difficult to differentiate 
between inner and outer hair cells. Further, the polarity of the hair cells, 
although generally correct, is less consistent. At the apex (B) even more and 
more disorganized rows of hair cells are seen. The polarity of hair cells is most 
profoundly disoriented in the outermost row of hair cells (top) where most cells 
are oriented in parallel to the long axis of the cochlea. Bar indicates 100 urn in A 
and 10um in B-D.
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The innervation of the Foxgl mutant ear is severely disrupted

Our past research has demonstrated that the injection of lipophilic tracers 

into the brain is a reliable technique to label the developing sensory neuron 

projection to the ear (Fritzsch et al,, 2004b; Fritzsch et al., 2005a). Using this 

approach we were unable to label any fibers to the posterior or anterior canal 

crista at any time in Foxgl null mouse embryos. Studying the earlier embryos 

confirmed that sensory neuron projection to the ear was severely compromised 

and never reached any of the canal cristae. In contrast, the utricle and saccule 

were well innervated after dye application to the brain (Fig. 6, B and C). The 

cochlea showed variable reduction of innervation. In extreme cases we labeled 

only a few fibers. However, in most of our preparations we had numerous fibers 

labeled throughout the cochlea which demonstrated an almost normal 

innervation to the basal and middle turns. Closer examination showed a dense 

innervation of the single row of inner hair cells near the base. However, in 

contrast to the formation of three discrete rows of fibers to outer hair cells, outer 

hair cells of Foxgl null mice showed a disorganized and over-abundant density 

of fibers with occasional fibers overshooting the third row of outer hair cells (Fig.

6, E and F). No distinction between inner and outer hair cell innervation was 

apparent in the apex which also showed numerous fibers that extended even 

beyond the multiple rows of hair cells, reaching the Claudius cells of the outer 

spiral sulcus. However, the overshooting fibers did not enter the organ of Corti. 

Instead, they passed the habenula perforate and extended between the cells 

lining the scala tympani. Together these data suggest that Foxgl is essential for



the development of canal cristae innervating sensory neurons and critical for 

neuronal path-finding in the cochlea.

Tubulin staining also showed delayed onset and disorganized projection

We wanted to verify the absence of fibers to the anterior crista as well as 

the extensive overshooting of fibers to the cochlea using independent 

techniques. We could not label any fiber with this otherwise powerful technique 

to the anterior crista of E12.5 Foxgl null mice (Fig. 7, A). Interestingly, Foxgl 

null mice, but not wild type littermates, showed some early fibers extending 

toward the basal turn of the cochlea. Overall, these data suggest a severe delay 

and reduction of fiber growth to the ear at this early stage, with complete loss of 

canal crista fibers, but a premature development of some fibers to the cochlea.

All three E18.5 Foxgl ears stained for nerve fibers with tubulin antibodies 

showed innervation to the cochlea, the saccule, the utricle and the anterior crista 

(Fig. 7, E). In addition to these fibers to the crista, we obtained an even more 

extensive projection of fibers beyond the cochlea then what we could label with 

dye diffusion from the brain. As noted after dye injections into the brainstem, the 

fibers projecting beyond the organ of Corti actually ran below the organ of Corti 

and the basilar membrane to extend out to the forming outer spiral limbus (Fig. 

7, F).

116



Fig 6. Innervation defects at E18.5
Injection of lipophilic tracers into the brain reliably labels fibers to all six sensory 
epithelia of the ear (insert in A). In the wild type there is innervation to the 
anterior and horizontal cristae and utricle (A) and the cochlea (B). In contrast, in 
Foxgl null mutants there is no fiber labeled to the remaining two canal cristae, 
the anterior (B, C) and posterior crista (B, insert in C). In contrast, the utricle, 
saccule, and cochlea are well innervated after carbocyanide dye injection into 
the brainstem. The wild type cochlea (D) shows three rows of outer and one row 
of inner hair cell densely innervated with no fibers projecting beyond the organ of 
corti. In contrast, innervation of the apical tip of the cochlea in Foxgl null 
mutants shows the multiple rows of hair cells outlined by the fibers numerous 
fibers extending beyond the multiple rows of hair cells, forming loops in the outer 
spiral sulcus. Innervation of the middle turn of the Foxgl mutant is more clearly 
organized and shows prominent labeling of inner hair cells but poorly organized 
innervation to outer hair cells and is not organized into discrete rows of fibers 
(compare D and F). Bars indicate 100 pm.
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Fig 7. Early Development of Innervation using tracers and acetylated 
tubulin staining.
Wild type mice have profound innervation to all vestibular sensory epithelia such 
as utricle, saccule and posterior crista as early as E12.5 (D), but show no 
innervation to the cochlea after cerebellar injections. In contrast, Foxgl mutant 
littermates show only a sparse innervation to the utricle and saccule, no fibers at 
all to the canal cristae but some fibers to the base of the cochlea (A). 
Interestingly, labeling nerve fibers with tubulin shows, in Foxgl mutant at E18.5, 
innervation to the utricle and the anterior crista (C, E). The innervation overlaps 
with MyoVI positive hair cells (compare B and E). Note that these are fibers we 
were able to stain using tubulin, but were unable to label using dyes injected into 
the brainstem. This implies that theses fibers from the anterior crista do not 
project into the CNS and thus remain unlabeled with lipophilic tracers. Tubulin 
staining of the cochlea, compared to the previous observations, shows a more 
profound extension of fibers beyond the organ of Corti than lipophilic tracers do. 
Nevertheless, there is a more profound innervation of the organ of Corti that also 
shows segregation into more densely innervated inner hair cell rows and less 
densely innervated outer hair cell rows (F). Bar indicates 100 pm.
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Foxgl  null ears have sensory neurons that do not project to the brain.

Our immunocytochemical labeling consistently revealed some fibers to the 

anterior canal crista in E18.5 Foxgl null mice, but no such fibers could be 

stained in younger embryos (Fig. 7, C). Such a temporal pattern of fiber 

expansion to the anterior canal crista is consistent with a delayed expansion and 

rerouting of vestibular fibers recently described in mutants null for the 

neurotrophin Bdnf and carrying a transgene that expresses Bdnf under Ntf3 

promoter control (Tessarollo et al., 2004). In these mutants we could show that 

some neurons projected to both the cochlea and the posterior crista and 

terminated in the brain in the vestibular nuclei.

We therefore investigated the nerve fiber’s unusual behavior to the 

anterior crista in Foxgl null mice by injecting dye into a given sensory epithelium 

within the ear and studying the projection to other sensory epithelia as 

previously described (Tessarollo et al., 2004). Much to our surprise, by injecting 

dye into the cochlea, we labeled a massive projection to the anterior crista that 

was very similar to the projections seen with tubulin immunocytochemistry (Figs.

7, C and Fig. 8, B and C). Injections of lipophilic tracers into the anterior crista 

revealed fibers projecting to the cochlea. Careful examination of the vestibular 

ganglion showed that fibers passed directly adjacent to the facial nerve between 

the modiolus and the anterior vestibular nerve foramen These fibers seem to 

originate from neurons in both the superior and inferior vestibular ganglion (Fig.
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In summary, sensory neuron projections show numerous aberrations, 

including absence of fibers that connect the anterior canal crista to the brain, the 

only crista with nearly normal morphology. However, this crista receives at least 

some innervation of fibers that seem to emanate from neurons projecting to the 

cochlea. The massive effect on sensory neuron projection is consistent with the 

profound expression of Foxgl in those neurons. The existence of ‘interepithelial’ 

neurons can be compared to those of the forebrain of the Foxgl null, in which 

neurons differentiate that do not project into other areas of the brain. It is 

conceivable that the lack of some sensory neuron and hair cell formation such as 

the horizontal crista neurosensory system might reflect a truncation of 

neurosensory precursors and their ability to differentiate as sensory neurons and 

hair cells. Instead, they may lack this capacity and turn into simple otocyst 

epithelium, the basic cell of the forming otocyst. Essentially what we propose is 

that Foxgl has a proneuronal capacity and may play a role in the epithelial 

neuronal transition in combination with other factors such as Fgf10.
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Fig. 8 Dye injections reveals connections between sensory epithelia in 
Foxgl  null mice. The differences between dye tracing after central injections 
and tubulin fiber labeling implies that some sensory neurons projecting to the 
anterior crista do not project to the brain. To directly test this hypothesis we 
injected different colored lipophilic dyes into the cochlea and anterior canal 
crista. In wild type mice, such injections reliably label central projections, 
discrete populations of sensory neurons; but only some efferent fiber branches 
to other sensory epithelia (E). In contrast, dye injections into the cochlea of the 
Foxgl mutant showed not only fibers projecting to the brain but also labeled 
sensory neurons in the vestibular ganglia (IVG, SVG) as well as fibers entering 
the vestibular nerve to the anterior crista and utricle. These fibers could be 
traced to utricle and anterior cristae (B, C, and F). Injection of dye into the 
anterior crista with some labeling of the utricle (D) labeled again vestibular 
neurons in both vestibular ganglia and fibers to the cochlea, including numerous 
fibers that extend beyond the organ of Corti (D, F). These data suggest that 
absence of Foxgl alters the path finding properties of canal sensory neurons, 
restricting their projection to the ear with no branches toward the brain. Bar 
indicates 100 pm.
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Discussion

Our data show that Foxgl is required for proper histogenesis of the inner 

ear including formation and size determination of sensory patches, organization 

of hair cells, and formation and guidance of sensory neurons. Foxgl is also 

required for proper morphogenesis of both the vestibular and the auditory 

system. We will discuss the likely molecular mechanisms that give rise to the 

histogenetic effects and describe the interrelationship between histogenesis and 

morphogenesis.

Fewer hair cells form and entire sensory epithelia are missing in the 

Foxgl null

Other than monotreme mammals (Ladhams and Pickles, 1996), extra 

rows of hair cells are known only for mutations or manipulations that affect the 

delta/notch/hes signaling pathway (Zine et al,, 2001; Kiernan et al., 2005), the 

proneuronal bHLH gene Neurogeninl (Ma et al., 2000; Matei et al., 2005a), the 

PCP pathway for convergent extension of the cochlea hair cells (Fritzsch et al., 

2005a), or in Foxgl null mutants (Fig. 5). Near loss and/or gain of entire 

sensory epithelia is only found in mutants that affect the Fgf signaling pathway 

(Pauley et al., 2003; Ohuchi et al., 2005), the bHLH signaling pathway (Matei et 

al., 2005a) and the delta/notch signaling pathway (Daudet and Lewis, 2005; 

Brooker et al., 2006; Kiernan et al., 2006). These similarities in phenotype 

suggest the possibility for interactions of these pathways at various possible 

levels (Zhong and Sternberg, 2006) with an interaction of Foxgl with the 

Notch/Hes/Neurog1 pathway being the most likely.
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Recent work has shown that stem cells require Hes expression for 

continued proliferation (Kageyama et al., 2005) and coordinated clonal 

expansion; and generation of neurons requires differential regulation of multiple 

Hes and bHLH genes in proliferating progenitors (Matter-Sadzinski et al., 2005). 

In fact, the forebrain of the Hes1 null mice demonstrates premature 

differentiation of progenitor cells and a reduction of the progenitor cell population 

(Ishibashi et al., 1995); much like the phenotype seen in the Foxgl null. Existing 

data suggest that delta/notch signaling primarily regulates the expression of 

Hes1 and Hes5 via interaction of the activated notch fragment with RBP-J 

(Kuroda et al., 1999; Beres et al., 2006). HES homodimers appear to combine 

with GROUCHO, RUNX (Kageyama et al., 2005) and possibly FOXG1 (Yao et 

al., 2001) to form an inhibitory complex that binds to the promoter region of 

activator bHLH genes. Deficiency of any one of these factors would mimic, in 

part, the phenotype of Hes1 and Hes5 null mutants and of other impairments in 

the delta/notch signaling system (Zine et al., 2001; Brooker et al., 2006; Kiernan 

et al., 2006). Overall, these similarities suggest that all of these molecules may 

interact in a single signaling pathway. However, the complexity of the Foxgl 

mutants may be explained in part by the fact that this model only addresses the 

actions of the protein binding domain, whereas the DNA binding domain has 

additional, as yet uncharacterized functions.

Neurogeninl interacts with the HES proteins and competes for E-proteins 

to form heterodimers which regulate gene expression via E-box activation 

(Kageyama et al., 2005; Matter-Sadzinski et al., 2005). In the Neurogl null, the
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basal turn of the cochlea demonstrates the normal number of hair cells, but in 

the middle turn and apex, multiple rows of both inner and outer hair cells are 

seen with up to 2 rows of outers and 4 rows of inners (Ma et al., 2000; Matei et 

al., 2005a). As in the Foxgl null, the phenotype is progressively more severe 

toward the apex. It has been shown that Neurogl null (Matei et al., 2005a), 

Delta null (Kiernan et al., 2005) and Foxgl null (Martynoga et al., 2005) all affect 

cell cycle exit and onset of differentiation. It is therefore possible that the 

similarities in phenotype in these ear mutants all relate to alteration of cell fate 

and cell cycle length. We are currently testing whether Neurogl null compounds 

the effects of Foxgl by breeding compound double mutants for Foxgl and 

Neurogl.

Hair cell polarity is altered in the Foxgl  null

Among the various mutants that generate multiple rows of cochlear hair 

cells, only few have additional effects on hair cell polarity. The mildest 

phenotype both with respect to additional rows, shortening of cochlear length 

and disorientation is found in Neurogl null mice (Ma et al., 2000). Our data 

show a more severe phenotype in shortening the cochlea, generating more rows 

of hair cells, and disorienting hair cell polarity in Foxgl null mice (Fig. 5). The 

most severe phenotype with respect to shortening the cochlea, increasing the 

number of hair cell rows and disorganizing the polarity of hair cells occurs in 

planar cell polarity (POP) gene mutations (Fritzsch et al., 2005a). Common to all 

three mutations is the more profound effect in the apex and outer rows of outer 

hair cells. It is thus likely that all three signaling pathways interact. Exactly how
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accelerated cell cycle exit in Neurogl (Fritzsch et al., 2005a) and possibly in 

Foxgl (Martynoga et al., 2005) ties into the regulation of PCP regulating genes 

(Fritzsch et al., 1998; Fritzsch et al., 2005a) remains unclear.

Neuronal formation and guidance is disrupted in the Foxgl null

Recent work has seen dramatic progress in the molecular understanding 

of fiber guidance within the ear (Fritzsch et al., 2005a; Fritzsch et al., 2005c) and 

it has been shown that neurotrophin misexpression can disorient fibers to reach 

the cochlea instead of vestibular epithelia (Tessarollo et al., 2004) or expand to 

epithelia devoid of endogenous innervation (Fritzsch et al., 2005c).

We suggest that the presence of some fibers to the anterior canal in later 

embryos represents an expansion of utricular fibers and that canal cristae fibers 

are entirely missing in Foxgl null mice. The complete absence of any fibers in 

early Foxgl embryos and the presence of such fibers in later stages supports the 

notion that this is a secondary expansion. Such suggestions are in line with 

findings in various neurotrophin mutant mice which also have vestibular fiber 

rerouting into the cochlea as we show here for Foxgl null mice (Fritzsch et al., 

2005c).

The unusual phenotype of sensory neurons projecting to other sensory 

epithelia but apparently not to the brain suggests that Foxgl affects not only the 

generation of sensory neurons but also their differentiation and pathfinding. 

Given the apparent involvement of Foxgl in the bHLH signal regulation pathway 

(Yao et al., 2001), it is conceivable that Neurodl signals, known to affect the
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pattern of innervation via Pou4f1 alteration (Huang et al., 2001; Kim et al., 2001), 

might be affected in Foxgl null mice.

In summary, our data show that Foxgl affects multiple levels of ear 

histogenesis. It is possible that most of these effects are directly linked to the 

emerging role of Foxgl to interact with proteins involved in the delta/notch/hes 

signaling pathway and cell cycle. If so, all other defects described here should 

be also investigated in mutants of these other genes in which such effects have 

not been analyzed.

Morphogenesis and histogenesis are coupled

Canal morphogenesis can be disrupted by a number of factors (Chang et 

al., 2004). We propose that Fgf10 acts as a central node in canal 

morphogenesis and that crista size, and thereby the amount of Fgf 10 

expression, determines canal growth. Recently, genes known to affect ear 

growth and morphogenesis have been found to have Fgf10 promoter binding 

sites. Among those genes are Gata3, a gene that affects ear morphogenesis 

(Karis et al., 2001), and several genes known to affect canal formation such as 

HoxA1, HoxB1, Dlx and Nkx genes (Chang et al., 2004; Ohuchi et al., 2005). 

Further support for the idea that Fgf10 is a central node of canal morphogenesis 

is the absence of all canal formation in Fgf10 null mice (Pauley et al., 2003; 

Ohuchi et al., 2005). It is therefore possible that most of the described defects 

of the above mentioned genes can be attributed to deregulation of Fgf10 

expression. Another category of genes appears to act downstream of Fgf10 and 

determines the fusion of the canal plate (Salminen et al., 2000) or the diameter
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of the canals (Cowan et al., 2000); and other genes known to affect canal 

formation seem to act in parallel to this general morphogenesis module. Most 

importantly, loss of crista formation in Jaggedl null mice results in partial loss of 

canal formation (Brooker et al., 2006; Kiernan et al., 2006)

We have expanded the model proposed based on BMP signaling (Chang 

et al., 2004) and suggest that the level of FGF10 signaling from the cristae 

directs the growth of the associated canal, consistent with the absence of canal 

formation of Fgf10 null mice (Pauley et al., 2003; Ohuchi et al., 2005). In the 

Fgf10 null, there is some ‘rescue’ of the anterior canal. This is likely mediated by 

Fgf3, which is expressed in the anterior portion of the developing otocyst (Fig. 9). 

This Fgf3 expression may be too far away from the posterior crista to rescue its 

crista and canal development.

Foxgl, Fgf10 and Jaggedl null mice lack or have reduced canal cristae 

formation and all have canal formation deficits. The correlation between size of 

the vertical canal epithelia and morphogenesis of the associated canal suggests 

that loss of a vertical canal epithelium relates to loss of the appropriate canal. 

This was previously proposed for the Fgf10 null mice (Pauley et al., 2003; 

Ohuchi et al., 2005), but has remained a conjecture due to the absence of a 

reliable marker for the posterior crista. Given that Foxgl is expressed in the 

canal epithelia early on, absence of expression in the area of the posterior crista, 

combined with presence of expression in other sensory epithelia such as the 

anterior canal crista and utricle, leads us to conclude that indeed the canal 

cristae for the posterior canal is missing in the most extreme phenotype of Foxgl
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null mice combined with Fgf10 heterozygote. Fgf10 in the late embryo is 

localized primarily in the supporting cells, and no canal defects occur in the 

Atohl null (which lacks differentiated hair cells). Therefore, the sensory epithelia 

primordia / supporting cells, but not the hair cells, are critical for canal 

development (Pauley et al., 2003; Wright and Mansour, 2003; Matei et al., 

2005b). Although a direct effect of Foxgl mutation on Fgf10 expression might 

be expected, the expression pattern of Fgf10, determined using in situ 

hybridization (Pauley et al., 2003), in the presumptive posterior crista of the 

Foxgl mutant is normal (data not shown). We therefore assume a simple 

additive effect: the loss of Foxgl leads to smaller sensory epithelia -  producing 

less Fgf 10 and this effect is compounded by reduced copy number from the 

Fgf10 heterozygote.

In summary, our data show that Foxgl is at least one factor that 

cooperates with Fgf10 to determine size of sensory epithelia and thereby the 

signal needed to interact with BMPs for proper canal growth (Chang et al., 2004). 

However, these assessments hold true only for the vertical canal system. The 

horizontal canal system has some capacity to form independently of a horizontal 

crista, as demonstrated by the Foxgl null mouse in which the horizontal canal 

forms but the horizontal canal crista is lacking. Combining Foxgl with Jaggedl 

null mice should help further to clarify the complex interactions emerging in the 

detta/notch/heslb\r\\.M signaling system in the ear (Matei et al., 2005a; Brooker et 

al., 2006).
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A Wild-Type

FGF10

B Foxgl Null

FGF1

C Foxgl Null / Fgf10 Het

FGF10

D Fgf 10 Null

E Foxgl Null/ Fgf 10 Null (Predicted)

F Fgf3 Null / Fgf 10 Null

, Skin \  Skin

0 - 0
Micro Micro I

Vesicle Vesicle *

Fig. 9 Size of the sensory epithelia 
precursor determines size of the 
developing canal. (A)Fgf10 and perhaps 
Fgf3 regulate growth of the canal plates in the 
wild-type ear. These signals are critical as 
early as E11.5. (B) In the Foxgl null, no 
horizontal crista forms. The horizontal canal 
likely relies on signals from the anterior crista. 
(C) Reduction in the size of the posterior crista 
leads to smaller posterior canals in the 
Foxgl null / Fgf10 heterozygote. In extreme 
cases, no posterior crista or canal forms. 
Note: in no case did we obtain a posterior 
canal without a posterior crista. (D) Lack of 
Fgf10 expression in the Fgf10 null leads to 
complete lack of posterior crista and canal. 
Partial formation of the anterior and horizontal 
cristae may be due to Fgf3 expression in the 
anterior part of the otocyst. (E) Predicted 
Fgf10 / Foxgl double null phenotype: one 
crista -  the anterior crista -  and no canals, a 
short, wide cochlea with multiple rows of hair 
cells. (F) The Fgf10/Fgf3 double nulls have 
no ear -  only an occasional micro vesicle. 
This model allows us to predict the extent of 
canal formation based on size of the 
presumptive sensory epithelia.
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Materials and Methods
Care and Handling of Mice

Mice (Mus musculus) are commonly used in research due to their rapid 

reproductive rate, ease of care, and high homology to humans. In this project, 

the out bred strain, CF1 mice were used as needed to increase colony numbers 

and provide wild-type data, due to their docile nature, lack of pigment and high 

fecundity.

Temporary identification of mice was done with a marking pen applied at 

the base of the tail. For long-term, permanent marking, ear punching or tattooing 

was used. Additionally, each cage containing mice was labeled with the strain, 

gender, age / birth date, source, and animal numbers.

Mice reach sexual maturity at 40 to 60 days, depending on strain, season, 

growth rate, litter size, and nutrition level. Female mice are polyestrous and 

come into estrus every four or five days and within 24 hours after parturition. 

Females in estrus can be identified by redness and swelling around the vaginal 

opening that lasts approximately 24 hours. The gestation period for mice 

averages 20 to 21 days. Newborn mice are pink, and hairless. Their eyelids are 

closed and their external ears are not yet fully developed. Mice are weaned 

around 21 days.

Timed pregnancies were set up to generate embryos at certain ages. To 

set up timed pregnancies, females in estrus were placed together in a cage. 

One male was added around 5 pm. At 9 am the male was removed and female 

mice were checked for a sperm plug. Each female was also weighed. Pregnant
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mice will gain about 1 to 2 grams by 11 or 12 days. For female mice that have 

never had a litter, evidence of pregnancy (weight gain) can be seen around 

embryonic day 9 or 10 (E9 or E10). By E13 to E14, the developing embryos can 

be palpated in the flanks of the mother mouse. Embryonic age is determined by 

counting noon of the day on which the sperm-plug is found as embryonic day 0.5 

(E0.5).

Fixation and Perfusion

On the day the embryos reached the desired age, the female mouse was 

euthanized by cervical dislocation. The uterine horns containing the embryos 

were carefully removed and immediately placed in a petri dish containing cold 

PBS. Embryos were freed from the uterine horns by gently tearing a small hole 

in each sack. Embryos were placed in 4% PFA and stored at 4°. Embryos used 

for in-situ hybridization were dehydrated using increasing solutions of methanol 

starting at 25%, going to 50%, 75% and finishing with 100% methanol. They 

could then be stored in 100% methanol at -20° indefinitely.

Perfusion of the blood vessels was required in older animals (E14 to 

adult). To prepare for perfusion, about 100mL 4% PFA is prepared and a 

system is set up to pump PFA through a 21 gauge needle. Anesthetic was 

injected into the peritoneal cavity, avoiding any organs. Generally, pentobarbital 

was used as the anesthetic at 50mg/kg (approximately 0.02ml). Depth of 

anesthesia was determined by eye-touch reflex. Once reflexes were lost, the 

feet were pinned to a dissection tray. Skin was cut from the belly area to the 

base of the neck then cuts were made along the sides and top of the rib cage,.



The left ventricle of the heart was pierced with the 21 gauge needle and a hole 

was torn in the right atrium by pinching with forceps. PFA was then pumped 

through the vascular system. Purfused tissue was placed in 4%PFA and stored 

at room temperature. All procedures were approved by the Creighton IACUC 

committee.

Genotyping

The DNA collection followed protocol in the DNA Isolation Kit -  Animal 

Tissue Protocol from Puregene. An intraperitoneal injection of Avertin 

(tribromoethanol in tert-amyl alcohol) was used to anesthetize the mice. The 

working concentration of Avertin (tribromoethanol in PBS with the help of some 

tert amyl alcohol) is 0.027 gm/ml. About 0.02 ml/gm IP (0.4 ml for a 20 gm 

mouse) was used. This recipe is from Jackson Labs, Bar Harbor, ME. Once the 

mouse is fully anesthetized, 1cm was cut from the end of tail and placed in cell 

lysis solution. Animals were marked using ear punches or tattoos.

The DNA was collected and cleaned as follows: Tissue was collected in 

600ul of cell lysis solution. 6|il of 10mg/ml proteinase K was added to each tube 

, mixed well and incubated overnight at 55°. 3jil RNase A solution (4mg/ml and 

>80U/mg) was added and incubated at 37° for 30 minutes. While the DNA was 

incubating, we labeled a second set of 1.5ml tubes and added 600|il 100% 

Isopropanol to each tube. The samples were cooled to room temperature and 

200j.il protein precipitation solution was added. Samples were vortexed for 20 

seconds then centrifuged at 13,000 to 16,000 RCF for 3 minutes. For embryonic 

tissue, a cooled centrifuge provided for better protein precipitation. The
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supernatant containing the DNA was poured into isopropanol-containing tubes 

and inverted 50 times. The sample was centrifuged for 1 min at 14,000 rpm, and 

the supernatant was poured off. The sample was washed with 70% ethanol and 

centrifuged for another minute at 14,000 rpm. The ethanol was poured out and 

the samples were allowed to in the hood for -15  minutes. 500|jl DNA Hydration 

Solution (TE) was added. The sample was allowed to rehydrate overnight at 

room temperature, then was stored at 4°.

For the PCR reaction, we used 1,25jal (a final primer concentration of 

0.4pmoles is desired) of each primer, 9|al of water, 12.5pl RediTaq and 1(il DNA 

template.

The following setup was used for PCR:

94 deg for 10 minutes,

/ 94 deg for 1min, 55 deg for 2 min, 72 deg for 3:00, / Repeat 35 

times,

72 deg for 7 minutes,

4 deg hold.

The PCR product was analyzed using gel electrophoresis.

Probe Preparation

Approximately 10r|g of the probe-containing plasmid DNA was 

transformed into SEC chemically competent cells following the procedure 

outlined by GibcoBRL Form No. 18057 (steps 5 and 12, for determining 

transformation efficiency, were skipped). After expression, the cells were spun 

at 2000 rpms for 8-10 minutes, and then resuspend in 100ul SOC. This 100jil
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solution of cells was grown on the agar plates (with 10-50 ng/rnL kanamycin or 

100 |ig/mL Ampicillin, 50 jil X-gal and 1mM IPTG can be added for blue/white 

selection and increased cell growth respectively) overnight at 37C. One white 

colony for each probe was chosen and grown overnight in LB containing 

Kanamycin (25 (ig/ml) or Ampicillin (50 (Lig/ml). The blue colonies (on X-gal 

plates) have an untransformed vector, which still produces LacZ that reacts with 

the X-gal to form a blue precipitate.

Maxi preparations were performed using Qiagen's Maxi Prep protocol in 

which cells are grown, concentrated, and lysed. For the maxi preps, one colony 

of cells is selected from the plate using a pipette tip or toothpick and placed in LB 

broth with the appropriate antibiotic. The working concentration for Ampicillin is 

100jjg/ml and for Kanamycin is 50[ig/ml. The culture is then grown overnight at 

37° and 225 rpms. The plasmid DNA is collected in a gravity-drained column, 

eluted in TE, and precipitated with Ethanol. Clean plasmid DNA is then 

resuspended in 200jil TE.

Ten (jg of the plasmid was then digested with 30 - 50 units of enzyme (a 

restriction enzyme specific for the location of the probe insert in the plasmid is 

used) and corresponding buffer in a 100 jil reaction. The restriction enzyme was 

removed from the solution by doing a phenol / chloroform extraction (phenol 

/chloroform step done twice to ensure clean DNA) and ethanol precipitation 

(described below). Resulting cut plasmid DNA was resuspended in 100^1 10mM 

Tris (pH8.0-8.3). One (.il of the plasmid was run on a 1.2% agarose gel to check 

purity and concentration.
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The digoxigenin (DIG) transcription reaction was run using 1|jg plasmid 

DNA in a total of 14|il water, 2jal 10X Transcription Buffer, 2)liI 10X Labeling Mix, 

1|il RNase Inhibitor, and 1 jul RNA Polymerase for a 20)al total volume reaction. 

The solution was mixed gently and incubated at 37° for one hour. One |il of 

tRNA (10|ig/(il), 1 îl of RNase Inhibitor and TE to 10Ojal was added. Probe was 

divided into 10|il aliquots and stored at -20°.

In-Situ Hybridization

This technique is a four-day process that allows for the binding of a 

synthesized, digoxigenin-labeled riboprobe that is complementary to the mRNA 

of the gene of interest, to bind to the mRNA in the tissue. An alkaline 

phosphatase-containing antibody to the digoxigenin (DIG) is then bound to the 

DIG-labeled probe. BM Purple, which contains a substrate for alkaline 

phosphatase, is then added. The reaction produces a blue precipitate that 

indicates the location of gene expression in the tissue. Below is the complete 

protocol for in-situ hybridization. Tissue was prepared as described above.

Embryos were rehydrated through graded methanol series of 75% 

methanol for 5 minutes, 50% methanol for 5 minutes, and 25% methanol for 5 

minutes, and RNase-free PBS for 15 minutes or until embryos sink. Any 

necessary dissection was done at this point or before the initial dehydration. For 

embryos at day 9 and 10 the brain region was opened. Embryos older than 10 

days were cut transversely below the level of the front limbs, and then sliced 

through the mid-sagital plane. Any brain tissue covering the inner ear was 

removed, or the entire otocyst was removed from older embryos. Adult ears
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required dissection to the level of the membranous labyrinth and cochlear duct 

for adequate penetration.

Tissue was placed in a 2ml eppendorf tube (RNase, DNase free micro 

centrifuge tube). The embryos were washed in phosphate buffered saline three 

times for five minutes. All washes were done on an inverter mixer.

Tissue was digested with a final concentration of 10|ig/ml of proteinase K 

in PBS at room temperature. The best proteinase K digestion time depends on 

the age of the embryo; the following list gives an estimate for digestion times: 

E8.5 for 6 minutes, E9.5 for 10 minutes, E10.5 for 13 minutes, E11.5 for 15 

minutes, E12.5 for 17 minutes, E14.5 for 20 minutes, E16.5 for 30 minutes. This 

digestion is a critical step and digestion times are important. Under-digestion will 

result in incomplete probe penetration and therefore a misleading signal gradient 

in the tissue, while over-digestion will result in a loss of structural integrity of the 

tissue. The tissue was washed four times in 4C PBS; the first wash was for 1 

minute and the remaining three washes for 5 minutes each. Wash solution was 

discarded and replaced with 1.8 ml of pre-hybridization mix and allowed to to 

incubate at 60° in a rotating hybridization oven for at least 1 hour. As one hour 

approached, 200jal per sample of sheared salmon sperm DNA (ssDNA, Ambion 

cat# 9680) was denatured at 90° for 10 minutes then place on ice until ready to 

use. After at least 1 hour of prehybridization, 200f.il of denatured ssDNA, and 

100rig riboprobe were added to each sample. Tissue was hybridized overnight 

at 60°.
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After hybridizing for 12 to 16 hours, hybridization mix was removed and 

replaced with 2.0 ml 2X SSC (SSC = 150mM NaCI, 15mM sodium citrate, pH 

7.4). Tissue was washed three times for 10 minutes each at 60°C; then washed 

twice with 2X SSC for 30 minutes each at 70°C, inverting occasionally. These 

washes at 70° kill any endogenous alkaline phosphotase, significantly reducing 

background.

For the RNase digestion, the SSC was replaced with 2.0 ml RNase A 

Buffer (0.01 M Tris, 0.5M NaCI) and washed for 5 minutes at room temperature. 

The buffer was replaced with 1.98 ml RNase A Buffer and 2.0jul RNase A 

Enzyme 5mg/ml, 83IU/mg). RNA was digested for 60 minutes at 37°; followed 

by four washes of 1X wash buffer (Boehringer Mannheim) or TBST (TBST = 8g 

NaCI, 0.2g KCl, 25ml 1M TrisHCI, 1ml Tween-20 in one liter of water). The first 

two washes were for 10 minutes at room temperature, the second two washes 

were for 30 minutes at 70°C.

The tissue was then incubated in 2.0ml block buffer (Boehringer 

Mannheim block buffer and maleic acid) on inverter for 1 hour at room 

temperature. During this incubation, 2.0ml of block buffer per sample and was 

prepared with Anti-digoxigenin antibody (Boehringer Mannheim) at a ratio of 

1:2000 (1f.il/sample). This mixture was inverted two or three times and set at 4° 

until use. After 1 hour, the block buffer was discarded and replaced with 2.0ml of 

the above block buffer and antibody mix. Tissue was incubated overnight on an 

inverter.
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100% embed 812 for a minimum of 1 hour, then placed in 100% embed 812 in 

flat embedding molds to polymerize overnight at 60°.

After polymerization, samples were thick-sectioned on an ultramicrotome 

to produce 2|im thick sections for light microscopy. Sections were stained with 

toluidine blue stain then thin sectioned at 70-100 nm for the electron microscope. 

Samples were placed on copper mesh grids and heavy-metal stained using 

uranyl acetate and lead citrate; and viewed and photographed on a Philips CM- 

10 Transmission Electron Microscope.

Scanning Electron Microscopy

The procedure for SEM was the same as that for TEM through the 

propylene oxide step. The samples were then dried using critical point drying 

with liquid carbon dioxide. Samples were mounted on aluminum stubs and 

sputter coated with gold palladium. Samples were viewed and photographed on 

a Hitachi Scanning Electron Microscope.

Lipophilic dye tracing

Older embryos were perfusion fixed in 4% paraformaldehyde. Dil strips 

were created by soaking filter strips in Dil dissolved in dimethylformamide. The 

strips were then air dried and cut into appropriate sizes. Dil soaked filter strips 

were inserted into the hindbrain to label afferent and efferent fibers to the ear or 

in the ear to analyze connections between sensory epithelia of that (Fritzsch et 

al., 2005a). The samples were incubated for 1 to 3 days at 37°. Dissected ears 

were mounted flat in glycerol and imaged using a Zeiss LSM 510 confocal
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microscope. Image stacks were obtained and collapsed to render single plane 

equivalents of the stack using highest pixel intensity algorithms. 

Immunocytochemistry

We labeled hair cells using MYO VI antibodies and nerve fibers using 

acetylated tubulin antibodies as previously described (Matei et al., 2005a). 

Antibodies for MYO VI were purchased from Proteus BioSciences (Ramona, CA) 

and antibodies for acetylated tubulin were purchased from Sigma. Dilutions of 

primary antibodies were 1:2000 and 1:600, respectively. Secondary antibodies 

were conjugated to either Alex 543 or Alexa 648. Whole mounted, dissected ear 

epithelia were viewed using a Zeiss LSM 510 confocal microscope. Images 

were processed into plates using CorelDraw.

Before running the antibody reaction, tissue was defatted through a series 

of alcohol washes: 50% Methanol for 5-10 minutes, 100% Methanol for 10-20 

minutes, Xylene for 5 minutes, Xylene for 10 -  20 minutes, 100% methanol for 

10-20 minutes and PBS for 10-20 minutes.

The tubulin reaction was begun by blocking the tissue in 5% normal 

serum in PBS for 30-60 minutes minimum, with shaking. Goat serum is 

commonly used. The primary antibody solution was prepared using 5% normal 

goat serum, 1% Triton X-100, PBS, and 1:600 Anti-acetylated tubulin. The 

tissue was incubated in primary antibody solution at room temperature for 48-72 

hr. After incubation the tissue was rinsed 2-3 times in PBS over a 60-90 minute 

period or overnight. The secondary antibody was prepared using 5% normal 

serum, 1% Triton X-100, and 1:800 in PBS. Tissue was incubated in secondary
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antibody solution at room temperature for 2-48 hours. After incubation, it was 

rinsed 2-3 times in PBS over a 60-90 minute period. The same protocol was 

used for MyoVI with a dilution of 1:2000 for the primary antibody. 

ß-Galactosidase h istochem istry

Immersion fixed (E9 -E13) or perfused (E18 and older) LacZ hetero or 

homozygotic mice were hemisected (embryos E12.5 or younger) and processed 

for whole mount ß-galactosidase histochemistry as previously described (Fritzsch 

et al., 2005a; Matei et al., 2005a). Fixation time was kept under one hour to 

preserve the B-gal enzyme. In older embryos and adults the ears were partially 

or completely dissected from the temporal bone to provide more complete 

penetration of the reaction solution. Tissue was rinsed in phosphate buffer and 

reacted in the ß-Galactosidase substrate solution which contained: 40(il 0.5M 

K3Fe(CN)6, 40|il 0.5M K4Fe(CN)6, 8^1 1M MgCI2.6H20 , 40|il 1% Na 

Deoxycholate, 40|ul 2% NP-40, and 200|il 20mg/ml X-gal. Tissue was reacted at 

room temperature overnight, on a shaker, in the dark. Reacted ears were either 

whole mounted and viewed or embedded into epoxy resin and sectioned with 

diamond knives at 10)im thickness. Sections and whole mounts were viewed 

with a Nikon Eclipse 800. Images were grabbed using digital cameras and 

imported into CorelDraw for processing into plates.
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Plastic embedding

Tissue to be embedded was rinsed in increasing concentrations of 

ethanol: 50% for 10 min X 2; 75% for 10 min X 2; 95% for 10 min X 2; 100% for 

20 min X 3. Resin was removed from freezer and allowd to warm to room 

temperature inside foil. A solution of 1/3 resin to 2/3 100% ethanol was made 

and used to rinse tissue overnight on a rocker. Repeated on the next day, this 

time rinsing in 2/3 resin to 1/3 ethanol overnight. The used resin syringe was 

discarded and a new tube of resin was allowed to warm to room temperature. 

The sample was placed in resin and swirled until no Schlering lines were seen. 

The sample was soaked in resin for 2 to 3 hours; then moved to fresh resin, and 

placed at the tip of resin mold in the desired position. Samples were placed in 

65 degree oven for about 30 min. The position of the sample was checked and 

returned to the oven for 24 hours. After 24 hours in the oven the sample was 

ready for sectioning.
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