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Series Preface

The Springer Handbook of Auditory Research presents a series of comprehen-
sive and synthetic reviews of the fundamental topics in modern auditory re-
search. The volumes are aimed at all individuals with interests in hearing
research including advanced graduate students, postdoctoral researchers, and
clinical investigators. The volumes are intended to introduce new investigators
to important aspects of hearing science and to help established investigators to
better understand the fundamental theories and data in fields of hearing that they
may not normally follow closely.

Each volume presents a particular topic comprehensively, and each serves as
a synthetic overview and guide to the literature. As such, the chapters present
neither exhaustive data reviews nor original research that has not yet appeared
in peer-reviewed journals. The volumes focus on topics that have developed a
solid data and conceptual foundation rather than on those for which a literature
is only beginning to develop. New research areas will be covered on a timely
basis in the series as they begin to mature.

Each volume in the series consists of a few substantial chapters on a particular
topic. In some cases, the topics will be ones of traditional interest for which
there is a substantial body of data and theory, such as auditory neuroanatomy
(Vol. 1) and neurophysiology (Vol. 2). Other volumes in the series deal with
topics that have begun to mature more recently, such as development, plasticity,
and computational models of neural processing. In many cases, the series ed-
itors are joined by a co-editor having special expertise in the topic of the volume.

RicHARD R. Fay, Chicago, Illinois
ARTHUR N. PopPER, College Park, Maryland



Volume Preface

The last century ended with a renewed interest in the developmental biology of
the mammalian inner ear. This arose as a result of the emergence of molecular
biological techniques that allowed investigators to work with one of the smallest
organs in the mammalian body. These new investigations, many of which are
summarized in this volume, have resulted in a striking increase in the pace of
discovery and remarkable progress in our understanding of the developmental
biology of this organ. Indeed, as a result of the many new discoveries on inner
ear biology, the development of the inner ear has been referred to as one of the
most striking examples of cellular morphogenesis in any biological system.

This volume provides a detailed overview of the development of the inner
ear, particularly as our understanding has increased in the last decade of the
twentieth century and the first five years of the twenty-first. In the first chapter
of this volume, Kelley and Wu provide an overview of these recent discoveries
as well as an overview of the volume. They complete their chapter with sug-
gestions for areas of future research and discovery.

In Chapter 2, Groves concisely describes the classic experiments of the past
century and then provides a critical interpretation of these experiments in light
of the emerging molecular data regarding the same developmental process. In
Chapter 3, Mansour and Schoenwolf describe the ongoing assembly of a series
of genetic cascades, both in surrounding tissues and in the otocyst itself, that
play a role in these crucial developmental events. This chapter also highlights
the power of mouse genetics as a tool for the study of early developmental
events in ear formation.

One of the most striking events that occurs during the initial formation of the
otocyst is the specification and delamination of a group of neuroblasts from its
ventral region. These interactions, as well as stimulating new hypotheses re-
garding the specification of the initial neuroblast population and its relationship
with other cell types in the ear, are described in Chapter 4 by Pauley, Matei,
Beisel, and Fritzsch.

The Notch pathway is a nearly ubiquitously expressed signaling cascade that
is used in multiple developing and mature systems to sort homogeneous pro-
genitor cells into different cell fates (reviewed in Schweisguth 2004). In Chapter

vii



viii Volume Preface

5, Lanford and Kelley examine the role of Notch in the ear in light of expression
and functional data and recent progress in our understanding of the different
cofactors and signaling events that mediate this intriguing signaling pathway.

The final two chapters in this volume examine an exciting emerging field in
inner ear development, the development of the stereociliary bundle located on
all mechanosensory hair cells. In Chapter 6, Bryant, Forge, and Richardson
describe the morphological process of hair cell differentiation, including the
development of the stereociliary bundle, while in Chapter 7, Hertzano and Avra-
ham review insights into the development of the inner ear that have been ob-
tained through the identification of genetic mutations that underlie human
nonsyndromic and syndromic deafness.

Development of the inner ear, particularly at the molecular level, has not
heretofore been considered in this series. However, development of other as-
pects of the auditory system has been of considerable interest in earlier volumes
and these complement the chapters in this volume. Indeed, many chapters in
Volume 15 (Development and Plasticity of the Central Auditory System) consider
development of the auditory portions of the central nervous system as well as
plasticity during development. Similarly, Volume 9 (Development of the Audi-
tory System) has chapters that consider the overall embryology and develop-
ment of the cochlea and central nervous system, including behavioral and func-
tional data.

MARTTHEW W. KELLEY, Bethesda, Maryland
Doris K. Wu, Rockville, Maryland
ARTHUR N. PopPpPER, College Park, Maryland
RicHARD R. Fay, Chicago, Illinois
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Developmental Neurobiology of the
Ear: Current Status and Future
Directions

MATTHEW W. KELLEY AND Doris K. Wu

The close of the twentieth century marked the dawn of a renaissance in inner
ear developmental biology. During the preceding 100 years, the number of
scientists willing to accept the challenges of working with one of the smaller
structures in the body had remained comparatively small. More recently, how-
ever, the emergence of molecular biological techniques, combined with a greater
appreciation of the elegance and importance of the inner ear, has led to an
increase in the number of scientists who actively study inner ear biology and,
more importantly, to a striking increase in the pace of discovery. As a result,
now five years into the new century, it seems appropriate to review the remark-
able progress that has occurred and to discuss the challenges that still await
researchers.

The development of the inner ear has been referred to as one of the most
striking examples of cellular morphogenesis in any biological system (Barald
and Kelley 2004). From a rather humble beginning as a patch of unremarkable
ectodermal cells, the developing ear expands to give rise to a spectrum of spe-
cialized cell types and structures that encompass neural, epithelial, secretory,
and mechanosensory phenotypes. Along the way, different regions and, ulti-
mately, individual cells, become specified to develop as different parts of the
ear through a series of inductive signaling events that require both autocrine and
paracrine functions.

The first step in the formation of the ear is the specification of a region of
ectoderm as the otic placode (reviewed in Riley and Phillips 2003). Classic
embryological studies had examined the role of adjacent tissues in the formation
of this placodes. More recently, however, these tissue interactions have been
reexamined at a molecular level (Ladher et al. 2000; Mackereth et al. 2004). In
Chapter 2 of this volume, Andrew Groves concisely describes the classic ex-
periments of the past century and then provides a critical interpretation of these
experiments in light of the emerging molecular data regarding the same devel-
opmental process. Following its formation, the otic placode invaginates and
ultimately separates from the surface ectoderm to form the spherical otic vesicle
(also called the otocyst) (reviewed in Torres and Giraldez 1998). Moreover, as
soon as it forms, the otocyst is already regionalized into different developmental
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compartments or zones (reviewed in Fekete and Wu 2002). As was the case for
the placode, classic embryological studies had demonstrated an important role
for surrounding tissues, in particular the developing hindbrain and periotic mes-
enchyme, in formation and regionalization of the vesicle (reviewed by Fritzsch
and Beisel 2001; Fekete and Wu 2002; Liu et al. 2003). In Chapter 3, Mansour
and Schoenwolf describe the ongoing assembly of a series of genetic cascades,
both in surrounding tissues as well as the otocyst itself, that play a role in these
crucial developmental events. This chapter also highlights the power of mouse
genetics as a tool for the study of early developmental events in ear formation.
By generating animals that carry compound mutations in multiple genes, re-
searchers have been able to demonstrate the existence of redundant genetic sig-
naling that apparently exists to ensure the formation of a relatively normal ear
even in the presence of disruptions in individual genes (Maroon et al. 2002;
Wright and Mansour 2003). Finally, Chapter 3 also provides an intriguing com-
parison between the formation of the otocyst and the neural tube. Both struc-
tures undergo similar developmental events, including the transition from an
initially flat sheet of cells (neural plate and otic placode) to a closed three-
dimensional structure with a central lumen. As one might guess, there are com-
monalties and differences in the molecular pathways used to achieve similar
morphogenetic goals.

One of the most striking events that occurs during the initial formation of the
otocyst is the specification and delamination of a group of neuroblasts from its
ventral region. Almost as soon as these cells leave, they begin to extend neurites
back into the otocyst as if they are unwilling to separate fully from their old
companions (Carney and Silver 1983; Hemond and Morest 1991a,b). These
cells, and their progeny, will go on to give rise to the neurons of the acousti-
covestibular (VIIIth cranial) nerve that provide afferent innervation for all as-
pects of both the auditory and vestibular regions of the ear. Over the past few
years, significant progress has been made in establishing the cellular events and
molecular cascades that direct these cells from unspecified neuroblasts to mature
neurons forming elaborate and precise connections with mechanosensory hair
cells in the periphery and auditory and vestibular nuclei in the central nervous
system (CNS) (Ma et al. 1998; Liu et al. 2000; Raft et al. 2004). These inter-
actions, as well as stimulating new hypotheses regarding the specification of the
initial neuroblast population and its relationship with other cell types in the ear,
are described by Pauley, Matei, Beisel, and Fritzsch in Chapter 4.

As its morphogenesis continues, a subset of epithelial cells within the otocyst
become specified to develop as the sensory patches that will actually perceive
sound and movement (reviewed in Whitfield et al. 1997). Subsequently, indi-
vidual cells within these patches become specialized to develop as either
mechanosensory hair cells or as surrounding nonsensory cells, which are col-
lectively referred to as supporting cells. Intriguingly, but perhaps not surpris-
ingly considering the limited number of developmental signaling pathways, the
same molecular pathway appears to regulate both types of decisions (Adam et
al. 1998; Haddon et al. 1998; Lanford et al. 1999). The Notch pathway is a
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nearly ubiquitously expressed signaling cascade that is used in multiple devel-
oping and mature systems to sort homogeneous progenitor cells into different
cell fates (reviewed in Schweisguth 2004). In Chapter 5, Lanford and Kelley
examine the role of Notch in the ear in light of expression and functional data
in the ear and recent progress in our understanding of the different cofactors
and signaling events that mediate this intriguing signaling pathway.

The final two chapters in this volume examine an exciting emerging field in
inner ear development, the development of the stereociliary bundle located on
all mechanosensory hair cells. In Chapter 6, Bryant, Forge, and Richardson
describe the morphological process of hair-cell differentiation, including the de-
velopment of the stereociliary bundle, while in Chapter 7, Hertzano and Avra-
ham review insights into the development of the inner ear that have been
obtained through the identification of genetic mutations that underly human non-
syndromic and syndromic deafness. Surprisingly, a number of these mutations
have direct effects on the development of stereociliary bundles. Although the
stereociliary bundle is comprised of modified microvilli that are not dissimilar
from the microvilli located on many developing and mature epithelial cells, the
striking arrangement of these cells into a staircase pattern with a specific plane
of polarization, and the exquisite sensitivity of this structure, suggests that it
may be unique. In fact, as Hertzano and Avraham discuss, the recent explosion
in the identification and understanding of the molecular factors that regulate the
formation of these bundles has its roots in the field of human genetics, and more
specifically in the study of mutations that lead to auditory and/or vestibular
defects (A. Wang et al. 1998; Zheng et al. 2000; Naz et al. 2004). Many of
these genes play a crucial role in the formation of the stereociliary bundle, and
the ongoing studies of their molecular function has led to valuable insights into
the cell biology of bundle development (Belyantseva et al. 2003; Sekerkova et
al. 2004; Rzadzinska et al. 2004). These studies also demonstrate the power of
genetics in developmental biology and highlight the opportunity to learn about
unique cell types or structures through the identification of nonsyndromic ge-
netic mutations in both humans and mice.

Although the chapters in this book strikingly describe the progress that has
occurred in recent years, it is important to consider that many questions remain
unanswered and that there is much work to be done. Perhaps the most glaring
deficits exist in our understanding, or lack of understanding, of the factors that
generate heterogeneity throughout the ear. For instance, while considerable ef-
forts have been devoted to the examination of the factors that specify the sensory
patches, we know relatively little about the level and degree of heterogeneity in
the nonsensory regions of the ear. As an example, the endolymphatic duct and
the semicircular canals are both located in the dorsal region of the inner ear.
Fate mapping studies in chicken show that the endolymphatic duct is derived
from the dorsal region of the otic cup, whereas cells in the three semicircular
canals are derived mostly from the posterolateral region of the otic cup (Bri-
gande et al. 2000). These two regions of the otic cup are molecularly distinct
from each other, suggesting that their fates are restricted early in development
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(W. Wang et al. 1998, 2001; Acampora et al. 1999; Depew et al. 1999), but the
factors that specify either structure are unclear. Similarly, the specification of
the two nonsensory structures in the mammalian cochlea, the stria vascularis
and Reissner’s membrane, are largely unknown.

Similar heterogeneities exist among various sensory patches. Ampullae differ
from saccule or utricle and both clearly differ from auditory epithelia. Recent
results have suggested that the Wnt signaling pathway, and more specifically b-
catenin, may play a role in the determination of vestibular versus auditory sen-
sory patches (Stevens et al. 2003), but this discovery serves as only a potential
tip of the iceberg. Heterogeneities are even found within individual sensory
patches. Vestibular epithelia contain type I and type II hair cells, while auditory
epithelia such as the avian basilar papilla and the mammalian cochlea contain
at least two types of hair cells (tall and short in birds, inner and outer in mam-
mals). Similarly, at least four different types of supporting cells can be identified
in the mammalian cochlea, and it seems likely that similar supporting cell het-
erogeneities exist in other sensory patches.

A second area of uncertainty is the developmental relationship between me-
chanosensory hair cells and the neurons that innervate them. Existing molecular
data suggest that the progenitors for both populations of cells arise from the
same anterior—ventral region of the otocyst (reviewed in Fritzsch and Beisel
2001; Fekete and Wu 2002; Fritzsch et al. 2002), but it is unclear whether any
clonal relationship, such as has been observed for sensory cells and innervating
neurons in invertebrates (Hartenstein and Posakony 1990; Ghysen and Dambly-
Chaudiere 1993; Parks and Muskavitch 1993; Jan and Jan 1995; Zeng et al.
1998), exists between the two cell types. Lineage data in chicken generated
using replication-incompetent retroviruses indicate that common precursors can
give rise to both neurons and hair cells (Satoh and Fekete 2004), but the number
of reported clones is small, and it is unclear whether the neurons and hair cells
that derive from a common precursor actually communicate with one another,
as would be expected by analogy with invertebrates.

This question also highlights a greater need for studies of lineage, fate map-
ping, and cell movement, especially in mammals, in which the relative inacces-
sibility of the inner ear has limited our ability to generate meaningful data about
these important questions. The inner ear undergoes dynamic morphogenesis
during development. Gene expression data alone are insufficient for the full
comprehension of the developmental processes involved in the formation of this
intricate organ. Two recent fate mapping studies in Xenopus laevis (Kil and
Collazo 2001) and chicken (Brigande et al. 2000) have indicated that dynamic
cell movements occur during inner ear development, suggesting that there
is much to be learned from these approaches. Encouragingly, the first cell line-
age studies in a mammalian (mouse) ear have recently been reported using
ultrasound backscatter microscopy techniques (Brigande and Fekete, personal
communication).

As the chapters in this book emphasize, the pace of discovery at the molecular
level has increased dramatically, in particular in terms of our understanding of
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the earliest events in ear development. Ironically, however, the crucial roles for
many of these genes in early ear development have also proven to be a major
impediment to our understanding of the molecular factors that regulate later
developmental events. All biologically developing systems utilize a combination
of a relatively limited number of molecular signaling pathways, but unique con-
textually based responses to those pathways generate diverse heterogeneities at
all levels from the determination of the three basic germ layers through organ-
ogenesis. Therefore, disruption of a single molecular signaling pathway may
have multiple profound effects of different developmental events even within a
single organ, but the first effect of this disruption may negate the analyses of
later effects of this same pathway.

A good example of this is the role of Fgfrl. Complete deletion of Fgfr! leads
to early embryonic lethality prior to inner ear formation (Deng et al. 1994;
Yamaguchi et al. 1994), but a conditional deletion of Fgfrl that is limited to the
inner ear and small number of other structures reveals a specific role for this
gene in the development of the cochlea (Pirvola et al. 2002). The repeated use
of conserved signaling pathways highlights the need for the generation of tissue-
specific mutants and the examination of specific pathways at different devel-
opmental time points.

The importance of the development of these tools is emphasized by multiple
examples of studies that attempted to generate mouse models for human diseases
by simply disrupting genes that were known to cause human syndromic or non-
syndromic deafness, but instead resulted in novel and unexpected consequences.
For instance, mutations in EYAI, PAX2, and PENDRIN have been associated
with branchio-oto-renal, renal coloboma, and Pendred syndromes, respectively,
all of which can cause syndromic forms of human deafness (Abdelhak et al.
1997; Everett et al. 1997; Li et al. 1998; Sanyanusin et al. 1995). The knockout
mouse models for each of these genes, however, show more severe inner ear
defects than observed in human patients (Torres et al. 1996; Xu et al. 1999;
Everett et al. 2001; Burton et al. 2004). Perhaps the most striking example of
this phenomenon is the observation that mutations in the gap junction protein
GJB2 lead to nonsyndromic deafness in humans while deletion of the mouse
homolog, Connexin 26, results in lethality prior to implantation as a result of
placental defects (Gabriel et al. 1998). All of these phenotypic differences could
be attributable to species differences or to the fact that some of the mutations
in the human genes result in hypomorphic versions of the genes rather than the
functional nulls generated in the mouse models. These results demonstrate the
crucial need for the ability to regulate gene deletion both spatially and tempo-
rally using mice that express Cre-recombinase under the control of ear specific
promoters.

Finally, as more and more candidate molecules that are important for normal
inner ear functions are identified, it will be crucial to gain an in-depth under-
standing of the cellular events that are mediated by these molecules. A number
of studies, particularly in the area of hair cell biology and stereociliary bundle
formation, have certainly advanced in this direction (Belyantseva et al. 2003;
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Rzadzinska et al. 2004; Sekerkova et al. 2004). Therefore, despite the technical
challenges and the requirement for the development of novel and unique meth-
odologies, the recent advances in our current understanding of molecular basis
for mechanotransduction clearly make these efforts worthwhile.

The potential benefits of an increased understanding of the cell biology of the
inner ear are perhaps no more obvious than when one considers the potential
application of this knowledge to the generation of therapies for both congenital
and acquired deafness. Genetic analyses in both humans and mice have dem-
onstrated that both the hair cells and the supporting cells are crucial for normal
auditory function. Yet, our understanding of how these cells develop and func-
tion is still extremely limited. Considering the potential impact of regenerative
therapies for auditory or vestibular dysfunction, a more comprehensive under-
standing of both hair cells and supporting cells is crucial.
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The Induction of the Otic Placode

ANDREW K. GROVES

1. Introduction

The development of the inner ear has been studied actively for more than 100
years. On a purely practical level, the anlagen of the inner ear—the otic pla-
code—is readily visible from an early age in most vertebrate embryos, making
it an attractive tissue for developmental biologists to study in the late nineteenth
and early twentieth centuries. However, part of the historical motivation to
study inner ear development also undoubtedly arose from the fascination in see-
ing a highly complicated sensory organ produced from a simple patch of ec-
toderm. It is this transformation—from a very simple tissue to a Darwinian
“organ of extreme perfection”—that modern researchers seek to understand.
This chapter focuses on the very first stage of this transformation, in which cra-
nial ectoderm is induced to form the otic placode. Later aspects of inner ear
development, such as morphogenesis and cell type determination, are covered
elsewhere in this volume. In addition, several other excellent reviews of early
ear development have appeared recently (Fritzsch et al. 1997, 2002; Torres and
Giraldez 1998; Baker and Bronner-Fraser 2001; Fritzsch and Beisel 2001; Kier-
nan et al. 2002; Whitfield et al. 2002; Brown et al. 2003; Riley and Phillips
2003).

2. Morphological and Molecular Events in Otic Placode
Induction

The otic placode arises as a patch of thickened ectoderm adjacent to the hind-
brain. As differentiation proceeds, the placodal ectoderm begins to invaginate
to form a pit, which then deepens into a cup, finally closing over to form a
vesicle (Alvarez et al. 1989). In some teleosts such as zebrafish (Danio rerio),
the placode does not invaginate, but rather forms a thickened ball that becomes
hollow by cavitation (Haddon and Lewis 1996). By this time, differentiation of
specific cell types is already underway with the delamination of vestibulo-
acoustic neurons from the otic epithelium. For the purposes of this chapter, the
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induction of the otic placode is considered complete when invagination to form
an otic vesicle has begun.

Are the cells destined to give rise to the otic placode a physically discrete
population, or do they intermingle with cells destined to form other tissues?
Streit’s studies in chick embryos have provided convincing evidence for the latter
hypothesis (Streit 2002). Labeling small numbers of cells with vital dyes reveals
that cells fated to give rise to the otic placode come from a wide region of the
embryonic epiblast, and appear to converge toward the future placode as the
embryo matures. During gastrulation, otic placode precursors appear to be
mixed with cells destined to give rise to the central nervous system, neural crest,
epibranchial placodes, and epidermis (Streit 2002). Similar results have also
been obtained in zebrafish (Kozlowski et al. 1997). Interestingly, there is evi-
dence to suggest that some otic placode cells derive from the neural folds at
relatively late times after gastrulation (Mayordomo et al. 1998; Streit 2002). At
present, it is not clear at what precise point the wandering otic placode precur-
sors begin to receive signals that direct them toward their final fate, nor whether
such signals cause the future placode cells to migrate toward their final location.
This is discussed further in Section 3.

In the last 10 years, a variety of molecular markers have been identified that
label the otic placode prior to invagination (Baker and Bronner-Fraser 2001).
A comprehensive list of these markers in different species is given in Table 2.1,
and a few main markers are discussed here. The earliest specific markers of the
otic placode appear to be the transcription factors Pax8 (Pfeffer et al. 1998;
Heller and Brandli 1999), its close relative Pax2 (Nornes et al. 1990; Krauss et
al. 1991; Groves and Bronner-Fraser 2000), Foxil (Nissen et al. 2003; Solomon
et al. 2003a,b), and Sox9 (Wright et al. 1995; Liu et al. 2003; Saint-Germain et
al. 2004). On the basis of fate-mapping experiments, Streit (2002) has suggested
that not all Pax2-expressing cells will contribute solely to the inner ear, a result
confirmed recently by genetic lineage tracing of Pax2-expressing cells in mice.
Few other markers have been examined across a range of different vertebrate
species, but some transcription factors such as Eyal, Gata3, Nkx5.1/Hmx3,
Gbx2, Sox3, and members of the DIx family appear to be expressed in the otic
placode prior to invagination. Signaling molecules such as Bmp4 and 7 are also
expressed during otic placode induction, while the transmembrane receptor
Notch tends to be expressed shortly before the placode starts to invaginate (see
Table 2.1).

Molecular markers of the otic placode are also providing support for theories
about the evolutionary origins of the otic placode and inner ear. A widely held
view has been that neural crest cells and sensory placodes are exclusively ver-
tebrate structures not found in other chordates (Gans and Northcutt 1983).
Cephalochordates such as Amphioxus do not appear to have any structures re-
sembling the inner ear, and the Amphioxus homolog of Pax2 and Pax8—
AmphilPax 2/5/8—is not expressed in any otic placodelike structures (Kozmik
et al. 1999). However, an ascidian Pax homolog—HrPax2/5/8—is expressed in
the larval atrial primordia, which ultimately contain mechanosensory receptors
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TaBLE 2.1. List of molecular markers of the otic placode in the approximate order of

appearance.
Gene Description Species examined References
Pax-8 Transcription factor Fish, frog, mouse Pfeffer et al. 1998; Heller and Brindli
1999
Foxil Transcription factor Fish Solomon et al. 2003a,b
Sox9 Transcription factor Fish, mouse Wright et al. 1995; Liu et al. 2003; Saint-
Germain et al. 2004
Pax2 Transcription factor Fish, frog, chick, Krauss et al. 1991; Nornes et al. 1990;
mouse Groves and Bronner-Fraser 2000
Eyal Transcription cofactor  Fish, mouse Sahly et al. 1999; Xu et al. 1997
Cldna Membrane protein Fish Kollmar et al. 2001
Scyba CXC chemokine Fish Long et al. 2000
Erm ETS-transcription Fish Munchberg et al. 1999; Raible and Brand
factor 2001
Pea3 ETS-transcription Fish Munchberg et al. 1999; Raible and Brand
factor 2001
Sprouty2 FGF antagonist Fish Chambers and Mason 2000
Sprouty4 FGF antagonist Chick Furthauer et al. 2001
Gata3 Transcription factor Chick, mouse George et al. 1994; Sheng and Stern 1999
Nkx5.1/Hmx3 Transcription factor Fish, chick, mouse Adamska et al. 2000; Rinkwitz-Brandt et
al. 1995
Thx2 Transcription factor Fish, frog, chick Logan et al. 1998; Ruvinsky et al. 2000;
Takabatake et al. 2000.
Dix3 Transcription factor Fish, frog, chick, Akimenko et al. 1994; Ellies et al. 1997,
mouse Papalopulu and Kintner 1993; Pera and
Kessel 1999; Robinson and Mahon
1994.
BMP7 Growth factor Chick, mouse Solloway and Robertson 1999; Groves
and Bronner-Fraser 2000
Sox2 Transcription factor Frog, chick, mouse = Mizuseki et al. 1998; Wood and Episko-
pou 1999; Groves, unpublished
Sox3 Transcription factor Frog, chick, mouse  Groves and Bronner-Fraser 2000; Penzel
et al. 1997; Wood and Episkopou
1999; Ishii et al. 2001; Abu-Emagd et
al. 2001
Gbx2 Transcription factor Frog, chick, mouse  Liu and Joyner 2001; Sanchez-Calderon
et al. 2002; Shamim and Mason 1998;
von Bubnoff et al. 1996.
Lmx1 Transcription factor Chick Giraldez 1998
Frzl Whnt receptor Chick Stark et al. 2000
Frzbl Wnt antagonist Chick Baranski et al. 2000; Duprez et al. 1999.
Fgf3 Growth factor Chick, mouse McKay et al. 1996; Mahmood et al. 1995.
c-kit Growth factor Mouse Orr-Urtreger et al. 1990
receptor
Groucho-related ~ Transcription factor Frog Molenaar et al. 2000; Roose et al. 1998
4 and 5
Wnt5a Growth factor Chick Baranski et al. 2000
Notch Membrane receptor Fish, chick, mouse Groves and Bronner-Fraser 2000; Haddon

et al. 1998; Lewis et al. 1998
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with cupulae (Bone and Ryan 1978; Katz 1983; Baker and Bronner-Fraser 1997;
Wada et al. 1998), and which have been suggested as the evolutionary precursor
of the inner ear (Wada et al. 1998; Shimeld and Holland 2000; Holland and
Holland 2001). Examination of more otic placode markers in nonvertebrate
chordates will help resolve whether the otic placode is a fundamental chordate
feature or not.

3. A Simple Embryological Profile of Otic Placode
Induction

Embryonic induction has been defined as “an interaction between an inducing
and a responding tissue that alters the path of differentiation of the responding
tissue” (Gurdon 1987; Jacobson and Sater 1988). Historically, investigators re-
lied on morphological landmarks as indicators of placode induction, which can
be seen only some time after the first molecular markers of the placode are
expressed. The use of molecular markers in addition to morphological land-
marks has greatly improved the accuracy and resolution of monitoring events in
otic placode induction. Any investigation into otic placode induction requires
that we first answer three simple questions about the induction process—whether
the ectoderm that forms the placode is in some way unique, when the induction
starts, and when it is complete. Only when these questions have been addressed
can meaningful experiments be performed to understand the mechanism of otic
placode induction—for example, it serves little purpose to experimentally ma-
nipulate candidate otic placode-inducing factors after the induction of the pla-
code is complete. Below, we describe the sorts of simple embryological
experiments that have been performed to determine the timing of these events
in otic placode induction. Illustrative data from the chick (Groves and Bronner-
Fraser 2000) is shown in Figure 2.1.

3.1 Is the Responding Tissue Unique? The Concept of
Competence

There are two distinct formal possibilities concerning the properties of the ec-
toderm that gives rise to the otic placode. On one hand, this ectoderm could
be uniquely able to give rise to the otic placode from an early age. Alternatively,
many regions of embryonic ectoderm could, in principle, give rise the otic pla-
code if they received appropriate inducing signals. These two possibilities can
be tested experimentally by transplanting different populations of ectoderm to
the site where the otic placode normally forms, and testing whether such foreign
populations can form an otic placode in this new location. Populations of for-
eign tissue that can respond in this way are said to be competent to give rise to
the otic placode. A less rigorous variation on this experiment is to surgically
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FIGURE 2.1. Schematic diagram indicating the time course and parameters of otic placode
induction in the chick embryo, as described in Groves and Bronner-Fraser (2000). The
figure shows how much of the embryonic ectoderm is initially competent to form the
otic placode, with this competence decreasing over time. Local inductive signals specify
the otic placode, which gradually becomes committed to a placode fate.
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ablate the otic placode at different ages, and to determine whether the surround-
ing tissue is competent to regenerate the ablated placode.

These sorts of experiments have been carried out in amphibians and chick
embryos for the past 75 years (Kaan 1926; Yntema 1933; Jacobson 1963a,b;
Gallagher et al. 1996; Groves and Bronner-Fraser 2000). Although the specific
details of these experiments are not relevant here, a common theme is strikingly
clear. Much of the early embryonic ectoderm is competent to form the otic
placode, provided both the host and donor embryos are sufficiently young.
However, these diverse populations of ectoderm lose competence to form the
otic placode when taken from progressively older embryos, or when grafted into
much older hosts (Groves and Bronner-Fraser 2000). This illustrates a general
principle of embryonic development—that the initially plastic and multipotent
cells of the young embryo become progressively restricted in their fates as de-
velopment proceeds. At present, the molecular basis of competence is not well
understood, nor do we have a molecular picture of how competence is lost from
cell populations with time. Nevertheless, these experiments suggest that it is
the properties of the environment around the presumptive otic placode that direct
ectoderm to a placodal fate, rather than the presumptive placodal ectoderm pos-
sessing some unique propensity for ear formation.

3.2 When Does the Induction Begin? The Concept of
Specification

To evaluate candidate inducing tissues or inducing molecules for a particular
induction, it is crucial to know approximately when the induction starts. His-
torically, researchers had to rely on morphological landmarks to guess when otic
placode induction was occurring, such as the thickening of the placodal ecto-
derm or its invagination to form a pit or vesicle. More recently, the advent of
molecular markers of the otic placode has made it clear that the placode starts
to be induced well before it is morphologically distinct (see Section 2). Indeed,
it is likely that presumptive otic ectoderm is exposed to inducing signals even
before the first molecular markers of differentiation appear.

To determine when ectoderm begins to receive inducing signals, a standard
assay is used in which pieces of presumptive otic ectoderm of different ages are
explanted and maintained in culture in the absence of any inducing signals such
as growth factors or serum. If the ectoderm has not yet received inducing sig-
nals, it is unlikely to express otic-specific markers in such a neutral culture
environment. If, however, the explanted ectoderm has already begun to respond
to inducing signals, it is possible that it will express otic-specific markers during
the culture period. Such tissue is said to be specified. Unspecified tissue is
suitable in principle for use in induction assays.

Historically, these experiments have been performed quite rarely, but some
investigators have carried out specification experiments, such as those in the
newt Taricha (Jacobson 1963a), Xenopus (Gallagher et al. 1996), and chick
(Groves and Bronner-Fraser 2000). In this last study, the use of molecular mark-
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ers revealed that specification of the otic placode as assayed by Pax2 expression
occurred just before the time Pax2 normally begins to be expressed in vivo, at
the four- or five-somite stage. It is important to note that specification must be
described only with respect to the molecular markers used in the specification
assay, and that any inference of the starting point of induction must by necessity
be a provisional one. For example, in the case of the chick otic placode de-
scribed above, it is formally possible that other, as yet undiscovered markers of
the otic placode may push back the time of specification to earlier ages.

3.3 When Is the Induction Complete? The Concept of
Commitment

At some point during the induction of a tissue, sufficient molecular changes
accumulate in the responding tissue to make the process of induction irreversi-
ble. At present, we have no real understanding of the nature of such molecular
changes, but their effects can be demonstrated experimentally by challenging
the induced tissue with a variety of signals with the potential to divert the tissue
from its fate. This is typically done by transplanting the tissue to be assayed
to a variety of new locations in the embryo. If the transplanted tissue continues
to recapitulate its original fate regardless of its new environment, it is said to
be committed to that fate. It should be noted that commitment is difficult to
demonstrate definitively, as one can never be sure that the tissue in question has
been challenged with all possible alternative environments. Nevertheless, com-
mitment assays represent a reasonable operational indication of when the in-
duction of a particular tissue has proceeded beyond the point of no return.

Commitment of the otic placode has been studied in a number of species,
including amphibians (Yntema 1933, 1939; Zwilling 1941; Ginsburg 1995) and
chick (Waddington 1937; Vogel and Davies 1993; Herbrand et al. 1998; Groves
and Bronner-Fraser 2000). Once again, several common features may be
gleaned from these studies. First, the proportion of ectoderm transplants that
successfully produce an ear after grafting (i.e., that demonstrate commitment)
increases with the age of the ectoderm. This age can vary among species, as
strikingly demonstrated by Ginsburg (1995) in her studies of different amphibian
species. Second, presumptive otic tissue of a given age can give different results
in a commitment assay depending on the region of the embryo to which it is
transplanted—for example, experiments in the axolotl give three different esti-
mates for the time of commitment of the otic placode depending on whether
tissue was transplanted to the limb, the ventral body wall, or the preotic head
region (Yntema 1933, 1939; Ginsburg 1946, 1995). This underlines the provi-
sional and operational nature of commitment, and the need to test multiple en-
vironments in commitment assays.

As with specification, above, it is necessary to describe commitment with
respect to a particular developmental end point. For example, if ectoderm of a
particular age is shown experimentally to be committed to forming an otic ves-
icle, one cannot conclude that this tissue will also form more mature cell types
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such as sensory hair cells in the same assay. This reflects the fact that the
induction of a tissue may occur in a series of steps, each of which may in
principle be regulated independently from one another by different signals
(Groves and Anderson 1996; Groves and Bronner-Fraser 2000). Indeed, several
of the studies examining commitment of the otic placode showed that tissue
taken from a particular age may be committed to one point in ear development
(e.g., the induction of early placode markers), but not to later stages (e.g., the
appearance of sensory patches (Waterman and Evans 1940; Evans 1943; Swan-
son et al. 1990; Ginsburg 1995; Herbrand et al. 1998).

It should be emphasized once more that the terms described above—com-
petence, specification and commitment—are strictly operational definitions, and
a molecular understanding of these three terms remains elusive. For example,
do specification and commitment reflect different degrees of the same molecular
process, or do they represent the culmination of two completely different mo-
lecular pathways? Nevertheless, despite the provisional and operational nature
of these definitions, they provide the investigator with a set of tools to determine
the most appropriate time to investigate otic placode induction in a particular
species.

4. Experimental Investigation of Otic Placode Induction

Before we embark on a discussion of the candidate inducing tissues and mole-
cules implicated in otic placode induction, it is worth spending some time dis-
cussing the experimental approaches used to investigate the inductive process.
In particular, the following topics are useful when considering how to critically
interpret studies on otic placode induction. This is especially important when
evaluating claims made in early papers on the induction of the otic placode.

4.1 The Importance of Early Markers of Otic Placode
Induction

It is important to be able to distinguish early events in inner ear development—
such as induction of the otic placode—from later ones, such as the induction of
neurons or sensory cells. Historical studies often score the presence of an otic
vesicle as evidence of otic placode induction, but in other studies it is often less
clear exactly what the criteria for assaying otic placode induction actually are.
In some cases, the presence of differentiated sensory patches or semicircular
canals are scored as representing otic placode induction, even though these struc-
tures appear long after the initial induction of the placode (e.g., Yntema 1950;
see Section 5.1), and were likely induced by a very different set of signals.
These problems were summarized succinctly by Gurdon: “I believe that the
greatest obstacle to the molecular analysis of induction over many decades may
have been the imprecision and late appearance of the assays used, which often
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depend on morphological assessment many days after the inductive response has
started” (Gurdon 1987). Any attempt to understand the events leading to inner
ear induction must therefore make use of early and specific markers of the otic
placode, rather than later cell-type specific or morphological events.

4.2 Identification of Host and Donor Tissues

Some of the most frequently used approaches in experimental embryology are
to transplant tissue from one location to another, or to combine tissues together
in culture. In such experiments, it is critical to be able to distinguish host and
donor tissues. Historically, this has been achieved by using two species whose
cells can be distinguished by histology (Lewis 1907; Richardson 1933; Le
Douarin and Kalcheim 1999) or species-specific antibodies (Le Douarin and
Kalcheim 1999), by pigmented and unpigmented hosts and donors (Ginsburg
1995), or by labeling one population of tissue with vital dyes or tracers (Yntema
1939; Jacobson 1963a; Gallagher et al. 1996; Woo and Fraser 1997, 1998).
Without using host—donor labels, it is impossible to distinguish whether an otic
placode has been induced in the host by donor tissue, whether the donor tissue
has simply formed an otic placode due to contaminating otic tissue (Stone 1931;
Waddington 1937; Kuratani and Eichele 1993), or whether migration of otic
placode precursors from a grafted hindbrain have formed the ear (Mayordomo
et al. 1998; Streit 2002).

4.3 The Identity of Tissues Used in Induction Experiments

It is common for claims to be made concerning the inducing abilities of a
particular tissue following transplantation. In many cases, however, it is hard
to know exactly what tissues have been isolated and transplanted, and whether
any contaminating tissue was included in the graft. Historically, the purity of
such transplants were assessed by eye at the time of grafting, or by looking for
characteristic tissue types (such as nervous tissue) at the end of the experiment
(e.g., Zwilling 1940). More recently, the advent of molecular markers to specific
tissue types has made it much easier to assess the purity of tissues used in
transplants and tissue recombinations.

4.4 Necessity and Sufficiency for Otic Placode Induction

Experimental embryology frequently uses the formal logical concepts of neces-
sity and sufficiency. A factor is necessary for a biological process if that process
does not happen when one removes the factor in question. A factor is sufficient
for a biological process if that process happens when one introduces the factor
into a system that would otherwise remain constant. A “factor” in these defi-
nitions could be any one of a number of components in cellular and molecular
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signaling. It could be a piece of tissue, a secreted growth factor, a growth factor
receptor, an enzyme, or a transcription factor. Examples of necessity experi-
ments include knocking out or mutating a gene, surgically removing a piece of
tissue, adding an inhibitor to a signaling pathway, or expressing a dominant-
negative growth factor receptor. Examples of sufficiency experiments include
adding a growth factor to tissue in a neutral culture environment or over-
expressing a transcription factor in a piece of cultured tissue.

One advantage of thinking about induction using these concepts is that it
directs the investigator away from certain experiments that may give ambiguous
answers. For example, many historical studies of otic placode induction have
involved transplanting a piece of tissue to a new location in the embryo and
assaying whether the transplanted tissue induces an ectopic ear. The problem
with such experiments is that one can never be confident that the transplanted
tissue is acting directly and alone to induce the ear, or whether it is acting
indirectly (e.g., by transforming another piece of adjacent tissue into an ear
inducer), or in cooperation with other factors produced by the surrounding tis-
sue. A better way to perform such experiments is to combine the candidate
inducing tissue with a piece of unspecified responding ectoderm in a neutral
culture environment. Expression of otic placode markers in the responding ec-
toderm would suggest that the candidate tissue is sufficient to induce the otic
markers. A more recent example of such ambiguity is a study by Vendrell and
colleagues (Vendrell et al. 2000), in which the Fgf3 growth factor was over-
expressed in the heads of chick embryos, leading to the formation of small
ectopic otic vesicles. It is impossible to conclude from this study whether Fgf3
was acting by itself (i.e., it was sufficient for the induction) or in cooperation
with other factors, and whether it was acting directly on the host ectoderm, or
indirectly by first affecting surrounding tissues.

With these experimental caveats in hand, which tissues may have a role in
inducing the otic placode are now examined.

5. What Tissues Induce the Otic Placode?

The last 70 years have seen many studies that have attempted to address which
tissues induce the otic placode. The two main candidates are the hindbrain,
which lies adjacent to the otic placode, and the cranial paraxial mesoderm, which
comes to lie under the otic placode. A few studies have also suggested roles
for axial mesoderm and endoderm in the induction process, although in many
species these two tissues never directly contact presumptive otic ectoderm. The
relative contributions of these different tissues to otic placode induction are
discussed. Rather than simply providing an undigested list of historical studies
for the reader, the discussion makes clear which studies exhibit flaws or ambi-
guities in the experimental design, and which studies may shed light on the
tissue interactions leading to otic placode induction.
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5.1 The Contributions of Hindbrain and Mesoderm to Otic
Placode Induction—Historical Studies

In this section, studies from the early part of the century through to the early
1980s are discussed. None of these studies were able to take advantage of
modern molecular markers of the early otic placode, instead relying on mor-
phological or histological identification of ear tissue. For this reason, many
historical studies which refer to “induction” of the otic placode actually exam-
ined a combination of induction and later events such as formation of sensory
patches or semicircular canals, which likely have their own set of inductive
signals and events. In general the historical studies fall into two groups. First,
a variety of studies ablated one or more candidate inducing tissues, and then
examined the development of the otic placode in the absence of these tissues.
A second variety of studies transplanted one or more tissues to ectopic sites in
the embryo and assayed whether an otic placode formed in the new location.
This second sort of studies are more difficult to interpret, as many of the studies
did not use host—donor markers to determine whether ectopic ears were truly
induced or merely carried over in the transplanted tissue. Moreover, as dis-
cussed in Section 4, it is difficult to conclude from such experiments that the
transplanted tissue is acting alone to induce ectopic otic vesicles, or whether it
is instead cooperating with host tissues at the transplant site.

A variety of early studies attempted to demonstrate that the hindbrain can
induce the otic placode when grafted to ectopic locations, but in the absence of
clear markers to distinguish host from donor tissue, these studies should be
interpreted with caution (Stone 1931; Harrison 1936; Albaum and Nestler 1937;
Waddington 1937; Kohan 1944; Harrison 1945). Other experiments attempted
to examine the role of the hindbrain in placode induction by replacing the hind-
brain with other neural tissue (Detwiler 1948; Detwiler and van Dyke 1950).
They concluded that the hindbrain was necessary for induction of the inner ear,
although these experiments were actually performed after the otic ectoderm be-
came committed to an ear fate (see Ginsburg, 1995).

A role for mesoderm in the induction of the otic placode was first suggested
in the early 1930s (Dalcq 1933; Holtfreter 1933) and confirmed by others (Har-
rison 1936, 1938, 1945; Albaum and Nestler 1937; Kohan 1944), but once again,
a lack of host and donor markers in these experiments should be noted. Several
studies in different species of Rana, chick, and Discoglossus conclude that the
ear is committed before the hindbrain is morphologically visible, and interpret
this as evidence for an exclusive action of mesoderm, rather than the hindbrain,
in the induction of the otic placode (Szepsenwol 1933; Pasteels 1939; Zwilling
1941; Ginsburg 1995). In the absence of molecular markers of the nervous
system, however, it is again hard to rule out signaling from the presumptive
hindbrain in these experiments.

Jacobson performed explant cultures of the presumptive otic placode with
various combinations of hindbrain, mesoderm, and endoderm. He concluded
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that the mesoderm was capable of inducing the otic placode in a small number
of cases, but that much better induction was seen if the hindbrain or neural plate
was included in the explants (Jacobson 1963a, 1966). Since these experiments
did not distinguish between inducing and responding tissues, however, it is pos-
sible that the ears observed were derived from precursors present in the neural
plate (Mayordomo et al. 1998; Streit 2002). Finally, two ablation studies in
chick suggested that paraxial mesoderm may induce the otic placode, as removal
of paraxial mesoderm precursors at an early stage blocked otic placode induc-
tion, even in the presence of the hindbrain (Orts-Llorca and Jimenez-Collado
1971; Cuevas 1977).

The difficulty in separating the relative contributions of hindbrain and mes-
oderm has lent support to the idea that both tissues may be involved in either
redundant or sequential functions. In particular, the idea that otic placode in-
duction occurs by a sequential series of inductive influences emanating first from
cranial mesoderm and then the hindbrain has become embedded in the literature.
It is worth spending some time examining the evidence for these claims. The
two papers cited to promote this idea are by Yntema (Yntema 1950) and Jacob-
son (Jacobson 1963a; reviewed in Jacobson 1966). In the Yntema paper, grafts
of gill ectoderm replaced the host’s presumptive otic ectoderm, and were then
cultured for 2 to 3 weeks. In the Jacobson paper (1963a), explants containing
unspecified otic ectoderm and various other tissues were cultured for 11 to 21
days. In both cases, specimens were stained histologically and examined for
signs of differentiation. Yntema devised an elaborate scoring system in which
the size of the ear, the presence of sensory areas, semicircular canals, cartilage,
and the endolymphatic sac all counted toward the final score in various propor-
tions, together with the degree to which these structures were correctly posi-
tioned with respect to each other (Yntema 1950). Thus, Yntema’s scoring
system, although admirable in its thoroughness, did not actually score placode
induction per se, but was rather a measure of induction together with much later
stages of inner ear differentiation such as sensory patch formation and semicir-
cular canal morphogenesis. A number of studies have made it clear that induc-
tion of early placode markers, morphogenesis, and sensory patch formation can
be uncoupled from each other experimentally (Ginsburg 1995; Groves and
Bronner-Fraser 2000), and as such, it is likely that different sets of signals
mediate each aspect of development. When viewed in this light it is understand-
able why Yntema concluded that both mesoderm and hindbrain signals were
sequentially necessary for the “induction” of the otic placode as he used the
term in his paper. Since early placode markers were unavailable to him at the
time, Yntema was unable to distinguish between signals that simply induced
early otic placode markers prior to invagination of the otic placode and those
that promoted later aspects of ear differentiation such as sensory patch formation
or semicircular canal development.

Jacobson’s study of lens, nose, and ear induction did not discuss the specific
criteria for scoring his specimens as having otic vesicles versus olfactory vesi-
cles. Although his study clearly showed differences in the ability of different
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tissue combinations to induce otic vesicles, it is not clear how he concluded that
these different tissues act at different times in vivo, as opposed to acting at the
same time or possessing redundant inducing activities.

We believe that many authors have been insufficiently critical in interpreting
these studies, and that as a result, the suggestion that mesoderm and hindbrain
tissue act separately and sequentially to induce the otic placode is still an open
question, which needs to be addressed using early molecular markers for the
otic placode.

5.2 The Contributions of Hindbrain and Mesoderm to Otic
Placode Induction—Recent Studies

The availability of molecular markers for the otic placode and the emergence of
new genetic organisms such as zebrafish have prompted new studies of otic
placode induction. Several of these studies have tended to emphasize the role
of cranial paraxial mesoderm in otic placode induction. For example, Mendonsa
and Riley (Mendonsa and Riley 1999) examined a series of zebrafish mutants
that affected development of cranial mesoderm or the hindbrain. They found
that cyclops and one-eyed pinhead mutants, which both have deficiencies in
cranial mesoderm, had delayed formation of the otic placode. Total disruption
of maternal and zygotic one-eyed pinhead mRNA using morpholino knockdown
lead to embryos with little or no Pax8 expression, and significantly smaller otic
vesicles (Phillips et al. 2001). In contrast, mutants affecting differentiation of
axial mesoderm (such as no tail or floating head) did not affect otic placode
induction. Moreover, the valentino mutation (a mutant of the kreisler/MafB
gene; Moens et al. 1998), which disrupts formation of rhombomeres 5 and 6,
develops an otic placode on schedule even though subsequent differentiation of
the ear is highly abnormal (Mendonsa and Riley 1999). Fish in which the entire
hindbrain adopts a rhombomere 1 identity also have small otic vesicles (Was-
kiewicz et al. 2002), although it is not yet clear whether the “pan-r1” hindbrain
in these studies has any residual positional information left. Similar results have
been obtained in a very different experimental system, the vitamin A-deficient
quail. Such embryos lack rhombomeres 5 to 7 (Maden et al. 1996; Gale et al.
1999; Dupe and Lumsden 2001), yet the otic placode continues to form in
approximately the correct position (Dupe and Lumsden 2001; A Groves, un-
published results). Lastly, ablation of the paraxial mesoderm that will come to
lie beneath the otic placode either delays or abolishes induction of early otic
placode markers if performed prior to specification of the placode (A. Streit,
unpublished observations), and transplantation of this mesoderm to more rostral
locations in the head can induce some otic placode markers (A. Streit, unpub-
lished observations).

These results suggest a role for mesoderm in otic placode induction. How-
ever, other recent studies suggest a role for the hindbrain as well. Woo and
Fraser transplanted the germ ring to different locations in zebrafish, and observed
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that germ ring transplants that came to lie close to the forebrain were able to
transform forebrain tissue to a hindbrain fate. By marking the donor tissue, they
demonstrated that host tissue next to the ectopic hindbrain was induced to form
otic vesicles (Woo and Fraser 1997). Interestingly, grafts of hindbrain to the
forebrain region (in the absence of germ ring) were not able to form otic vesi-
cles, suggesting that the germ ring itself (which will form mesendodermal de-
rivatives) may be inducing the otic vesicles, or cooperating with the ectopic
hindbrain to induce otic tissue. In a second series of experiments, prospective
hindbrain progenitors were grafted to the future ventral side of zebrafish em-
bryos. Once again, ectopic otic vesicles were induced in the host ventral ec-
toderm by the hindbrain tissue (Woo and Fraser 1998). Significantly, little or
no mesoderm lay next to the transplanted hindbrain at the end of the experiment,
suggesting that the hindbrain may have induced ectopic otic vesicles by itself.
However, the hindbrain grafts were placed close to host mesoderm at the start
of the experiment, so it is hard to completely rule out an influence of mesoderm
in these grafts. Studies in zebrafish in which both Fgf3 and Fgf8 are disrupted
(Phillips et al. 2001; Leger and Brand 2002; Maroon et al. 2002) led to an
abnormal hindbrain lacking rhombomeres 5 and 6 (Maves et al. 2002; Walshe
et al. 2002) and virtually no evidence of an otic placode. As discussed in
Section 6.1, it is not clear if the absence of an otic placode is due to a loss of
Fgf3/8 activity from the hindbrain, or to a more general loss of r5 and r6. Other
studies have also demonstrated ectopic otic vesicles next to transplanted hind-
brain (Kuratani and Eichele 1993; Sechrist et al. 1994), although since neither
study used markers to distinguish host from donor tissue, these results should
be interpreted with caution. Finally, a recent paper examining the effect of the
hindbrain on the otic placode marker LmxI concluded that the hindbrain was
necessary at early stages for the appearance of this gene in the placode (Giraldez
1998). However, in the absence of data as to when the expression of Lmx/ is
specified, it is unclear whether the hindbrain was required for the induction or
maintenance of LmxI in these experiments.

5.3 Conclusions: The Relative Contributions of Mesoderm
and Hindbrain

Both gain- and loss-of-function experiments described above suggest a role for
cranial paraxial mesoderm in the induction of the otic placode. The role, if any,
of neural tissue in the induction is harder to establish at present. Part of the
reason for this is the demonstration that at least some parts of the otic placode
may actually be derived from the early neural plate (Mayordomo et al. 1998;
Streit 2002), making it hard to tell the difference between induction of placode
cells and migration of placode cells from the hindbrain in the absence of good
markers of the inducing and responding tissues. It may also be the case that
some inducing factors expressed in paraxial mesoderm are also expressed later
in the hindbrain (e.g., Fgf19; and Fgf3; Ladher et al., 2000; A. Groves, unpub-
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lished observations). We believe that one way to resolve this question is to
perform simple tissue recombination experiments (similar to those of Jacobson
1963a) with inducing and responding tissues clearly labeled to distinguish one
from the other, and assaying for early markers of otic placode induction. It is
also possible that otic placode-inducing molecules are expressed in different
tissues in different species. We discuss this possibility in the next section.

6. What Molecules Induce the Otic Placode?

In this section, what is known of the molecular basis of otic placode induction
is described. Most attention has been focused on soluble signaling molecules
in the process, and this topic is addressed first. Some of the transcriptional
regulators that may be required to convert ectoderm to an otic placode fate are
then briefly considered.

6.1 Signaling Molecules Implicated in Otic Placode
Induction

The last 10 years have seen a number of candidate molecules proposed to induce
the otic placode. In particular, attention focused on a member of the fibroblast
growth factor family, Fgf3 (formerly known as int-2), owing to its expression
in thombomeres 4 to 6 of the caudal hindbrain, adjacent to where the otic
placode will form. The first study to propose that Fgf3 was necessary for the
induction of the otic placode was based on experiments with antisense oligo-
nucleotides and neutralizing antibodies (Represa et al. 1991). This study is now
considered flawed on a number of grounds. First, the antisense oligonucleotides
were designed against human Fgf3 (the chick gene had not been cloned at the
time of the experiments), and no controls were performed to demonstrate that
the antisense treatment actually reduced FGF3 protein levels. Subsequent in-
vestigations failed to repeat these results with the same reagents (Mahmood et
al. 1995), and it is now clear that several mismatches exist between the human
antisense oligonucleotides used by Represa and colleagues and the actual chick
Fgf3 gene. Finally, the experiments were performed using stage 10 chicken
embryos—an age at which the otic placode is already committed (Groves and
Bronner-Fraser 2000) and therefore the study does not actually address the pro-
cess of placode induction at all. Other studies have since examined the effect
of Fgf3 in vivo, either by implanting beads soaked in Fgf3 into the head region
of Xenopus embryos (Lombardo et al. 1998), or by overexpressing Fgf3 in the
heads of chick embryos with an Fgf3-expressing herpes virus vector (Vendrell
et al. 2000). In both these cases, Fgf3 expression led to the induction of otic
placode markers and small epithelial vesicles. As discussed above, however,
these studies do not rule out the possibility that Fgf3 is cooperating with other
factors in the implanted or infected embryos, or is inducing ectopic otic tissue
indirectly by first activating an adjacent tissue at the site of implant or infection.
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To date no one has tested the sufficiency of Fgf3 for otic placode induction by
adding it to isolated unspecified ectoderm in a neutral culture medium. Similar
criticisms can be leveled at a more recent paper in which implanting Fgf2 beads
caudal to the otic placode caused tiny ectopic patches of placode tissue to form
next to the normal ear in a small number of cases (Adamska et al. 2001).

The necessity of Fgf3 for otic placode induction has been tested by inacti-
vating the gene in mice (Mansour et al. 1988, 1993). Otic placode induction
appears to proceed normally in these mice, although subsequent development of
the ear appears to be severely affected, with homozygous mutant mice displaying
an undeveloped cystic ear phenotype with variable penetrance and expressivity.
These results suggest that Fgf3 is not necessary for otic placode induction, but
do not rule out the possibility that another member of the Fgf family is com-
pensating for the loss of Fgf3 in these mutant embryos. One possible candidate
is Fgfl0, which activates the same set of FGF receptors as Fgf3, and is expressed
at an appropriate time and location to participate in placode induction. Fgfl0
mutant mice have small otic vesicles (Ohuchi et al. 2000; Pauley et al. 2003),
and mouse mutants for Fgfrlllb, through which both Fgf3 and FgfI0 signal,
have even more severe ear phenotypes than either the mutants of Fgf3 or Fgfi0
alone (De Moerlooze et al. 2000). Recently, Wright and Mansour have exam-
ined mice homozygous for both Fgf3 and Fgf10 mutations, and the otic vesicles
of such embryos are either missing completely or greatly reduced. Otic markers
such as Pax2 are generally absent, although ventral patches of thickened ecto-
derm expressing both DIx5 and Gbx2 remain, which may contribute to the
epibranchial placodes. Importantly, the hindbrain of the Fgf3/I0 double ho-
mozygous mice appears to be normal, suggesting that Fgf3 and Fgf/0 may act
directly on presumptive otic epithelium to specify the otic placode (Wright and
Mansour 2003). Interestingly, whereas Fgf3 is expressed in the mouse hind-
brain, FgfI0 is expressed in the paraxial mesoderm underlying the future ear
(Wright and Mansour 2003; Wright et al. 2003). This raises the possibility that
redundant signals from redundant tissues may induce the otic placode in mice.
There a perplexing lack of conservation of Fgf family member expression be-
tween different species. For example, Fgf3 and Fgf8 are expressed in the hind-
brain of zebrafish (Phillips et al. 2001; Leger and Brand 2002; Maroon et al.
2002; Maves et al. 2002; Walshe et al. 2002). In contrast, chick and quail Fgf3
is expressed in both the hindbrain and cranial mesoderm (Mahmood et al. 1995),
whereas Fgf8 is restricted to the endoderm (Karabagli et al. 2002a,b). Moreover,
Fgfl9 and Fgf4 are expressed in the cranial mesoderm underlying the caudal
hindbrain in birds, but not fish or mice (Shamim and Mason 1999; Ladher et
al. 2000; Karabagli et al. 2002a,b). These observations may well explain why
different tissues have been implicated in otic placode induction in different
species.

A similar potential redundancy between Fgf3 and Fgf8 has been proposed in
zebrafish. Three studies depleted Fgf3 and Fgf8 mRNA with either morpholino
oligonucleotides to these two genes or by using Fgf3 morpholinos in ace (ac-
erebellar) fish that carry null mutations for Fgf8 (Phillips et al. 2001; Leger
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and Brand 2002; Maroon et al. 2002). In all cases, depletion of both Fgf3 and
Fgf8 gave otic vesicles that were either extremely small or absent altogether.
Significant numbers of treated embryos displayed little or no expression of the
placode markers Pax2, Pax8, and DIx3b. These results clearly suggest a role
for these two FGF family members in zebrafish otic placode development, al-
though the location and time of their action in this process is less clear. Both
genes are expressed in a variety of tissues implicated in otic placode induction
(such as the germ ring, prechordal plate, cranial paraxial mesendoderm, and
rhombomere 4 of the hindbrain, and could thus induce the otic placode at a va-
riety of developmental stages. Moreover, since Fgf3 and Fgf8 activities in
rhombomere 4 are required for an organizing activity that patterns rhombomere
5 and 6 (Maves et al. 2002; Walshe et al. 2002), it is possible that the ear phe-
notypes observed in Fgf3/8 fish mutants are caused by an indirect effect of
Fgf3 and Fgf8 on hindbrain patterning, rather than by a direct effect on pla-
codal ectoderm.

An alternative approach to examining the necessity of FGF signaling in the
induction of the otic placode is to block all signaling through FGF receptors.
This has been attempted with the pharmacological inhibitor SU5402, which
blocks kinase activity in all FGF receptors (Mohammadi et al. 1997). Incubating
zebrafish embryos in this compound for 5 hr was able to block subsequent
expression of Pax2, although Pax8 expression appeared unaffected (Maroon et
al. 2002). However, a second study, using lower concentrations of the SU5402
inhibitor at comparable times successfully blocked Pax8 expression (Leger and
Brand 2002). At the present time, it is not clear why these two zebrafish studies
obtained different results using the same inhibitor, although a number of pos-
sibilities are considered in more detail in a recent review by Brown and col-
leagues (Brown et al. 2003). It is formally possible that different aspects of otic
placode induction are controlled by different inducing factors, and further dis-
section of the necessity and sufficiency for FGF signaling in this process may
prove fruitful.

Another member of the Fgf family implicated in otic placode induction is
Fgf19 (in chick and humans; the homolog in mice appears to be Fgfl5). Fgfl19
is expressed in mesoderm under the prospective neural plate during chick gas-
trulation, and in paraxial mesoderm and the hindbrain after otic placode speci-
fication has started (Ladher et al. 2000; Karabagli et al. 2002a, 2002b).
Fgf19-expressing mesoderm is able to induce some otic markers when combined
with ectoderm and neural tissue. The observed requirement for neural tissue in
these experiments led the authors to propose that Wnt8c (which is expressed in
rhombomere 4 (Hume and Dodd 1993) may cooperate with Fgf19 to induce otic
markers. Fgf19 and WntS8c together induce a series of otic markers when applied
to unspecified presumptive otic ectoderm; it is not clear whether similar levels
of induction are seen with other competent ectoderm populations (Ladher et al.
2000). Since Fgf19 can also induce WntSc in neural tissue, these authors pro-
pose that Fgfl9 may activate Wnt8c expression in the hindbrain, and that these
two factors synergize to activate otic placode markers in the adjacent ectoderm.



2. The Induction of the Otic Placode 27

Interestingly, treatment of Xenopus embryos with lithium (which inhibits gly-
cogen synthase kinase 3, a negatively acting component of the canonical Wnt
signaling pathway; [Klein and Melton 1996; Stambolic et al. 1996]) causes en-
larged or multiple anastomosing ear vesicles (Gutknecht and Fritzsch 1990). It
is not clear, however, whether this phenotype is due to induction of extraplacodal
tissue, or of proliferation of the placode.

It is not yet clear whether Fgf19 and Wnt8c are acting with other factors in
the induction process, or whether they are acting in a truly synergistic or se-
quential manner. Several observations suggest that some other factors may be
involved. Fgf19 signals exclusively through the Fgfr4 receptor (Xie et al. 1999),
but mice in which Fgfr4 has been inactivated have apparently normal ears (Wein-
stein et al. 1998). Inactivation of the mouse homolog of Fgf19, FgfI5, also
appears to give normal ears (S. Mansour, unpublished observations). Studies in
zebrafish suggest that blocking canonical Wnt signaling does not disrupt placode
induction (Phillips et al. 2004). Furthermore, transgenic reporter mice and fish
in which Lef/TCF binding sites provide a readout of canonical Wnt pathway
signaling do not show reporter gene expression in presumptive otic tissue (A.
Groves, unpublished observations; Phillips et al. 2004), suggesting that canonical
Wht signaling is not acting on presumptive otic tissue. Lastly, in avian embryos
in which retinoic acid signaling is blocked, Wnt8c is no longer expressed ad-
jacent to where the otic placode forms, although Fgf3, Fgf19, and Fgf4 are still
expressed in the underlying cranial paraxial mesoderm (Dupe and Lumsden
2001; A. Groves, unpublished observations). These observations do not rule out
that other Fgf family members or noncanonical Wnt signaling may function in
otic placode induction, and a clearer understanding of this signaling scheme
must wait for better loss-of-function experiments.

6.2 Transcriptional Regulators of Otic Placode Induction

In the preceding section, we have considered the tissues that may induce the
otic placode and the signaling molecules that may be produced by these tissues
in the course of the induction process. Relatively little is known concerning the
transcriptional cascades that are activated in ectoderm cells as they become spec-
ified to a placodal fate. Many of the earliest markers of the otic placode are
transcription factors. Table 2.2 shows a list of mutants of early otic placode
marker genes and the phenotypes they display. Gain of function experiments
in the fish medaka suggest that both Six3 and Sox3 may be able to induce ectopic
otic vesicles in a small percentage of cases (Loosli et al. 1998; Koster et al.
2000).

Zebrafish mutants have also helped shed light on this problem. In the course
of a y-ray mutagenesis screen, a large 6-cM deletion called b380 was isolated,
in which the otic (and olfactory) placodes are almost completely absent (Fritz
and Westerfield 1996; Solomon and Fritz 2002; Liu et al. 2003). This region
encodes a series of genes, including DIx3b, Dix4b, and Sox9. Antisense mor-
pholino oligonucleotides to DIx3b give a moderate otic placode phenotype,
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TABLE 2.2. Mouse mutants of genes that mark the otic placode.

Gene Knockout ear phenotype Reference
Pax8 No ear phenotype reported Mansouri et al. 1998
Pax2 Agenesis of cochlea and vestibulo- Torres et al. 1996
acoustic ganglion
Sox9 None reported Bi et al. 1999, 2001; Akiyama et al.
2002; MoriAkiyama et al. 2003
Eyal Ear fails to develop past otic vesicle Xu et al. 1999
stage
Gata3 Ear fails to develop past otic vesicle Karis et al. 2001
stage
Nkx5.1/HMX3 Semicircular canal defects Hadrys et al. 1998; Wang et al.
1998
Dix3 Mice die at otic vesicle stage; ear Morasso et al. 1999
phenotype not reported
Dix5 Vestibular defects Acampora et al. 1999; Depew et al.

DIx5 and DIx6
BMP7

Patterning defects
None reported

1999
Robledo et al. 2002
Dudley et al. 1995

Fgfl0 Ear fails to develop past otic vesicle Ohuchi et al. 2000; Pauley et al.
stage 2003

Fgf3 Ear fails to develop past otic vesicle Mansour et al. 1993
stage

Fgf3 and Fgfl0

Almost no evidence of otic placode;
variable phenotype

Wright et al. 2003

Six1 Ear fails to develop past otic vesicle Ozaki et al. 2004; Zheng et al.
stage 2003

Six4 None Ozaki et al. 2001

Notch Mice die at late otic vesicle stage. Swiatek et al. 1994; Zhang et al.

Heterozygotes have hair cell pat-
terning defects

2000

which is made more severe by morpholinos to DIx4b (Solomon and Fritz 2002).
DIx3b and 4b are expressed in a semicircle around the border between the neural
plate and ectoderm (a region from which all craniofacial placodes derive; see
Section 7) and Sox9 is one of the earliest genes to be expressed specifically in
the otic placode. In mice and birds, DIx5 and DIx6 are expressed in a similar
broad semicircle around the neural plate, but their expression is not seen in the
otic placode proper until relatively late stages (Quint et al. 2000). This may
explain why mouse mutants of both DIx5 and DIx6 have mild ear phenotypes
compared to zebrafish (Robledo et al. 2002). Morpholinos to DIx3b, Dix4b, and
Sox9 together appear to phenocopy the b380 mutation (Liu et al. 2003). Dis-
ruption of Sox9 in Xenopus also leads to a severe otic placode phenotype (Saint-
Germain et al. 2004).

Another transcription factor expressed very early in zebrafish otic placode
development is the Forkhead family member Foxil (Lee et al. 2003; Nissen et
al. 2003; Solomon et al. 2003a, b). Foxil expression precedes Pax8 expression
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in zebrafish, making it the earliest specific marker of the otic region in this
species. Foxil mutants do not express Pax8 or DIx3b and frequently have no
otic vesicles at all, although expression of later otic markers such as DIx4b and
Dix5a is seen, resulting in small otic vesicles (Solomon et al. 2003a). This
result offers more support for the concept that otic placode induction is the result
of a series of inductive signals and regulatory pathways, and that some aspects
of the pathway can be experimentally uncoupled from others (Groves and
Bronner-Fraser 2000; Maroon et al. 2002). Amphibian and mouse Foxi! hom-
ologs do not seem to be such early markers of the otic placode (Hulander et al.
1998; Pohl et al. 2002) and mouse mutants of Foxil form an otic placode,
although the mice later develop ear abnormalities as a result of malformation of
the endolymphatic duct (Hulander et al. 2003).

7. Toward a Model for Otic Placode Induction

In the last few years, several lines of evidence have converged to support the
idea that induction of the otic placode may actually be a two-stage process. In
this model, a “pan-placodal” or “pre-placodal” domain is induced at the border
of the neural plate and future epidermis, extending down the length of the head.
All craniofacial placodes are proposed to arise from this domain. Individual
placodes are then induced by local specific signals. The interesting feature of
this model is implication that induction of a “pan-placodal” or “pre-placodal”
cell state is a prerequisite for subsequent induction of each placode. Below, we
review the main lines of evidence for and against this two-step model of otic
placode induction. For further discussion on this topic, the reader is referred to
Baker and Bronner-Fraser (2001), Graham and Begbie (2000), and Begbie and
Graham (2001).

7.1 Morphological Evidence for a Common Placodal
Domain?

The physical nature of placodes is reflected in the etymology of their name—
they occur as platelike thickenings on the side of the embryonic head. A number
of studies have pointed out that multiple placodes can derive from a single
thickening on the head (Knouff 1935; Braun 1996; Schlosser and Northcutt
2000). Indeed, some studies have suggested that all placodes can be traced to
a continuous sheet of thickened ectoderm—for example, in the cod embryo
(Miyake et al. 1997), Necturus (Platt 1896), mice (van Oostrom and Verwoerd
1972; Verwoerd and van Oostrom 1979), and humans (O’Rahilly and Miiller
1985). On the other hand, evidence from other vertebrates such as zebrafish,
Xenopus, and chicks does not suggest a common morphological thickening.
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7.2 Evolutionary Evidence for a Common Placodal
Domain?

It has been proposed that the neurogenic placodes evolved together, and that
they represent a characteristic feature of vertebrates (Gans and Northcutt 1983).
However, there is some evidence from urochordates and cephalochordates that
some placodelike derivatives may have evolved at different times. For example,
as described previously, some ascidians possess an “atrial primordium” that may
be related to the otic placode on the basis of the presence of ciliated sensory
cells (Bone and Ryan 1978; Katz 1983; Baker and Bronner-Fraser 1997) and
the expression of HrPax-258 (Wada et al. 1998). Other ascidians and the ceph-
alochordate Amphioxus also have some sensory areas that resemble olfactory
placodes (Lacalli and Hou 1999; Manni et al. 1999). Since other placodes, such
as the epibranchial placodes, seem to be truly specific to vertebrates, it may be
the case that different placodes evolved at different times (Shimeld and Holland
2000; Manni et al. 2001).

7.3 Molecular Evidence for a Common Placodal
Domain?

Recently a number of genes have been identified that appear to mark the border
region between the neural plate and epidermis. In zebrafish these include DIx3b
and 4b, Six4.1, Eyal; in Xenopus, Sixl, and in chick, Six4, SixI, ERNI, DIx5,
DIx6, BMP4 and MsxI (Akimenko et al. 1994; Streit and Stern 1999; Streit et
al. 2000; Streit 2002). These markers are expressed prior to the appearance of
specific markers for individual placodes, suggesting that they may mark a pre-
placodal domain. It should be noted that in chick at least, the expression patterns
of these “border” genes are not in complete registration, as the rostrocaudal
extent of the different expression domains varies (Streit 2002). Nevertheless,
the expression of so many different genes in a region that corresponds quite
precisely to the placodal fate map is intriguing. To date however, the only loss-
of-function data that suggest a role for these “border” genes in the formation of
multiple placodes come from the zebrafish b380 mutation, in which DIix3b,
Dix4b, and several other genes are deleted. As described above, this leads to
an almost complete loss of the otic and olfactory placodes, but not of any other
placodes. The mouse knockout of the locus spanning DIx5 and Dix6 develops
an abnormal ear, although the placode itself appears to form normally (Robledo
et al. 2002). The Six4 knockout also appears normal (Ozaki et al. 2001), but
mutants of Six/ develop a placode, but exhibit later defects in the development
of the otocyst (Zheng et al. 2003; Ozaki et al. 2004). It will be of great interest
to determine whether these genes are individually or collectively necessary or
sufficient for the induction of craniofacial placodes.



2. The Induction of the Otic Placode 31

7.4 Experimental Evidence for a Common Placodal
Domain?

Fate mapping experiments demonstrate that all craniofacial placodes derive from
the neural plate—epidermis border, and some fate maps have shown that the
precursors for particular placodes may be mixed with nonplacodal cells, or with
precursors of other placodes (Kozlowski et al. 1997; Streit 2002). Significantly,
grafting experiments suggest that head ectoderm is generally more competent
to generate placodes than ectoderm from more caudal regions of the embryo
(reviewed in Baker and Bronner-Fraser, 2001; Groves and Bronner-Fraser,
2000). Overexpression of Fgf3 also suggested that ectoderm from this border
region was more competent to generate an otic placode than ectoderm from the
trunk (Vendrell et al. 2000). Interestingly, however, anterior epiblast from gas-
trulating chick embryos—which does not express any of the “border” genes
mentioned above—is readily competent to form both trigeminal and otic pla-
codes when grafted in place of the host placodes (Baker et al. 1999; Groves and
Bronner-Fraser 2000). It is possible that the grafted epiblast first up-regulates
“border” genes and only then responds to local placode-specific inducing signals
in these transplants. In this respect, it is particularly interesting that anterior
epiblast cannot express otic placode markers when cultured alone in the presence
of Fgf2, but that unspecified trigeminal ectoderm does express otic placode
markers under these same culture conditions (K. Martin and A. Groves, un-
published observations). In other words, two populations of ectoderm that are
equally competent to express ear markers in vivo are not equally competent to
express ear markers in the presence of Fgf2 in vitro. Since the epiblast in these
experiments does not express the “border” genes, but the trigeminal ectoderm
does, this may be the first tentative evidence that cells must first adopt a “pan-
placodal” state prior to differentiating into a particular placode.

8. Summary: A Model for Otic Placode Induction

It is clear from a number of studies that different populations of ectoderm have
different capacities to respond to otic placode-inducing signals. We find the
idea of a common preplacodal domain an attractive one to interpret these ex-
periments. Under such a model, interactions between the neural plate and ep-
idermis establish a border region in the anterior part of the embryo marked by
the border genes described above (Streit and Stern 1999). The exact mechanism
for this process has yet to be determined. Once this border identity has been
established, localized signals along the rostro-caudal axis induce specific pla-
codes, including the otic placode (Fig. 2.2).

This two-step model makes a number of predictions concerning ectoderm that
is competent to form the otic placode, but that does not normally express border
genes, such as anterior epiblast in chick embryos (Groves and Bronner-Fraser
2000). We predict that such ectoderm will up-regulate border genes prior to
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FIGURE 2.2. Simple two-step model for the induction of the otic placode. Neural plate—
ectoderm interactions lead to the establishment of a border region marked by genes such
as Six4, DIx5, DIx6, ERN1, BMP4, and MsxI. Within this region, local signals from the
mesoderm and hindbrain, which may include Fgf family members, act to specify the otic
placode.

up-regulating otic placode-specific genes when grafted in place of the host’s otic
placode. Moreover, we predict that such ectoderm will not respond to otic
placode-inducing signals in culture, unless it is able to up-regulate border genes
first. A corollary of this prediction is that overexpression of some border genes
in cultured anterior epiblast may be sufficient to allow the epiblast to respond
to otic placode inducing signals.

The identity of the tissues and molecules that specifically induce the otic
placode is still uncertain. However, at least some of the signals likely are pro-
duced by cranial paraxial mesoderm, and may include members of the Fgf
family of growth factors. It is likely that the hindbrain also produces placode-
inducing signals including Fgfs in some species, and that the hindbrain and
mesoderm may have different contributions to otic placode induction in different
species. The bewildering variety of Fgf family members implicated in ear in-
duction, together with their expression in different tissues in different species,
suggests that a quest for a detailed model of otic placode induction common to
all vertebrate species is likely to prove fruitless. Instead, by accepting the central
role of Fgf family members in this process, further investigations should focus
on the necessity and sufficiency of Fgf signaling in otic placode induction, and
should determine the targets of Fgf signaling in this process.

The coming years will see these questions resolved using a combination of
classic embryological techniques, molecular biology, and genetics. In particular,
the use of molecular markers, tissue explant cultures, and the possibility of gain-
and loss-of-function experiments in mice and fish will aid our understanding of
how a simple patch of ectoderm is transformed into arguably the most compli-
cated sensory structure in the body.
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Morphogenesis of the Inner Ear

SuzANNE L. MANSOUR AND GARY C. SCHOENWOLF

1. Introduction

The early development of the inner ear—the process of otogenesis—occurs in
three phases. The first phase, formation of the otic placode, which is the earliest
rudiment of the inner ear, occurs as a result of inductive interactions with sur-
rounding tissues (see Chapter 2 by Groves for a discussion of this process).
From a morphogenetic standpoint, several interesting events underlie formation
of the placode, and these are discussed briefly below. The second phase of early
development of the inner ear consists of the morphogenesis of the otic placode
to form the otocyst, a spherical vesicle that gives rise to both the auditory and
vestibular components of the inner ear. Transformation of the otic placode into
the otocyst is the focus of the first part of this chapter. Based on our knowledge
of a similar morphogenetic event—neurulation—a model for this process is
proposed. This part of the chapter also focuses on the chick embryo, because
most of the studies providing insight into mechanisms of morphogenesis of the
otic epithelium were done in chick embryos, from which the otic epithelium can
be readily manipulated both in ovo and in vitro. The final phase of early de-
velopment of the inner ear involves regional patterning of the otocyst, which
consists of formation of the anteroposterior, dorsoventral, and mediolateral axes
and localized morphogenesis along these axes, resulting in the complex three-
dimensional morphology underlying the specialized functions of the mature
membranous labyrinth. Regional morphogenesis is the focus of the second part
of this chapter. Several excellent reviews consider one or more of these phases
of otogenesis (Noden and Van de Water 1992; Fekete 1996, 1999; Whitfield et
al. 1997, 2002; Fritzsch et al. 1998; Torres and Girdldez 1998; Brigande et al.
2000b; Chang et al. 2002; Kiernan et al. 2002).

2. From Placode to Vesicle—Origin of the Otic Placode

The origin of the otic placode and its transformation into the otocyst occur
similarly in amphibians, birds, and mammals (shown for the chick, Gallus
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gallus, in Fig. 3.1). These processes resemble the major events of a phase of
neurulation called primary neurulation. They involve the formation of the otic
placode (Fig. 3.1A—C); changes in its overall shape (i.e., shaping of the placode);
bending of the placode to form an otic pit or cup, which is encircled by a rimlike
lip (Fig. 3.1D-G); and apposition and fusion of the rim cells (Fig. 3.1H), closing
the pit to establish the otocyst (Fig. 3.1I). Formation of the otocyst in fish
involves comparable events, with the notable exception that the otic placode
becomes a multilayered mass of cells that subsequently cavitates (rather than
invaginates) to form the otocyst (Haddon and Lewis 1996; Bever and Fekete
2002; Whitfield et al. 2002). In this respect, formation of the fish otocyst re-
sembles a second phase of neurulation called secondary neurulation, a process
that occurs in birds and mammals to establish the caudal portion of the neural
tube. During secondary neurulation, a solid cord of cells derived from the tail
bud undergoes cavitation to form a hollow tube.

Fate mapping studies in avian embryos have revealed the approximate posi-
tions of the prospective otic placode at only essentially two stages of early
development: stage 3d/4 (Garcia-Martinez et al. 1993) and stage 8—/9—
(D’ Amico-Martel and Noden 1983; Couly and Le Douarin 1990). At the earlier
stage, during gastrulation, a linear primitive streak has formed, marking both
the future anteroposterior and mediolateral axes of the early embryo. The dor-
soventral axis of the embryo at this stage is identified by the outer position of
the ectoderm (marking dorsal) and the inner position of the endoderm (marking
ventral). Although the overall axes of the embryo have been established, the
axes of its constituent rudiments, including those of the prospective otic placode,
remain plastic. At the later stage, during neurulation, the prospective otic pla-
codes flank the elevating and converging neural folds at the future hindbrain
region. It is at this time that the anteroposterior axis of the otic rudiment begins
to become fixed. Other axes of the otic rudiment become fixed at progressively
later stages of early organogenesis (see Section 3).

2.1 An Overview of the Process of Neurulation: A Model
for Understanding the Morphogenesis of the Otocyst

To provide a better understanding of possible events underlying the formation
and morphogenesis of the otic epithelium or rudiment (i.e., the placode, pit or
cup, and vesicle), the chapter first provides an overview of the events of neu-
rulation, a morphogenetic process that has been studied far more extensively
than has otogenesis. The underlying thesis is that neurulation can serve as an
excellent model system for understanding the early phases of otogenesis, pro-
viding insight into the morphogenetic mechanisms forming the rudiment of the
inner ear. The major events of neurulation and how similar events might occur
in otogenesis are then discussed in more detail. Because the focus of this chap-
ter is on development of the inner ear and not neurulation, rather than providing
references to the primary literature on neurulation only a few relevant reviews
are cited (Schoenwolf and Smith 1990; Smith and Schoenwolf 1997; Colas and
Schoenwolf 2001).



FIGURE 3.1. Micrographs (A, light; B-I, scanning electron) showing major events in
formation of the otocyst in the chick (Gallus gallus) embryo. (A) Whole mount at the
time that the otic placodes are first forming. (B) Enlargement of the head showing the
otic placodes (arrows). (C) Cross section through the level of the otic placodes (arrows).
(D) Cross section of the left side showing early invagination of the placode. (E) En-
largement of (D) showing the invaginating otic placode and the attachment of its dor-
somedial side to the wall of the dorsal hindbrain. (F) View of the otic cup from its
dorsal side. (G) Cross section through the fully invaginated otic cup on the left side of
the embryo. Note the attachment of the dorsomedial half of the otic epithelium to the
hindbrain. (H) Cross section through the closing otic cup on the left side of the hindbrain.
A portion of the otic epithelium remains attached to the wall of the hindbrain. (I) View
of the right side of the head of an embryo at a stage when the otic cup (arrow) is closing.
a, anterior; e, eye; hb, hindbrain; 1, lateral; m, medial; oc, otic cup; op, otic placode; p,
posterior.
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Neurulation results in the formation of the neural tube, the rudiment of the
entire adult central nervous system (CNS). In birds and mammals this process
occurs in two phases, termed primary and secondary neurulation. Primary neu-
rulation results in formation of the entire brain and most of the length of the
spinal cord. It occurs in four characteristic, but temporally and spatially over-
lapping, stages: (1) formation, (2) shaping, and (3) bending of the neural plate,
with formation of the neural groove, flanked by the bilateral neural folds, and
(4) closure of the neural groove through the apposition and fusion of the neural
folds. Secondary neurulation involves a very different sequence of events. Near
the end of gastrulation, persisting cells of the primitive streak cluster together
to form the mesenchymal tail bud. Secondary neurulation begins as the most
dorsal cells of the tail bud undergo a mesenchymal to epithelial transformation
to form a primitive neuroepithelial structure (e.g., the medullary cord of birds),
continuous cranially with the caudal end of the primary neural tube. This is
followed by the cavitation of the cord to form (depending on the organism)
either a single lumen or multiple lumina, which rapidly coalesce, eventually
establishing a hollow secondary neural tube, identical morphologically to the
primary neural tube. Thus, secondary neurulation gives rise to the caudal end
of the spinal cord, beginning in birds at about the lumbosacral level.

2.1.1 Formation of the Neural Plate—Parallels with Formation of the Otic
Placode

Formation of the neural plate involves cell pallisading, in which cells become
apicobasically elongated and organized into a single-layered (in higher verte-
brates), pseudostratified, columnar epithelium. Cells of the placode are mitoti-
cally active and their nuclei undergo interkinetic nuclear migration as the cell
cycle is traversed, with the M phase of the cell cycle being restricted at the
apical (future luminal) side of the epithelium, and the S phase occurring toward
its basal side. A basal lamina forms at the basal side of the neural plate, sep-
arating this epithelial layer from underlying mesenchymal cells. Because of
interkinetic nuclear migration, the neural plate has a multilayered appearance,
with multiple (three or four) layers of cell nuclei stacked along its apicobasal
extent. However, each interphase cell actually spans the entire thickness of the
neural plate, and depending on the exact position of its nucleus, each cell can
have one of three general shapes. Spindle-shaped cells are the most frequent
ones in the neural plate; each spindle-shaped cell has both an elongated apical
and basal cell process, with a centrally located nucleus. Cells with a basally
located nucleus (i.e., cells lacking an elongated basal process) are said to be
wedge shaped. A long process extends from the base of these cells to connect
to the apex of the neural plate. Inverted wedge-shaped cells have an apically
located nucleus and an elongated process that extends basally toward the basal
lamina. Finally, cells in the M phase of the cell cycle have rounded up toward
the apex of the epithelium; such cells lack both apically and basally elongated
processes.
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All cells of the neural plate are joined along their lateral surfaces to neigh-
boring cells by occasional, small intercellular junctions, consisting principally
of gap junctions. Apically, gap junctions are much more extensive, both in size
and number. In addition, cells of the neural plate express cell adhesion mole-
cules along their surfaces, including both calcium-dependent (e.g., N-cadherin)
and calcium-independent (e.g., neural cell adhesion molecule [NCAM])
varieties.

Cells of the nascent neural plate are characterized by the presence of circum-
ferential apical arrays of microfilaments and numerous apicobasally elongated
microtubules (so-called paraxial microtubules). The chief morphogenetic event
underlying formation of the neural plate is the apicobasal thickening of the
ectoderm, which in turn is mediated solely by the apicobasal elongation of its
cells (i.e., thickening of the epithelium occurs via cell elongation rather than by
cell stratification). The process of cell elongation can occur in the absence of
microfilaments, but it is blocked in the absence of microtubules. Other factors
likely involved in formation of the neural plate include increases in cell packing,
owing to sustained mitosis within the confines of the neural plate, and increased
cell-to-cell adhesion.

Morphologically, formation of the otic placode seems to occur in a manner
highly similar to that of the neural plate (Fig. 3.1C-E). In birds and mammals,
the nascent otic placode consists of a single layer of apicobasally elongated
ectodermal cells, arranged like the neural plate, into a pseudostratified, columnar
epithelium. Like cells of the neural plate, cells of the otic placode undergo
interkinetic nuclear migration, with cells undergoing mitosis adjacent to its ap-
ical surface (Alvarez et al. 1989). Based on morphometric analysis of the chick
otic placode, a model of placode formation was proposed (Meier 1978a). Such
analysis showed that while the height of the placode (i.e., the apicobasal extent
of placodal cells) increased during placode formation and invagination, its sur-
face area remained constant. Moreover, the population doubling time of pla-
codal cells (8.5 hr) and their mitotic index (2.5%) remained similar to that of
adjacent nonplacodal ectodermal cells, revealing that the formation of the otic
placode does not involve localized accelerated cell division in the future placode.
This led to the still untested model proposing that placodal cells are restricted
from spreading laterally as they undergo division, thereby resulting in their ac-
cumulation within the limits of the placode and, consequently, to pseudostrati-
fication of the placodal epithelium (Meier 1978a).

Electron microscopic observations of forming placodal cells revealed that, as
in the neural plate, apical bands of microfilaments and large apical intercellular
junctions characterize formation of the otic placode (Meier 1978b). Further-
more, paraxial microtubules and a well-defined basal lamina are also present.
The basal lamina expresses both fibronectin and cytotactin (tenascin-C), and both
NCAM and LCAM (E-cadherin) are expressed throughout the forming placode
(Richardson et al. 1987). Unfortunately, the potential roles of none of these
factors in formation of the otic placode have been determined experimentally.
Each of the four genes has been mutated in mice, but the resulting animals have
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either no or only subtle abnormalities (tenascin-C and NCAM [Cremer et al.
1994; Forsberg et al. 1996]), or they die prior to initiation of ear development
(E-cadherin and fibronectin [Riethmacher et al. 1995; Romberger 1997]). Based
on an understanding of the role of paraxial microtubules in apicobasal cell elon-
gation in the neural plate, it is predicted that functionally intact paraxial micro-
tubules are also necessary for formation of the otic placode.

2.1.2 Shaping of the Neural Plate—Parallels with Shaping of the Otic Placode

As the neural tube is forming, the second stage of neurulation begins: shaping
of the neural plate. The early neural plate has a spade-shield-like shape when
viewed from its apical (dorsal) surface. During shaping, the neural plate narrows
mediolaterally and extends rostrocaudally. Such a coordinated and orientated
change in the overall shape of an organ rudiment is referred to as a convergent
extension movement. In the amphibian neural plate, convergent extension is
driven chiefly by mediolateral cell to cell intercalation. In birds and mammals,
oriented cell division also plays a role in convergent extension.

A process similar to shaping of the neural plate has been described in the
avian otic placode (Fig. 1 in Alvarez and Navascues 1990). In contrast to the
directionality of the convergent extension movement occurring during shaping
of the neural plate, shaping of the otic rudiment involves a shortening of its an-
teroposterior axis and a concomitant lengthening of its mediolateral axis. The
mechanisms underlying shaping of the otic placode have not been analyzed in
detail. However, based on the presence of long apical cytokinetic bridges span-
ning several cell diameters (Meier 1978a; Alvarez and Navascues 1990), it
seems likely that daughter cells undergo cell to cell intercalation within the
plane of the epithelium, leading to cell rearrangements. Similar structures (of-
ten called beaded threads) are found in chick neural plate, where cell tracking
studies have demonstrated that extensive cell rearrangements occur (Hilfer et al.
1990). Whether or not oriented cell divisions play roles in shaping of the otic
placode, as they do in convergent extension of the chick and mouse neural
plate, has not been analyzed. As an entrée into understanding the role of con-
vergent extension in early otic morphogenesis, it might be profitable to examine
those genes involved in convergent extension of the neural plate (Keller 2002;
Wallingford et al. 2002; Copp et al. 2003), one of which (Ltap/Vangl2) has al-
ready been shown to be required for the elongation of the cochlear duct (Mont-
couquiol et al. 2003).

2.1.3 Bending of the Neural Plate—Parallels with Invagination of the Otic
Placode and Formation of the Otic Pit

Bending of the neural plate is a process that is far more complicated than orig-
inally believed. As a result of improvements in electron microscopy in the late
1960s and early 1970s, bands of microfilaments were identified in the apices of
a number of different types of embryonic epithelial sheets undergoing bending
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movements. This led to the hypothesis that bending of epithelial sheets was
generated solely by intrinsic forces (i.e., forces originating solely within the
epithelial sheet) through microfilament-mediated cell wedging. Thus it was be-
lieved that bending of the neural plate resulted from a change in cell shape from
column-like (in the flat neural plate) to wedge-like (in the bending neural plate).
The identification of circumferential apical bands of microfilaments led to the
pursestring hypothesis, in which apical constriction caused cell wedging, thereby
driving bending. The use of the drug cytochalasin B, which disrupts microfi-
laments, supported this hypothesis, as following treatment bending of epithelial
sheets was severely disrupted.

Further studies revealed that the pursestring hypothesis was far too simplistic.
First, as described above, cells of ectodermal rudiments such as the early neural
plate and otic placode are not strictly column shaped; rather, they have a variety
of shapes. Second, as bending of such ectodermal rudiments occurs, a wholesale
change in cell shape to wedge-like does not occur across the bending rudiment;
rather, at least in the chick neural plate where this has been analyzed in detail,
roughly the same proportion of spindle-shaped, wedge-shaped, inverted wedge-
shaped, and mitotic (i.e., spherical cells rounded up at the apex of the epithe-
lium) are retained. Moreover, in both the chick neural plate and forming otic
pit, loci of bending are present, called hinge points. In the neural plate, three
hinge points are formed: a median hinge point, overlying the notochord; and
paired dorsolateral hinge points, just proximal to the neural folds (the latter hinge
points form mainly at future brain levels and are absent throughout most of the
length of the spinal cord, except at the most caudal end of the neural groove).
Most of the cells within these hinge points become wedge-shaped as the hinge
points are forming, but dramatic reductions in their apical size do not occur.
Instead, changes in cell shape seem to be far more affected by the position of
the nucleus within the cells—a process linked to its phase in the cell cycle owing
to interkinetic nuclear migration—rather than to apical constriction per se. This
has led to the revised hypothesis that furrowing of epithelial sheets, that is,
localized bending within hinge points, is generated by cell wedging, and that
this cell wedging occurs as a result of two main events: microfilament-mediated
apical constriction/stabilization and basal expansion, owing to an increase in the
percentage of the cell cycle (as well as the absolute length of time) that the
nucleus is retained at the base of the cell.

Additional studies on chick neurulation have further challenged the purse-
string hypothesis. Microsurgical isolation of the neural plate from surrounding
tissues has revealed that intrinsic forces generated by changes in cell shapes
within the neural plate, although sufficient for furrowing of the neural plate are
insufficient for its subsequent folding, that is, elevation of the neural folds—the
rotation of the neural plate around the median hinge point, and convergence of
the neural folds—the rotation of the neural folds around the dorsolateral hinge
points. Both elevation and convergence of the neural folds require extrinsic
forces, that is, forces generated by changes in the surrounding tissue. Further
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experiments have revealed that the epidermal ectoderm immediately lateral to
the neural folds undergoes lateral-to-medial expansion during elevation and con-
vergence, and that such expansion is required for folding.

Does invagination of the otic placode also involve such a complicated series
of events? The existing evidence is quite convincing that it does indeed. Based
on experimental studies of the chick otic epithelium, mainly by Hilfer and col-
leagues (Meier 1978a,b; Sinning and Olson 1988; Hilfer et al. 1989, 1990;
Alvarez and Navascues 1990; Hilfer and Randolph 1993; Gerchman et al. 1995;
Brown et al. 1998; Brigande et al. 2000a; Moro-Balbas et al. 2000; Visconti
and Hilfer 2002), a model has been developed in which both intrinsic and ex-
trinsic factors drive invagination of the otic placode. This model is consistent
with the morphological changes observed in the otic rudiment during its bending
(Fig. 3.1E). Bending of the otic placode begins with the formation of a longi-
tudinal hinge point (Meier 1978a; Richardson et al. 1987; Hilfer et al. 1989;
Alvarez and Navascues 1990; Hilfer and Randolph 1993; Moro-Balbas et al.
2000). Placodal cells within the hinge point display basally located nuclei (sug-
gesting that they are wedge shaped), and the basal lamina underlying the hinge
point is attached to the adjacent hindbrain through fibrous connections of extra-
cellular matrix. Similarly, the basal lamina underlying the entire dorsomedial
half of the otic placode becomes attached via extracellular matrix to the more
dorsal hindbrain at the onset of invagination, but cells within this portion of the
placode seem to be principally spindle shaped (i.e., centrally located nuclei)
rather than wedge shaped (i.e., basally located nuclei). Although the differences
in cell shapes likely play a role in determining whether the placodal epithelium
is flattened (as it is dorsomedial and ventrolateral to the longitudinal hinge point)
or furrowed (as it is within the longitudinal hinge point), intrinsic forces gen-
erated by cytoskeletal mediated cell wedging are not required for invagination
of the otic placode, as experimental studies have shown that invagination is both
calcium and ATP independent (Hilfer et al. 1989). Moreover, experiments
in which the otic placode was detached from the adjacent hindbrain, using
antibodies to laminin and integrins, showed that subsequent invagination was
inhibited, providing further evidence that extrinsic forces are necessary for in-
vagination (Visconti and Hilfer 2002). Furthermore, perturbation of the extra-
cellular matrix surrounding the invaginating otic placode and/or the matrix
participating in the formation of the otic folds at the rim of the invaginating cup
by using either enzymes degrading hyaluronate or chondroitin sulfate, or -
xyloside to inhibit the synthesis of chondroitin sulfate proteoglycan, also inhibits
invagination, suggesting that the extracellular matrix plays a critical role in in-
vagination (Gerchman et al. 1995). It may be possible to address the role of
chondroitin-sulfated proteoglycans genetically, as a mouse gene-trap mutation
in Chondroitin-4-sulfotransferase (Chst11/C4ST), which is expressed by the otic
vesicle, has been isolated recently (Kliippel et al. 2002). A similar role for
hyaluronate has been described in neurulation at rostral levels of the chick neural
tube (Schoenwolf and Fisher 1983). Finally, microinjection of heparinase III,
degrading heparan sulfate proteoglycan present in the basal lamina of the otic
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placode (Gould et al. 1995; Moro-Balbas et al. 2000), blocks invagination
(Moro-Balbas et al. 2000). Thus, several factors seem to interact to transform
the flat otic placode into the closed otocyst.

As invagination of the otic placode occurs, a copious surface coat appears on
its apical side (Sinning and Olson 1988). The role of this coat in invagination
and subsequent closure of the otocyst is unknown, as is its molecular compo-
sition. In addition, during invagination the otic epithelium expresses NCAM.
Disruption of NCAM with blocking antibodies reveals two distinct effects: sep-
aration of the otic epithelium from the adjacent hindbrain and failure of for-
mation of the otic folds (Brown et al. 1998). Finally, as invagination is
underway, additional folds appear in the otic epithelium, converting the otic cup
into a boxlike shape. Especially prominent are rostral and caudal folds (Hilfer
et al. 1989; Alvarez and Navascues 1990). With the formation of these folds
the closing “otic pore” transforms from circular to oval, being narrow in the
anteroposterior axis and broad in the mediolateral axis. The dynamics of otic
sup invagination and closure (see next section) can be viewed at http:/sdb.bio
.purdue.edu/temp/otic_cup_closure.html (Brigande et al. 2000a)

2.1.4 Closure of the Neural Groove and Formation of the Neural Tube—
Parallels with Closure of the Otic Pit and Formation of the Otocyst

During bending of the neural plate the neural folds are eventually brought into
contact in the dorsal midline, where they adhere to one another and undergo
fusion. Almost nothing is known about these processes, which result in the
formation of a hollow tube, separated from the overlying epidermal ectoderm
and a relatively small but highly active population of cells, the neural crest.
Studies utilizing electron microscopy combined with fixation protocols that pre-
serve cell-surface coats have revealed that the apical surfaces of the neural folds
are coated with cell surface materials, but their molecular composition remains
unknown. In addition, in some species, the apical surfaces of the ectodermal
cells comprising the neural folds display numerous membrane blebs, ruffles, and
filopodia, but their significance in fusion and cell rearrangements during for-
mation of distinct tissue layers (i.e., epidermal ectoderm, roof plate of the neural
tube, and neural crest) are unknown. Finally, the layer of the neural folds that
come into first contact to close the neural groove vary at different rostrocaudal
levels. Thus, in the area of the anterior neuropore, the epidermal ectodermal
layer of each neural folds come into first contact, whereas at other levels of the
developing neural axis, first contact occurs either between the neuroectodermal
layers or at the interface between the two layers. Again, the significance of
these differences is not obvious.

Similarly, little is known about closure of the otic cup to form the otocyst
(Fig. 3.1H, I). The surfaces of the otic folds, like that of the entire apical surface
of the otic epithelium, are covered by a dense cell coat (Sinning and Olson
1988), but like their potential role in invagination, their role in closure remains
unknown. Analysis of cell movements during closure of the otic cup has re-
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vealed that cells at the rim of the cup change positions during closure. These
studies have revealed that the entire dorsal rim of the otic cup becomes the
endolymphatic duct, whereas the posteroventral rim becomes the lateral otocyst
wall. Compartment boundaries are established through lineage restriction at the
dorsal pole of the closing cup, and it has been hypothesized that signaling across
compartment boundaries may play a critical role in specification of the endo-
lymphatic duct during closure (Brigande et al. 2000a).

2.1.5 Cavitation of the Medullary Cord—Parallels with Formation of the Fish
Otocyst

Above, it was argued that formation of the neural tube during primary neuru-
lation can serve as a model system, providing insight into the tissue, cellular,
and molecular mechanisms underlying formation and early morphogenesis of
the otocyst in amphibians, birds, and mammalians. Here, this argument is ex-
tended by suggesting that secondary neurulation might serve as a model system
for gaining insight into mechanisms underlying formation of the otocyst in fish.

Secondary neurulation occurs in both birds and mammals. The process is
described in chick, where it begins with the formation of the tail bud, a mes-
enchymal mass of cells formed at the caudal end of the embryo from persisting
remnants of the primitive streak. Next, the most dorsal cells of the tail bud
condense into an epithelial cord called the medullary cord. A basal lamina forms
around the medullary cord, separating it from the surrounding mesenchymal
cells. The cord then undergoes cavitation to form multiple lumina, which ulti-
mately coalesce into a single central lumen.

Formation of the zebrafish otocyst from the otic placode seems to occur in a
similar manner, with the otocyst forming not by invagination but rather through
cavitation of a solid mass of cells (Haddon and Lewis 1996). During formation
of the otocyst, the otic placode sinks below the epidermal ectoderm and cavi-
tates, with cells rapidly showing apicobasal polarization as revealed by the pres-
ence of apically localized actin-containing microfilaments (Whitfield et al.
2002). Similarly, the entire length of the zebrafish neural tube forms by cavi-
tation of a solid epithelial rod, the neural keel. Future identification of zebrafish
mutants that affect cavitation of the neural keel and subsequent identification
and characterization of the relevant mutant genes should provide insights into
potential molecular players controlling morphogenesis of the zebrafish otocyst.

2.2 Neural Tube Defects—Parallels with Otocyst Closure
Defects?

As might be expected with the complexity described above, formation of the
primary neural tube often goes awry, resulting in neural tube defects—a failure
of the neural folds to come into contact and fuse to establish a closed CNS
covered by epidermis. In fact, neural tube defects are among the most common
birth defects occurring in humans (i.e., approximately 1:1000 live births). Ow-
ing to a similar complexity in the formation of the otocyst as suggested here, it
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might be expected that otocyst closure defects would also frequently occur, yet
only one such defect has been recognized in the literature. Mice lacking ex-
pression of both cell death genes Apafl and Bcl2] fail to complete otic vesicle
closure and lack endolymphatic ducts, which ordinarily form at the site of ves-
icle closure. This defect has not yet been analyzed in embryos at the time of
vesicle closure, but the result suggests an important role for cell death in this
process (Cecconi et al. 2004).

Two possible explanations for the relative dearth of otic vesicle closure defects
are proposed. First, based on patterns of gene expression during early embry-
ogenesis, it is clear that virtually all genes expressed in the otic rudiment during
its early morphogenesis are also expressed in other major organ rudiments, such
as the neural tube, heart, and so forth. Thus, it might be expected that critical
genes controlling formation and morphogenesis of the otocyst are essential for
survival of the embryo and when mutated might be embryonic lethal. Second,
also based on patterns of gene expression, it is clear that many genes (and many
members of the same families of genes) are expressed in the early otocyst. This
suggests that formation and early morphogenesis of the otocyst are likely con-
trolled by redundant mechanisms, or that compensatory changes might occur in
the absence of a single gene regulating these processes, masking potential otic
phenotypes. Examples of these scenarios were given in the section above on
the roles of cell-adhesion molecules in otic placode formation and for the vesicle
closure defect seen in Apafi/Bcl2l double mutants, Nevertheless, because otic
defects are not always readily recognized, or even considered, it might be prof-
itable to search for otic closure phenotypes in animals that carry mutations in
genes that affect neural tube closure and that are also expressed in tissues rel-
evant to otic development.

3. Otic Axis Formation

As noted in the Introduction, the ear is an asymmetric structure, with distinct
morphological characteristics defining each of its three axes. When and how
are the developmental axes of the ear determined? The timing of otic antero-
posterior (AP) versus dorsoventral (DV) axis formation in salamanders was ad-
dressed in two classic experiments by Harrison (1936). In both cases he cut
out squares of donor otic ectoderm at different stages, transplanted them into
the otic region of same-stage embryos, and observed the subsequent develop-
ment of the transplanted otic tissue. In the first type of experiment, by grafting
“upright” (nonrotated) ectoderm from one side of the donor to the opposite side
of the host embryo, only the AP orientation of the transplanted tissue was re-
versed. In the second type of experiment, by grafting “inverted” (180° rotated)
ectoderm from one side of the donor to the opposite side of the host, only the
DV orientation of the transplanted tissue was reversed. As a control, “upright”
tissue from one side of the donor was transplanted to the same side of the host,
which maintained all axial relationships between donor and host.

Harrison found that when either type of experimental transplantation was



54 S.L. Mansour and G.C. Schoenwolf

carried out at the medullary plate stage, when the embryo had just begun to
elevate the neural folds and did not have any morphological signs of a placode,
the transplanted tissue developed into a normally oriented ear. This suggests
that the preplacodal ectoderm has not acquired any irreversible positional infor-
mation and is still subject to axial cues from the host embryo. If the transplan-
tations were performed a little later, when the neural folds were closing and the
otic ectoderm had thickened, the results depended on the type of transplantation.
Otic tissue grafted such that the AP orientation was reversed (experiments of
the first type) developed with the donor’s original AP asymmetry (i.e., “back-
wards” relative to the host). In contrast, when the DV orientation was inverted
at this stage (experiments of the second type), the grafted ears acquired a DV
axis that was aligned with that of the host and developed relatively normally.
DV inversions done at later stages, when the otocyst was almost closed, never
gave rise to ears with the asymmetries expected of the host embryo (Harrison
1936). These results suggest that the AP axis of the amphibian ear is established
by the placode stage, and that this occurs before establishment of the DV axis.

More recently, Wu et al. (1998) carried out similar experiments in the chick.
They came to the same conclusions as Harrison with respect to the order of axis
formation, namely, that the AP axis is fixed before the DV axis. They also
showed, however, that the time course of otic axis formation in avians may
differ from that in amphibians. It seems that the AP axis in chick may be fixed
during the otic cup stage and that DV fixation may occur after endolymphatic
duct formation. Axis fixation in chicks thus occurs later than in amphibians.
This issue has not been addressed yet in zebrafish or mice.

Whereas the timing of AP and DV otic axis formation in two species is
relatively clear, the molecular basis of otic axis formation remains relatively
unexplored. If otic axes are established by differential responses to gradients of
signaling molecules, as is thought to be the case for the embryonic axes (i.e.,
bone morphogenetic proteins [BMPs] and Sonic hedgehog for the DV axis of
the neural tube [Altmann and Brivanlou 2001]), then one might expect that
inversion of the appropriate gradient at the appropriate time would effect an
inversion of the otic axis and that removal of the graded signal would most
strongly disrupt development of the otic structures closest to the source of the
signal. Indeed, Sonic hedgehog (Shh) signals, which are produced by ventral
midline tissues (notochord and floorplate), appear to be required for establish-
ment of the mouse DV otic axis. Ventral otic structures (the cochlea and otic
ganglion) fail to develop in ShA™!~ mutants. The endolymphatic duct (dorso-
medial) and lateral semicircular canal are also missing in the Shh mutants, but
these morphogenetic defects seem to arise subsequent to normal patterning of
the mediolateral axis and initial outgrowth of these structures (Riccomagno et
al. 2002). Strikingly, when the embryonic chick ventral neural tube or noto-
chord (also sources of Shh) is surgically removed, the ear develops without
ventral structures. In addition, surgical inversion of the chick neural tube relative
to the otocyst abolishes expression of dorsal genes and induces expression of
ventral genes in the dorsal otocyst (Bok et al. 2005). It is not yet clear whether
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this manipulation truly inverts the otic DV axis, but taken together, the data
suggest that at least in mouse and chick, Shh signaling may be one determinant
of the otic DV axis.

The role of Hedgehog (Hh) signaling in otic axis formation in zebrafish is
somewhat different from that in mouse and chick. Hh signals appear to be
required to establish the AP axis of zebrafish otic vesicles. Strong inhibition of
the Hh pathway leads to ears in which posterior structures and marker genes
are missing and anterior structures and marker genes are present as partial mirror
image duplications, whereas activation of Hh signal throughout the embryo
causes a loss of anterior structures and partial mirror image duplication of pos-
terior structures (Hammond et al. 2003). This result is rather surprising con-
sidering that Hedgehog signals are present along the entire AP axis of the
developing neural tube floor plate and notochord and would seem to be better
candidates for influencing the development of the DV (or mediolateral) otic axis.
Asymmetric posterior concentration of the Hh receptor gene, patchedl, in the
otic vesicle may explain the differential effects of Hh along the AP otic axis
(Hammond et al. 2003). Alternatively, it is possible that ventral or medial otic
vesicle cells move posteriorly subsequent to receiving the Hh signal; the existing
zebrafish fate map was not produced late enough to assess this possibility (Koz-
lowski et al. 1997).

It is interesting to note that there may be two independent pathways that
regulate otic DV axis determination in the mouse. Mice that lack Six/, which
encodes a transcription factor expressed most prominently in the ventral otic
cup, have an otic phenotype similar to that of Sh# mutants. Marker gene anal-
ysis of the mutant vesicles suggests that the DV axis is perturbed. Interestingly,
Shh does not regulate Six/ expression and vice versa (Ozaki et al. 2004). It
will be interesting to learn whether the Six/ homologs also play roles in otic
axial determination in other species.

Fgf3, which is expressed from the hindbrain in all of the experimental species
under consideration, is also an excellent candidate for a DV otic axis-inducing
signal (Wright and Mansour 2003), but whether it actually forms a concentration
gradient is unknown, and the manipulations required to reverse the putative
gradient have not yet been attempted. In addition, mouse Fgfi6, which is ex-
pressed in the posterior otic cup, could potentially play a role in AP axis for-
mation (Wright et al. 2003).

4. Normal Morphogenesis of the Closed Otic Vesicle to the
Mature Membranous Labyrinth

The normal developmental progression of the closed otic vesicle to the mature
membranous labyrinth in mice (Mus musculus), chicks (Gallus gallus), frogs
(Xenopus laevis), and zebrafish (Danio rerio) is illustrated with paint-filled spec-
imens in Figure 3.2. Figure 3.2A shows all ears at the same scale, so that the
substantial growth of the epithelium during morphogenesis can be appreciated.
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FIGURE 3.2. (A) Paint-fills of the developing otocyst in mouse (Mus musculus, top row; 10.75
to 17 days postcoitum [dpc]), chick (Gallus gallus, second row; 4 to 11 days of embryogenesis
[E]), frog (Xenopus laevis, third row; stages [st] 34 to 52), and zebrafish (Danio rerio, bottom
row; 3 days postfertilization [dpf] through 2 years [yr] of age). Otocysts are shown to scale (1
mm bar) to indicate the overall patterns of growth during development. (B) Paint-fills of se-
lected developing otocysts shown in (A) from mouse (top row), chick (second row), frog (third
row), and zebrafish (bottom row). Regardless of stage and species, all otocyts are shown at the
same size to facilitate examination of their morphologies. A, anterior; aa, anterior ampulla;
acp, anterior canal pouch; asc, anterior semicircular canal; bp, basilar papilla; cc, common crus;
cd, cochlear duct; D, dorsal; ded, distal cochlear duct; dpc, days post-coitus; dpf, days post-
fertilization; E, embryonic day; ed, endolymphatic duct; es, endolymphatic sac; ha, horizontal
ampulla; hcp, horizontal canal; pouch; hsc, horizontal semicircular canal; 1, lagena; la, lateral
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FIGURE 3.2. (Continued) ampulla; lcp, lateral canal pouch; lp, lateral pouch; Isc, lateral semi-
circular canal; pa, posterior ampulla; pcd, proximal cochlear duct; pi, pars inferior; pp, posterior
pouch; pcp, posterior canal pouch; ps, pars superior; psc, posterior semicircular canal; s, sac-
cule; sa, superior ampulla; scp, superior canal pouch; sp, superior pouch; ssc, superior semi-
circular canal; st, stage; u, utricle. Note that canal structures labeled as “superior” are more
properly referred to as “anterior.” Paint-fill figures compiled courtesy of M. Bever and D.
Fekete. Mouse paint-fills were originally published in Morsli et al. (1998, reprinted with per-
mission of the Society for Neuroscience © 1998), chick paint-fills in Bissonnette and Fekete
(1996, reprinted with permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons ©
1996), frog paint-fills in Bever et al. (2003, reprinted with permission of Wiley-Liss, Inc., a
subsidiary of John Wiley & Sons © 2003), and zebrafish paint-fills in Bever and Fekete (2002,
reprinted with permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons © 2002).

57



58 S.L. Mansour and G.C. Schoenwolf

Figure 3.2B shows the same specimens, except that all ears are the same size,
so that the morphological details can be appreciated. The details of otic vesicle
morphogenesis in the four species have been described previously. Excellent
descriptions of mouse otic morphogenesis can be found in Sher (1971), Sulik
and Cotanche (1995), Morsli et al. (1998), and Kaufman and Bard (1999).
These observations are nicely summarized in Kiernan et al. (2002). Chick otic
morphogenesis is described in Knowlton (1967) and Bissonnette and Fekete
(1996). Xenopus otic development is described in Paterson (1948), Haddon and
Lewis (1991), and Bever et al. (2003). Zebrafish otic morphogenesis is de-
scribed in Waterman and Bell (1984), Haddon and Lewis (1996), Bang et al.
(2001), and Bever and Fekete (2002), and summarized in Whitfield et al. (2002).

In mice, chicks, and frogs, morphogenesis of the roughly spherical otic vesicle
initiates with an evagination of the epithelium on the dorsomedial side of the
vesicle. This primordium of the nonsensory endolymphatic duct and sac system,
which is important for fluid homeostasis in the mature inner ear, elongates dor-
sally. In zebrafish, endolymphatic duct development is comparatively rudimen-
tary and occurs after semicircular canal formation.

Soon after the appearance of the endolymphatic anlage, the ventral portion of
the otic vesicle of mice and chicks begins to elongate in a ventral direction,
initiating cochlear development. In mice, the cochlea coils, ultimately attaining
1.75 turns, whereas in chicks it does not coil. Frog and zebrafish ears do not
have a cochlea. Zebrafish auditory sensory tissue is housed in the saccule,
lagena, and possibly the utricle and frog auditory tissue is housed principally
in the amphibian and basilar papilli.

The development of the dorsal (vestibular) portion of the otic vesicle is similar
in mice, chicks, and frogs. Shortly after the initiation of cochlear develop-
ment in the species that have one, a dorsolateral bulge, the vertical canal plate,
appears in the otic epithelium. This plate soon develops another groove, sepa-
rating the vertical plate into distinct regions that will form the anterior and
posterior semicircular ducts. Next, the opposing epithelia approach one another,
form a fusion plate, and cells begin to leave from the two central regions, form-
ing the anterior and posterior semicircular ducts. At the same time, there is a
bulging of the lateral otic epithelium to form the lateral canal plate, in which
central cells fuse and are removed to form the lateral semicircular duct. Ze-
brafish semicircular canal formation differs slightly in that there are no out-
pouchings of the epithelium from the otic vesicle. Instead, the epithelium
protrudes inward at four sites into the vesicle lumen. Opposing protrusions
eventually from the equivalent of a fusion plate and central cells are removed
to form the canals, as in mice, chicks, and frogs. In all four species, each
semicircular duct has a bulge at one base (the ampulla) that houses a rotation-
sensing organ (the crista). The utricle and saccule, chambers housing the gravity
sensing organs (maculae), then bulge in successive order, ventral to the largely
completed semicircular duct system.

It should be emphasized that the morphogenesis of the otic epithelium occurs
concomitantly with cellular differentiation of the epithelial cells into sensory
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versus nonsensory regions and subsequently into numerous functionally distinct,
specialized cell types. Indeed, these two processes are likely to be linked, as
many of the mutants to be discussed have defects in both morphogenesis and
in sensory development. In fact, there is only one reported mutant that has
normal nonsensory development (e.g., in semicircular duct formation) accom-
panied by abnormal sensory development associated with the affected structure
(i.e., the cristae). Hmx3 mutant have apparently normal lateral semicircular
ducts that lack cristae (Wang et al. 1998). However, as the focus here is on
morphogenesis, issues of cell type specification are not addressed. For complete
descriptions of mutant phenotypes the reader is referred to the original citations
for the mutants and to Pauley, Matei, Beisel, and Fritzsch, Chapter 4, and Lan-
ford and Kelley, Chapter 5.

4.1 Experimental Approaches to Otic Vesicle Morphogenesis

Three major experimental approaches have been used to dissect the tissues and
genes required for morphogenesis of the roughly spherical otic vesicle into the
complex labyrinthine structure of the mature otic epithelium. These approaches
are to: (1) surgically alter the relationships between the otic vesicle and its
surrounding tissues and to observe its subsequent development; (2) culture the
otic vesicle in the presence of other tissues or purified factors and follow de-
velopment in vitro; and (3) characterize the phenotypes associated with muta-
tions of genes expressed in the developing inner ear and in the surrounding
tissues. The first approach can be applied easily to all of the species under
consideration here, except the mouse, since its embryos can be cultured only
for limited periods of time. The second approach is potentially applicable to
any species. Genetics, the third approach, is most effectively applied to the
zebrafish and mouse. One of the major conclusions from these lines of exper-
imentation is that normal otic vesicle morphogenesis is not an autonomous pro-
cess: it depends on interactions with the adjacent hindbrain and the surrounding
mesenchyme.

4.2 Role of the Hindbrain in Otic Vesicle Morphogenesis

As in the case of otic placode induction (described by Lanford and Kelley,
Chapter 5), the hindbrain clearly plays an early role in otic vesicle morphogen-
esis. In a series of classic experiments, Detwiler and Van Dyke (1950) showed
that if the hindbrain of a developing salamander is replaced with neural tissue
from the midbrain or spinal cord regions, the ear becomes cystic. In more recent
studies, Hutson et al. (1999) unilaterally ablated rhombomeres 5 and 6 from
chick hindbrains at stages 11 to 13 and found that the ipsilateral otocysts were
smaller than normal and had uniform rather than ventromedially enriched ex-
pression of Pax2. If the otocysts were permitted to develop further, severe de-
fects of dorsal (endolymphatic duct and vestibule) development were apparent.
In addition, when the otic vesicle is transplanted to other rostrocaudal positions
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along the axis of the developing CNS, it fails to undergo normal morphogenesis
(Detwiler and Van Dyke 1951). These results were extended by Herbrand et al.
(1998), who performed transplants of chick otic placode to abnormally rostral
positions adjacent to the developing midbrain/hindbrain or to the wing bud.
They found that such transplants could form vesicles, but these vesicles did not
undergo normal morphogenesis. In addition, they showed that although normal
patterns of chick Nkx5-1 (Hmx3 in the mouse) expression were maintained in
vesicles formed in the midbrain/hindbrain region, such vesicles did not maintain
regionalized expression of Pax2. The abnormal vesicles that formed in the wing
bud did not exhibit normally regionalized expression of either of these marker
genes. Taken together, these studies suggest that the hindbrain produces signals
that are necessary for normal morphogenesis and patterns of gene expression in
the ear. Detwiler’s original studies prompted the question, “What is it that the
medulla possesses and gives off which so profoundly affects labyrinth differ-
entiation and which is obviously lacking in any other of the primary segments
of the embryonic brain?” (Detwiler and van Dyke 1951). Answers to this 50-
year-old question are only just beginning to emerge.

The existence of a number of classic and gene-targeted mouse mutants with
abnormalities of hindbrain development that are also associated with abnormal
otic morphogenesis further cements the role of the hindbrain in otic morpho-
genesis. In a series of papers describing the classic mouse mutants kreisler
(Deol 1964a), dreher (Deol 1964b), and Splotch and Loop-tail (Deol 1966), Deol
proposed that the malformed inner ears found in these mutants were a conse-
quence of abnormal hindbrain development. This hypothesis was borne out
when the responsible genes were identified. The kreisler gene encodes a basic
helix—loop-helix transcription factor, Mafb/kr, that is expressed in the hindbrain
adjacent to the developing otic vesicles, but not in otic tissue itself (Cordes and
Barsh 1994).

Kreisler mutant ears do not have endolymphatic ducts and they develop as
cystic chambers (Deol 1964a). The cystic phenotype is similar to that of ze-
brafish ears from valentino mutants, in which the zebrafish homolog of Mafb/
kr is mutated (Moens et al. 1998). Similarly, mutations targeted to Hoxal,
which encodes a transcription factor expressed in the hindbrain, cause otic
phenotypes that are reminiscent of the kreisler mutant (Lufkin et al. 1991;
Chisaka et al. 1992; Mark et al. 1993). Transcription factors presumably exert
their effects on otic morphogenesis by regulating the expression of genes that
encode signaling proteins, which in turn activate intracellular signaling pathways
in the cells of the otic epithelium. Indeed, there is evidence that both Mafb/kr
and Hoxal regulate expression of Fgf3 in hindbrain rhombomeres (r)5 and r6,
which are adjacent to the developing otic vesicle (Carpenter et al. 1993; Frohman
et al. 1993; McKay et al. 1996).

Fgf3 encodes a fibroblast growth factor (FGF) that is required for normal otic
morphogenesis (Mansour et al. 1993). FGFs are secreted molecules that signal
through a specific class of transmembrane receptor tyrosine kinases. Binding
of an FGF to its specific receptor activates a variety of intracellular growth and
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differentiation signaling pathways. Fgf3 mutant ears have variable and incom-
pletely penetrant abnormalities of otic morphogenesis that were traced to a fail-
ure of endolymphatic duct formation (Mansour et al. 1993). Consistent with
this result, mice that lack the FGF3 receptor, FGFR2b, which is expressed in
the dorsomedial (endolymphatic duct-forming) region of the otic vesicle at E9.5,
also fail to form an endolymphatic duct and have severe dysmorphogenesis of
the otic vesicle, similar to but more penetrant than the phenotype of Fgf3 mu-
tants (Pirvola et al. 2000). The interpretation of the cause of the Fgf3 mutant
phenotype is complicated by the fact Fgf3, while expressed strongly in r5 and
r6 during the initial stages of otic morphogenesis (E9.0 to E9.5), is also ex-
pressed in the anteroventral otic epithelium starting at E10.0 and continues to
be expressed during later stages in the developing sensory patches (Wilkinson
et al. 1988, 1989; Pirvola et al. 2000; S.L. Mansour, unpublished data). Thus,
loss of Fgf3 normally expressed in otic epithelium may also contribute to the
mutant phenotype. However, as the Hoxal otic phenotype can be rescued by
maternal application of retinoic acid, which concomitantly induces Fgf3 expres-
sion in the Hoxal mutant hindbrains, an important role in otic morphogenesis
for hindbrain-expressed Fgf3 is strongly suggested (Pasqualetti et al. 2001).

Retinoic acid signaling to organize the hindbrain is, in fact, the earliest step
identified so far in the control of early mouse otic vesicle morphogenesis.
Mouse embryos mutant for Retinaldehyde dehydrogenase-2 (Raldh2), which is
required for retinoic acid biosynthesis, die at E10.5 with small otocysts that have
aberrant patterns of gene expression. The otic phenotype seems to be more
severe than that of Hoxal, kreisler, or Fgf3 single mutants. Significantly, ex-
pression of all three of these genes is absent or greatly diminished in the Raldh2
mutant hindbrain, suggesting that all three genes are regulated by retinoic acid
signaling, and in their absence, otic vesicle development arrests (Niederreither
et al. 1999; 2000) The zebrafish neckless phenotype is caused by mutations in
Raldh2 (Begemann et al. 2001), but the otic phenotype has not yet been de-
scribed. The retinoic acid signals required for otic development may be medi-
ated by redundant nuclear receptors, RARo. and RARY, as mice lacking both
receptors develop with hypoplastic otic vesicles that fail to form an endolym-
phatic duct (Romand et al. 2002), similarly to the vesicles seen in Raldh2 (and
Hoxal, Mafb/kr, or Fgf3) mutants. Significantly, these double mutants also have
hindbrain patterning defects in the region adjacent to the developing otocyst
(Wendling et al. 2001).

The situation with Splotch and Loop-tail mice may be somewhat different
from that of Mafb/kr, Fgf3, and Hoxal. The former phenotype is caused by
mutations in Pax3, which encodes a transcription factor (Epstein et al. 1991;
Goulding et al. 1993), and in the latter case by Ltap/Vangl2, which encodes a
transmembrane protein of unknown biochemical function (Kibar et al. 2001;
Murdoch et al. 2001). Both genes are expressed along the anteroposterior axis
of the dorsal neural tube and Pax3 mutants have both neural crest and neural
tube closure defects. Despite extensive studies of these mutants with respect to
their neural tube closure defects (reviewed in Copp 1994; Juriloff and Harris
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2000; Gelineau-van Waes and Finnell 2001; Copp et al. 2003), no recent work
on the ear phenotypes of Pax3 mice has been reported, and on their current
genetic background, the Loop-tail mutant ears do not appear to exhibit the severe
otic vesicle dysmorphology at E11.5 reported by Deol (M. Montcouquiol and
M. Kelley, personal communication). It certainly would be interesting to pursue
the question first posed by Deol (1966) and determine whether abnormal sig-
naling from the hindbrain causes the otic defects seen in these mutants, or
whether the otic defects are a secondary consequence of an open neural tube.

The hindbrain is apparently not required throughout the entire period of otic
morphogenesis. When mouse otocysts with adhering mesenchyme are explanted
into culture at E10.5 and especially at E11.5, they are able to undergo relatively
normal morphogenesis. When similar explants are prepared at E9.5, however,
morphogenesis fails (Li et al. 1978; Van De Water et al. 1980). This suggests
that the influence of the hindbrain on otic morphoghesis is limited to the period
prior to E10.5. Analysis of appropriately designed conditional mutants in the
mouse would help to evaluate the validity of this conclusion.

What aspect, then, of otic morphogenesis is the hindbrain required for? One
of the most notable characteristics of the phenotypes of the transplanted chick
vesicles or of the E9.5 cultured mouse vesicles, as well as of the kreisler and
Hoxal mutants, and to a variable extent the Fgf3 mutants mentioned above, is
that the very first step of otic vesicle morphogenesis is affected, namely, there
is a failure to form the endolymphatic duct. In these cases, the epithelium
develops in a cystic fashion, without showing evidence of normal dorsal or
ventral morphogenesis. This observation suggests the possibility that the hind-
brain sends a signal to the vesicle to initiate endolymphatic duct formation and
that further morphogenesis of the vesicle actually depends on proper execution
of this command. As zebrafish do not develop an endolymphatic duct until late
stages of otic morphogenesis, this scenario would not apply to this species.

The fact that there are no mouse mutants with abnormal or missing endolym-
phatic ducts in which the rest of otic morphogenesis is normal supports a critical
role for the endolymphatic duct in subsequent morphogenesis. In addition, Hen-
driks and Toerien found that experimental extirpation of the endolymphatic duct
from E4 chick otic vesicles in ovo caused abnormal morphogenesis of the vesicle
(Hendriks and Toerien 1973). This view was challenged by Van De Water, who
removed the endolymphatic duct and sac anlage from E11.5 and E12.5 mouse
otocysts, cultured them in vitro, and found that otic morphogenesis was normal
(Van De Water 1977; Van De Water et al. 1980). It is possible that these seem-
ingly contradictory results might be resolved if the differences in the timing of
the two ablations are significant and there is a requirement for endolymphatic
duct formation for the initiation of subsequent morphogenetic steps, but once
these steps are initiated, there is no ongoing requirement for the endolymphatic
duct/sac. Alternatively, it may be that endolymphatic duct function is not re-
capitulated in culture.

Studies of the targeted mouse Foxil/Fkhil0 mutant lend support to the original
conclusions from the chick extirpation study suggesting a role for the endolym-
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phatic duct in normal otic morphogenesis. Foxil is expressed in the developing
endolymphatic duct/sac. Although the initial formation of the endolymphatic
duct appears normal in targeted Foxil null mutants, the duct/sac becomes pro-
gressively dilated. Subsequently, the cochlear and vestibular regions of the ear
become large irregular cavities, similar to those seen in Hoxal, kreisler, and
Fgf3 mutants (Hulander et al. 1998, 2003). It certainly would be of interest to
determine whether the initiation of Foxil expression in the endolymphatic duct/
sac depends on signals from the hindbrain. Mutations in the zebrafish Foxil
gene lead to an almost complete failure of otic vesicle formation (Nissen et al.
2003; Solomon et al. 2003a) and are thus quite different from the mouse Foxil
mutants described above. This could reflect species-specific differences in inner
ear development, or more likely, simply reflects an unfortunate assignment of
the same name to genes that are not truly orthologous (Solomon et al. 2003b).

Clues to other signaling systems that may play roles in endolymphatic duct
formation come from inhibition of DAN protein expression in the chick. Dan
is a member of a cysteine knot protein family that is able to inhibit the function
of members of the Tgf3 superfamily, including members of the Bmp and Gdf
subfamilies (Dionne et al. 2001). Dan mRNA is expressed in the chick medial
otic vesicle and chicks electroporated with morpholinos designed to inhibit Dan
expression have enlarged endolymphatic ducts and sacs (Gerlach-Bank et al.
2002, 2004), suggesting that Dan normally limits the function of a signal that
promotes endolymphatic duct outgrowth. The source and precise identity of the
hypothesized signal is unknown. Dan cannot function in the same way in mouse
endolymphatic duct outgrowth as it is not expressed in or near the early otic
vesicle and null mutants do not have otic defects (Dionne et al. 2001; Gerlach-
Bank et al. 2002). Nevertheless, the results from the chick inhibition study
suggest that an expression survey in mouse of genes encoding other members
of the same cysteine knot family, as well as of the genes encoding the signaling
proteins to which they bind could identify additional signaling systems involved
in endolymphatic duct development.

4.3 Role of the Periotic Mesenchyme in Otic Vesicle
Morphogenesis

The mesenchyme surrounding the otic vesicle eventually undergoes chondro-
genesis to form the bony capsule that surrounds the membranous labyrinth.
Many lines of evidence suggest that the morphogenesis of the otic epithelium
and the development of the periotic mesenchyme are mutually dependent. An
early demonstration of the role of otic epithelium in the normal development of
the otic capsule comes from the work of Kaan, who showed that transplantation
of salamander otic cup or placode to a site anterior or posterior of its normal
position would induce mesenchymal condensation and capsule formation around
the transplanted epithelium. Transplantation of the same otic tissues to limb or
pronephric mesenchyme, however, did not induce formation of a capsule (Kaan
1930). Conversely, when the otic tissue was removed from its normal location
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and substituted with either lens, olfactory placode, retina, or hindbrain, these
tissues failed to induce the underlying mesenchyme to condense (Kaan 1938).
Kaan also noted that in this experimental paradigm, the otic epithelium failed
to acquire its normal form.

When E10.5 to E12.3 mouse otocysts are dissected and the adherent mesen-
chyme is removed enzymatically or mechanically, the otocysts fail to undergo
normal morphogenesis in culture, whereas similarly staged otocysts cultured
with adherent mesenchyme develop normally (Van De Water et al. 1980). Sim-
ilar results were reported for E4 chick otocysts (Orr 1976; Orr and Hafft 1980).
Furthermore, when such “naked” otocysts prepared from stage 17 to 18 (E3)
quail embryos were grafted to chick wing mesenchyme, the grafts failed to
undergo morphogenesis, although they did exhibit quite extensive and remark-
ably normal cellular differentiation (Swanson et al. 1990). These results imply
that otic mesenchyme, but not other types of mesenchyme, produces factors that
are required for normal otic epithelial morphogenesis.

Given the ability to successfully culture the otic vesicle and achieve relatively
normal morphogenesis in the presence but not the absence of the otic mesen-
chyme, it is disappointing that this approach has not been exploited successfully
to identify the morphogenetic signaling molecules expressed by the mesenchyme
to control epithelial morphogenesis. Furthermore, there are remarkably few ge-
netic clues as to the identity of the mesenchymal signals that control otic epi-
thelial morphogenesis. Indeed, there are only a few mouse mutants with
abnormal ear development that can potentially be traced to abnormalities of the
mesenchyme. One of these is the sex linked fidget mouse in which the tran-
scription factor Pou3f4 (Brn4), which is widely expressed in otic mesenchyme
and not in the epithelium, is mutated (Phippard et al. 2000). Pou3f4 has also
been subjected to targeted mutagenesis (Minowa et al. 1999; Phippard et al.
1999). Whereas the mutant mice have many defects in mesenchymally derived
ear structures themselves (Minowa et al. 1999; Phippard et al. 1999, 2000), they
also show a failure of normal epithelial morphogenesis. Most notably, there is
a failure of cochlear coiling. This phenotype suggests that the mutant mesen-
chyme fails to send appropriate signals necessary for epithelial morphogenesis
(Phippard et al. 1999, 2000) The PrxI and Prx2 genes, which encode members
of the aristaless-domain-containing transcription factor family, are required re-
dundantly for normal morphogenesis of the mouse lateral semicircular duct (ten
Berge et al. 1998). This epithelial structure and its corresponding semicircular
canal are absent from the double mutants, but present in either of the single
mutants. Analysis of the developing semicircular duct system in Prx1/Prx2
double mutant embryos suggests that this phenotype is a result of reduced out-
growth of the duct, which is evident as early as E12.5. Indeed, double mutant
embryos showed defects in the outgrowth of all the duct diverticula, but only
the lateral duct was absent from the final ear. This phenotype was correlated
with both Prx genes being expressed in the mesenchyme surrounding the lateral
side of the otocyst from E9.5 to E12.5. Prx2 is also expressed in the primordium
of the lateral duct itself, but Prx/ is not found there and neither single mutant
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has vestibular abnormalities, so it is likely that mesenchymal abnormalities are
the cause of the observed phenotype (ten Berge et al. 1998).

As argued for the hindbrain transcription factors, the mesenchymal transcrip-
tion factors that play roles in epithelial morphogenesis are likely to do so by
controlling the synthesis of signaling molecules that act on the epithelium. Iden-
tification of the genes controlled by PrxI, Prx2, and Pou3f4 might serve to
identify the signaling systems implicated by the respective mutant phenotypes
in the control of epithelial outgrowth.

4.4 Midline Signals and Otic Morphogenesis

As noted above in the section on axis formation, Shh signals emanating from
the notochord and floorplate seem to play a very early role in determining the
mouse otic DV axis. There is also evidence that Shh may play later roles in
otic morphogenesis through its effects on the otic mesenchyme. Chondrogenesis
in the otic mesenchyme of Shhi—/— mutants is delayed (Liu et al. 2002) and
expression of mesenchymal Thx! and Pou3f4 (Brn4) are inhibited (Riccomagno
et al. 2002). Shh signals are transduced by a receptor complex composed of
Patched and Smoothened molecules and ultimately lead to activation of Gli
transcription factors by a poorly defined pathway. Most notably, the Patchedl
and Glil genes themselves are transcriptional targets of Shh signaling (Ingham
and McMahon 2001). Expression studies of these genes in wild type and Shh
mutants suggest that Shh signaling is active in both the otic epithelium and
mesenchyme. Detection of patched gene expression in Xenopus otic vesicles
(Koebernick et al. 2001) is consistent with the findings in the mouse. A more
precise temporal and spatial dissection of the roles of Shh signals during otic
morphogenesis awaits careful application of the conditional Shh allele (Dassule
et al. 2000). Further information could be gained by examining the otic phe-
notypes of mice lacking other components of the Shh signaling pathway. In-
deed, the gene encoding one of these factors, Gli3, is mutated in the Extra-toes
(Xt) mouse (Vortkamp et al. 1992; Hui and Joyner 1993). Homozygous Xt
mutants have otic defects (Johnson 1967), but neither a complete description of
otic morphogenesis in the mutant nor a systematic analysis of Gli3 expression
in the otic region has been reported. Both are needed to help sort out the roles
of Shh signaling in epithelial/mesenchymal signaling.

4.5 Epithelial Factors Controlling Otic Morphogenesis

The large majority of genes identified so far as key players in otic epithelial
morphogenesis encode transcription factors expressed by the epithelium itself.
A small group acts early and affects the morphogenesis of the entire vesicle. A
much larger group, discussed below, has effects confined to the cochlea or the
vestibule, indicating that at some point the development of these functionally
distinct parts of the ear are controlled independently. Of course transcription
factors themselves are not likely to be the effectors of morphogenesis. As ar-
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gued above, they are likely to control the genes encoding signaling molecules,
as well as the direct effectors of morphogenesis. Indeed, a few such epithelial
genes have now been implicated in otic morphogenesis.

4.5.1 Global Control of Morphogenesis by Genes Expressed in the Epithelium

Eyal-null mice, which serve as a model for branchio-oto-renal syndrome, have
otic vesicles that are very small and do not undergo significant morphogenesis,
failing even to form an endolymphatic duct (Xu et al. 1999). Eyal, which
encodes a transcription factor related to the eyes absent (eya) gene of Drosoph-
ila, is expressed at least as early as E10.5 in mouse otic epithelium in a ventral
domain (Kalatzis et al. 1998). As the effects of the null mutation can be detected
at E9.5 by changes in marker gene expression in the vesicle, it seems likely that
Eyal must also be expressed before E10.5 in the vesicle. If it is similarly
restricted to the ventral part of the vesicle, this would imply that signaling from
ventral regions of the vesicle is required for normal dorsal development or that
Eyal-expressing cells migrate and contribute to a much larger part of the later
vesicle, as suggested by lineage studies of the chick otic cup (Brigande et al.
2000a). Alternatively, it is possible that Eyal is expressed more globally in the
vesicle during the early stages of otic morphogenesis. Additional studies of
Eyal expression in the time period prior to the initiation of otic defects would
be very helpful in interpreting the mutant phenotype. At later stages, Eyal is
expressed both in the otic epithelium and in the periotic mesenchyme, suggesting
the possibility that it could play other roles in the later stages of otic develop-
ment (Kalatzis et al. 1998). Production and analysis of a conditional allele will
be necessary to sort out the morphogenetic functions of Eyal in different tissues.
In addition, cross-species comparisons of ear morphogenesis in zebrafish dog-
eared (dog) mutants, which carry a mutation in Eyal, will be informative (Whit-
field et al. 2002), although the preliminary descriptions of dog mutant ears
(Whitfield et al. 1996) suggest that the otic phenotype is less severe that that
described for the mouse mutants.

Eyal is a component of a regulatory cascade including Pax, Six, and Dach
genes conserved from Drosophila to mammals. Six/, which encodes a tran-
scription factor expressed in the otic epithelium, is a downstream target of Eyal
and mice that lack Six/ have severely malformed otic vesicles that essentially
stop developing at E12.5 (Laclef et al. 2003; Zheng et al. 2003; Ozaki et al.
2004). The mutant phenotype differs from the Eyal mutant phenotype in that
at least on one genetic background the endolymphatic duct does form, although
it is enlarged and there is some evidence that the rest of the vesicle has the
character of a developing canal plate (Ozaki et al. 2004). In this case, however,
very detailed expression data on Six/ exist, as do extensive studies of marker
gene expression prior to overt appearance of morphological defects. Six/ is
expressed as early as the otic placode and cup stages and in homozygous mutant
embryos marker gene expression is altered in such a way as to suggest that the
DV axis of the mutant ears may be affected (Zheng et al. 2003; Ozaki et al.
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2004), similarly to that of Shh mutants (see discussion on axis formation above),
although Six/ is not a target of Shh signals and vice versa (Ozaki et al. 2004).
As SixI has a dynamically changing pattern of expression in the otic epithelium
and is also expressed in periotic mesenchyme, where it seems to be involved in
middle ear formation, conditional mutagenesis will be necessary to sort out the
temporal and spatial details of Six/ function. The relationship with Eyal, how-
ever, strongly suggests that the Eyal mutant should be reevaluated with the idea
in mind that Eyal may be functioning much earlier than previously appreciated.
Furthermore, it will be worthwhile to assess otic phenotypes in mutants in other
members of the Pax-Six-Dach regulatory cascade.

4.5.2 Global Control of Ear Morphogenesis by Genes That Are Expressed in
Multiple Tissues

Mutation of the transcription factor, Tbx/, which phenocopies many aspects of
human DiGeorge syndrome in mice (Jerome and Papaioannou 2001; Lindsay et
al. 2001; Merscher et al. 2001), also has global effects on otic morphogenesis.
Unlike the Eyal mutants, however, ThxI mutants apparently form an endolym-
phatic duct, after which point otic epithelial morphogenesis is halted (Jerome
and Papaioannou 2001; Vitelli et al. 2003; Raft et al. 2004). Like Eyal, TbxI
is expressed both in otic epithelium and in otic mesenchyme (Vitelli et al. 2002,
2003; Raft et al. 2004). Analysis of changes in otic epithelial and mesenchymal
marker genes, including a Thx/*<* knockin allele (Vitelli et al. 2003), suggests
that 7hx1 function is required to pattern the epithelium (Raft et al. 2004) and
for expansion of cells that contribute to both the cochlear and vestibular regions
of the epithelium. Disturbances of gene expression in the mutant periotic mes-
enchyme suggest that the mutant phenotype may not be strictly autonomous to
the epithelium (Vitelli et al. 2003). A conditional 7bx/ mutant will be required
to establish tissue specific contributions to the overall otic phenotype.

The recent identification of a Thx/ mutation in the zebrafish van gogh (vgo)
mutant strain may provide additional insight into the role of this gene in inner
ear morphogenesis (Piotrowski et al. 2003). Similar to mouse 7hx/ mutants,
vgo mutants have small otic vesicles that do not undergo semicircular canal
morphogenesis. Interestingly, the primary defect in vgo mutants seems to be in
the differentiation of pharyngeal endoderm. This defect is postulated to affect
patterning of the mesenchyme, which could, in turn, account for the inner ear
abnormalities (Piotrowski and Niisslein-Volhard 2000; Whitfield et al. 2002). It
should be noted that mouse 7bx/ is also expressed and functions in the pharyn-
geal endoderm (Vitelli et al. 2002; Yamagishi et al. 2003). Together with the
zebrafish data, this suggests the possibility that the endoderm may also play an
as yet unexplored role in mouse otic morphogenesis.

Gata3 mutants also have major otic morphogenetic defects. Following en-
dolymphatic duct formation, otic development apparently arrests, with occa-
sional ventral extensions of the vesicle (Karis et al. 2001). As this transcription
factor is expressed throughout the placodal ectoderm, vesicle epithelium, and in
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parts of the surrounding mesenchyme (Karis et al. 2001; Lawoko-Kerali et al.
2002), it is not possible to assign a tissue responsibility for the observed defects,
again suggesting the utility of a conditional mutant.

As discussed earlier, most of the genes that have been identified to date as
having global effects on otic morphogenesis are expressed in the hindbrain rather
than in the epithelium. It was suggested that one function of these transcription
factors likely is to control secreted signaling molecules that communicate with
the epithelium. One would expect that at a minimum, there should be otic
epithelial receptors for hindbrain-expressed secreted factors that are required for
epithelial morphogenesis. Indeed, selective mutation of the “b” splice variant
of Fgf receptor 2, which is expressed in the otic cup and vesicle (Pirvola et al.
2000; Wright and Mansour 2003), and which serves as a receptor for hindbrain-
expressed Fgf3, leads to a global failure of otic morphogenesis that is similar
to but more severe and penetrant than that of Figf3 mutants (Pirvola et al. 2000).

4.5.3 Regionalized Morphogenesis at Later Stages—Cochlear Morphogenesis

Only two mouse mutants with relatively specific defects in cochlear morpho-
genesis have been described, and these both encode transcription factors. Mice
homozygous for either a targeted or spontaneous mutation in Pax2 have rela-
tively normal vestibular development, but fail entirely to form a cochlea (Favor
et al. 1996; Torres et al. 1996). This phenotype correlates well with the ven-
tromedial expression of Pax2 in the epithelium at the otic vesicle stage in mice
and chicks (Nornes et al. 1990; Hutson et al. 1999; Hidalgo-Séanchez et al. 2000).
As is the case for most of the other transcription factors implicated in otic
morphogenesis, the specific effectors that mediate the Pax2 morphogenetic de-
fect are unknown. Zebrafish pax2.1 is also expressed in the otic vesicle, but in
this species, which does not have a cochlea, its unique role appears to be in hair
cell specification rather than morphogenesis (Riley et al. 1999; Whitfield et al.
2002).

Mice that lack the transcription factor Otx1, or lack both copies of the Otx/
gene and one copy of the related O#x2 gene, have a range of dysmorphologies
affecting many parts of the ear. In particular, the cochlea is not properly sep-
arated from the utricle and saccule and there are variable defects in cochlear
coiling. Both genes are expressed in the ventrolateral region of the developing
otocyst prior to the development of the defects (Morsli et al. 1999). This pattern
is consistent with an autonomous role for these transcription factors in cochlear
morphogenesis, but the mechanisms by which they act have not been explored
in detail.

As mentioned above, null mutations in Eyal arrest otic morphogenesis at the
otic vesicle stage. A spontaneous mutation in Eyal (Eyal’) that reduces, but
does not eliminate, Eyal transcripts leads to a milder phenotype in which coch-
lear development is severely affected, but vestibular development is only mildly
affected. In particular, the homozygotes are missing most of the cochlea. The



3. Morphogenesis of the Inner Ear 69

development of this phenotype has not been examined in detail, but presumably
there is a block to the ventral growth of the otocyst.

Of course there are many other cochlea-expressed genes, but mutations in
most of these genes analyzed so far cause defects of cell fate specification or
patterning, which are the subject of other chapters in this volume. It is surpris-
ing that so few genes affecting cochlear morphogenesis have been described.
Perhaps the use of in vitro culture systems, in which the otic vesicle is cultured
with extracts of mesenchyme, might allow identification of secreted factors that
control cochlear morphogenesis. Systematic preparation and evaluation of tar-
geted mutants in the mouse or morphants in zebrafish will continue to reveal
genes important for cochlear morphogenesis.

4.5.4 Semicircular Duct Morphogenesis—Localized Outpocketing of the Otic
Epithelium

The first step in forming the semicircular ducts is localized outpocketing of the
dorsal otic epithelium—first dorsally to form the vertical canal plate, then lat-
erally to form the lateral (horizontal) canal plate. In vivo inhibitor studies have
been used to implicate BMPs (members of the transforming growth factor 8
superfamily) in this process. BMPs are secreted signaling molecules that bind
to and activate the intracellular serine/threonine kinase activity of heterodimeric
transmembrane receptors. Activation of these receptors leads to changes in gene
expression that can affect the growth or differentiation of cells. This signaling
system can be inhibited by secreted glycoproteins such as Noggin, Chordin,
Follistatin, Cerberus, Gremlin, and DAN, which bind to the BMPs and prevent
them from binding to their receptors. Bmp2 and Bmp4 bind with particularly
strong affinity to Noggin (Zimmerman et al. 1996) and Bmp4 in particular is
expressed by specific domains of the chick otic epithelium that presage the
appearance of all of the sensory organs (Wu and Oh 1996). Bmp4 expression
differs somewhat in the mouse, where it marks the sensory tissue of the semi-
circular canals (the cristae), but is expressed in nonsensory tissue in the cochlea.
Noggin is expressed in the otic mesenchyme (Chang et al. 1999; Gerlach et al.
2000). This scenario suggests the possibility that localized variations in the
active concentration of BMPs might signal particular regions of the epithelium
to increase the rate of cell division and thus induce localized outgrowth of the
epithelium. When either a retrovirus expressing Noggin or agarose beads carry-
ing Noggin-expressing cells are applied to the chick inner ear between stages
13 and 20, abnormal morphogenesis results. Specifically, outgrowth of the ep-
ithelium to form the semicircular ducts can be prevented in a predictable manner
by the localized application of Noggin cells. Such effects are not seen with
ectopic Bmp4, but Bmp4 applied at the same time as Noggin cells can rescue
the defects (Chang et al. 1999; Gerlach et al. 2000). Similar results are obtained
with the BMP antagonist, DAN, which is normally expressed in restricted areas
of the otic epithelium (Gerlach et al. 2000; Gerlach-Bank et al. 2004). While
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it is tempting to conclude that these particular combinations of signaling mol-
ecules and inhibitors play normal roles in otic morphogenesis, it is certainly
possible that other BMPs or inhibitors may be operative in vivo. Indeed, both
Bmp5 and Bmp7 are expressed in the developing chick otic epithelium (Oh et
al. 1996). In addition, bmp2b, bmp7, and bmp5 are all also expressed in the
zebrafish otic vesicle in patterns that are similar to, but not precisely identical
to those of Bmp genes in the mouse and chick, suggesting that these molecules
may have conserved, but not precisely orthologous functions in otic develop-
ment. It is interesting to note that Noggin null mice are reported to have ab-
normal development of the ear, but this was attributed to severe neural tube
closure defects (McMahon et al. 1998), so analysis of a conditional Noggin allele
that was inactivated in otic mesenchyme might also be revealing with respect to
Noggin function in inner ear morphogenesis. The zebrafish noggin genes, how-
ever, are not expressed in otic mesenchyme, where follistatin is detected instead
(Mowbray et al. 2001).

Direct genetic tests of the roles of BMP signaling in ear morphogenesis have
yet to be reported. Mice that lack Bmp4 die prior to ear development (Winnier
et al. 1995), so a conditional allele will be required before the effects on the ear
can be determined. Similarly, zebrafish that lack either bmp2a (swirl mutants)
or bmp7 (snailhouse mutants) are affected too early to assess inner ear devel-
opment (Kishimoto et al. 1997; Dick et al. 2000). There is, however, indirect
genetic evidence for a role for Bmp4 in the mouse ear. DIx5 null mutants have
severe hypoplasia of the semicircular canals, the primordia of which are rudi-
mentary, and they also fail to elongate the endolymphatic duct (Acampora et al.
1999; Depew et al. 1999). DIx5 is a transcription factor that is normally ex-
pressed in these vestibular epithelia and in its absence, vestibular expression of
Bmp4 is reduced or absent, suggesting the possibility that Bmp4 does have a
specific role in ear morphogenesis: namely in the outgrowth of canal primordia
(Merlo et al. 2002).

Fgf10 null mutants have severe dysmorphogenesis of the semicircular canals.
At E18, no distinct canals can be recognized, although both the anterior and
horizontal cristae (both abnormal) can be identified (Pauley et al. 2003). This
phenotype is consistent with expression of FgfI0 initially throughout the otic
cup, with gradual restriction to the dorsal aspect of the vesicle and finally to all
of the developing sensory patches of the epithelium, adjacent to the nonsensory
sites of expression of mRNAs encoding the Fgfl0 receptor, Fgfr2b (Pirvola et
al. 2000; Pauley et al. 2003). Since there is little or no effect on the morpho-
genesis of the rest of the otic epithelium in Fgf/0 mutants, it is assumed that
these regions express a redundant gene product, perhaps Fgf3 (Pirvola et al.
2000). Indeed, Fgfr2b mutants have more severe and earlier dysmorphogenesis
of the otic epithelium, similar to that described for Fgf3 mutants (Mansour
et al. 1993; Pirvola et al. 2000). Additional developmental studies will be
needed to determine whether the Fgf7/0 mutant phenotype is caused by a failure
of canal primordia outgrowth, or some later event in canal morphogenesis, and
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to assess the relative contributions of epithelial Fgf10 and Fgf3 signals to otic
morphogenesis.

Another gene that may play a role in canal plate outgrowth is Fidgetin (Fign).
The original drawings of the inner ears of the spontaneous mutant, fidget, show
that the lateral canal is entirely missing, but that the vertical canal plate does
undergo some rudimentary outgrowth and presumably some fusion and clearing
in a very small central region (Truslove 1956). Fidgetin (Fign) was identified
recently as the responsible gene and a lacZ knockin allele was generated. Fign/
LacZ expression is detected at a variety of stages in the otic epithelium, but the
details remain to be determined. Figetin is an AAA protein, other types of which
are molecular chaparones that mediate a variety of functions including cell-cycle
regulation, organelle biogenesis and protein degradation, but the specific bio-
chemical activity of Fidgetin is unknown (Cox et al. 2000). A close examination
of the development of the vestibular phenotype and an analysis of otic epithelial
proliferation in the Fign-null mutant mice might shed some light on the function
of this novel gene product.

4.5.5 Fusion Plate Formation and Resorption

After the outpouching of the precursor to each semicircular duct occurs, the two
epithelial sheets detach from the surrounding mesenchyme and approach one
another prior to fusion in the central region of the outpouching. Inhibitor studies
have been used to implicate hyaluronan (also known as hyaluronate or hyalu-
ronic acid) in this process in Xenopus semicircular canal formation. Hyaluronan
is an extremely large extracellular glycosaminoglycan that is found in many
areas of the developing embryo and that has long been postulated to play roles
in morphogenesis, particularly of the heart (Bernanke and Markwald 1979). Ob-
servations of Xenopus semicircular canal formation showed that the developing
space between the surrounding mesenchyme and the axial protrusions of the
epithelial outpouchings that go on to form the semicircular ducts are filled with
hyaluronan. When hyaluronidase was injected into the hyaluronan-rich core of
the protrusions, hyaluronan was degraded and development of the injected canal
precursor was inhibited. Studies of [*H]glucosamine incorporation into ex-
planted ears showed that this precursor of hyaluronan was incorporated mainly
by the epithelium. Thus, it was proposed that the shaping of the epithelium
during canal formation is driven in part by localized high-level epithelial pro-
duction of hyaluronan, which “propels” the epithelium away from the mesen-
chyme and into the lumen of the otic vesicle (Haddon and Lewis 1991).
Hyaluronan is also synthesized by mouse inner ears (McPhee et al. 1987), but
nothing is known about the dynamics of its synthesis in the murine inner ear or
its potential role in semicircular canal formation.

As hyaluronan is a polysaccharide, there is no gene for it per se, but its
production can be inhibited genetically by mutating the gene coding for its
synthetic enzyme, hyaluronan synthase. There are such three genes in mammals,
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only one of which, Has2, seems to be required for embryonic development.
Unfortunately, Has2-null mice die before semicircular canal development (they
do, however, have otic vesicles), precluding a simple analysis of canal morpho-
genesis (Camenisch et al. 2000). As these mutants have heart defects that might
be predictable from the original hypotheses about the role of hyaluronan in
endocardial cushion development (Markwald et al. 1978), it would be very in-
teresting to develop and analyze a conditional Has2 mutant that could be in-
activated only in the otic epithelium. This would permit a genetic confirmation
of the role of hyaluronin in semicircular canal formation in mice.

Other evidence implicating glycosaminoglycans generally in movement of the
opposing sheets of the canal primordia toward one another comes from studies
of the zebrafish mutant jekyll (jek), which carries a mutation in the ugdhlgene,
encoding UDP-glucose dehydrogenase (Walsh and Stainier 2001). This enzyme
converts UDP-glucose to UDP-glucuronate, a component of, hyaluronan, as well
as of the other glycosaminoglycans, chondroitin sulfate and heparan sulfate.
Jekyll mutants do not have semicircular canals because although the epithelial
projections are formed from the otocyst wall, they fail to extend (Neuhauss et
al. 1996). Zebrafish embryos injected with morpholinos directed against the
homolog of the human deafness gene, DFNAS5, have an otic phenotype that is
remarkably similar to that of jekyll mutants. Indeed, ugdhl expression is
strongly reduced in these embryos, suggesting that dfina5 is an upstream com-
ponent of the pathway leading to hyaluronan synthesis and normal development
of the semicircular canals (Busch-Nentwich et al. 2004). It is interesting to note
that a chemically induced lesion of mouse Ugdh causes a developmental block
at gastrulation, similar to that of early inhibition of FGF signaling (Garcia-Garcia
and Anderson 2003). Given the importance of FGF signaling to inner ear mor-
phogenesis, it would not be surprising if conditional mutants of mouse Ugdh
turn out to have defects of otic morphogenesis, although they may not be re-
stricted to semicircular canal formation.

After the two epithelial sides of the semicircular duct primordia approach one
another, they become thinner, the underlying basement membrane is disrupted,
the cells lose their epithelial morphology, and then the two layers become fused
in the center. This may be another aspect of otic morphogenesis that is analo-
gous to neural fold fusion. In mice and zebrafish, these central cells are re-
moved, perhaps by moving back into the duct epithelium (Waterman and Bell
1984; Martin and Swanson 1993). In chicks and frogs, the fused area undergoes
apoptosis (Haddon and Lewis 1991; Fekete et al. 1997). One gene that is clearly
required for the resorption process in lateral and posterior semicircular duct
formation in mice is netrinl, which encodes a secreted, laminin-related molecule
expressed by the fusion-plate-forming cells. Netrinl-null mutants undergo nor-
mal development of the epithelial outpocketings for all three semicircular ducts
and the epithelial walls of the outpocketings begin to thin. After this point,
however, semicircular duct development goes awry. The mutant lateral and pos-
terior epithelia maintain an intact basement membrane and epithelial morphol-
ogy, and they fail to form a fusion plate. As a consequence, Netrinl-null ears
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lack lateral and posterior canals. Furthermore, the mutants show reduced pro-
liferation of the mesenchymal cells in the vicinity of the Netrinl-expressing
epithelial cells, suggesting the possibility that proliferation of the mesenchyme
may play a role in pushing the epithelia together (Salminen et al. 2000). As
the anterior semicircular duct forms normally in Netrinl mutants, it is possible
that another related molecule may have a redundant function in anterior duct
formation. Netrins are best known for their roles in axon guidance and cell
migration in the nervous system in which they function by binding to trans-
membrane receptors that include Dcc, Neogenin, and Unc5h (Livesey 1999). It
would be interesting to learn whether Netrinl function in semicircular duct mor-
phogenesis requires these or other related receptors.

Hmx3 (Nkx5-1) mutant mice have otic morphogenetic defects that are re-
markably similar to those of the Netrinl mutants at the morphological level
(Hadrys et al. 1998; Wang et al. 1998). In addition, Hmx2 (Nkx5-2) mutant ears
also appear to arrest semicircular canal development at a stage prior to fusion
plate formation and in this case, all three canals are affected. As with the
Netrinl mutation, this phenotype is associated with reduced proliferation of the
mesenchyme adjacent to the duct diverticula (Wang et al. 2001). Like Netrinl,
Hmx2, and Hmx3, which encode transcription factors, are expressed by the non-
sensory, fusion plate-forming cells of the semicircular ducts (Rinkwitz-Brandt
et al. 1995, 1996). Neither Hmx2 nor Hmx3, however, are required for Netrinl
expression, as this gene is expressed in the abnormally small Hmx2 and Hmx3
mutant semicircular duct diverticula. Thus, it is thought that these genes may
help to specify the region of the epithelium that will form the fusion plate
(Salminen et al. 2000; Wang et al. 2001). Future studies of the control of
Netrinl expression in the ear should eventually reveal additional genes required
for semicircular duct morphogenesis.

4.5.6 Cell Death and Otic Morphogenesis

As noted above, after the fusion plates are formed during chick semicircular
canal morphogenesis, cell death initiates at the center of the plates and spreads
radially. When cell death is blocked by ectopic retrovirally transduced expres-
sion of the antiapoptotic gene, Bcl2, the number of dying cells is reduced in all
three fusion plates, with the posterior fusion plate most severely affected. Sig-
nificantly, there is a failure of posterior semicircular canal morphogenesis in a
high proportion of Bcl2-infected ears, suggesting that cell death plays a role in
normal morphogenesis of chicken semicircular canals, perhaps by permitting
clearing of the center of the fusion plates (Fekete et al. 1997).

Mouse otic morphogenesis is associated with characteristic patterns of cell
death that are generally similar to those found during chick otic morphogenesis
with the notable exception of the semicircular canal fusion plates, which do not
exhibit cell death (Martin and Swanson 1993; Nishikori et al. 1999). Neverthe-
less, mutation of the proapoptotic genes Apafl or Caspase9, which almost com-
pletely block apoptosis in the developing mouse inner ear, have profound effects
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on otic morphogenesis. The endolymphatic duct of Apafl~/~ mutants is short
and wide and the cochlea is short and poorly coiled. Most notably, the anterior
semicircular duct of Apafl '~ mutants was always affected (either reduced or
absent), but the other two ducts always formed. Curiously, a mutation in Bcl2l,
which encodes an antiapoptotic factor and leads to increased numbers of dying
cells in normal areas of apoptosis, has remarkably mild effects on otic morpho-
genesis. The only consistent defect is seen in the posterior semicircular duct,
which arrests at the outpocketing stage, without fusing or clearing in the center.
Thus, apoptosis is required for normal morphogenesis of the mouse inner ear,
but it is not clear yet whether the effects of the mutations in proapoptotic genes
are directly related to each individual site of normal cell death or whether an
early inhibition of cell death during formation of the endolymphatic duct has
secondary consequences to the subsequent stages of morphogenesis. Nor is it
understood how increases in cell death can block posterior duct morphogenesis
at the outpocketing stage, but compensatory changes in proliferation rates after
changes in apoptosis have been proposed to contribute to these phenotypes (Cec-
coni et al. 2004).

4.5.7 Continued Growth of the Semicircular Ducts

After the semicircular ducts have formed, they continue to grow in overall size
as the whole ear and the embryo itself enlarges. One gene that plays a critical
role in this process is Norl (Nr4a3), which encodes a ligand-independent mem-
ber of the nuclear receptor superfamily of transcription factors. At E13.5 Norl-
deficient mice have normally formed vestibular apparati, but they eventually
develop abnormally narrow semicircular ducts. This defect is caused by reduced
proliferation of the nonsensory duct epithelia, which normally express Nor/ in
cells of their inner surfaces (Ponnio et al. 2002). The growth signaling pathways
by which Norl acts at this late stage of otic morphogenesis have yet to be
determined.

5. Summary and Future Directions

There is no aspect of otic morphogenesis that is adequately understood at both
the cellular and molecular levels. The knowledge that is available, however, can
be used as a basis for further exploration. Clearly, the early stages of morpho-
genesis have not yet yielded to genetic analysis and the right kinds of mutants,
those that block morphogenesis at specific points, would be very valuable. More
knowledge of the genes involved in the later stages of morphogenesis is avail-
able; however, in some cases, basic characterization of mutant phenotypes is
still necessary. In other cases, the responsible gene needs to be identified, and
in still other cases, knowledge is more advanced, in that we are beginning to
understand genetic pathways involved in particular morphogenetic processes, but
their full extent and regulation remain mysterious. Finally, the coordination
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between morphogenesis and cell-type differentiation remains to be explored.
Different experimental approaches utilizing each of the model organisms will
be necessary to unravel the remaining mysteries.
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Wiring the Ear to the Brain: The
Molecular Basis of Neurosensory
Development, Differentiation, and
Survival

SARAH PAULEY, VERONICA MATEI, KIRK W. BEISEL, AND
BERND FriTZSCH

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, as a result of congenital malformations or deficits
acquired in childhood, and the old, as a result of age-related changes, hearing
loss is one of the most prevalent chronic disabilities of our time. Hearing re-
duction or loss can affect up to one in three elderly people. Normal hearing
requires proper sound transmission to healthy cochlear hair cells for mechano-
electric transduction and 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.
Proper function 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 chan-
nels that can be interpreted by the sensory neurons to extract signal from noise
for the listener.

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 progen-
itors has been described. Further, when implanted into the injured sensory ep-
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ithelia 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. 2003 a,b). In addition, transfection with specific tran-
scription 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 ap-
proach 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 tech-
nology requires an appreciation of the developmental relationships between these
essential neurosensory components and how they become specifically connected
in order to implement this during regeneration.

The authors aim to develop a complete model of precursor development, their
numerical regulation and cell fate determining processes so as to predict and
manipulate the generation of both sensory neurons and hair cells in the mouse.
Only once this has been accomplished will cochlear neurosensory restoration in
humans using a molecular approach be possible. This chapter reviews what has
been learned about vestibular and cochlear sensory neuron development, and
presents a current model of precursor proliferation and cell fate specification,
including the molecular basis of nerve fiber guidance and sensory neuron sur-
vival. Throughout this chapter the currently approved genetic nomenclature will
be used (Table 4.1).

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 sur-
rounding it, ultimately develops into the otic epithelium, including hair cells,
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 of
the otocyst 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 (Neu-
rogl; alias Ngnl) (Ma et al. 1998), neurogenic differentiation 1 (Neurodl; alias
NeuroD) (Liu et al. 2000; Kim et al. 2001), neurotrophins (Farinas et al. 2001),
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Gene name Gene description Gene aliases
Atohl Atonal homolog 1 (Drosophila) Mathl; MATH-1
Neurodl Neurogenic differentiation 1 BETA2; BHF-1; Neurod
Neurogl Neurogenin 1 AKA; ngnl; Math4C; Neurod3;
neurogenin
Shh Sonic hedgehog Dsh; Hhgl; 9530036011Rik
Fgfl0 Fibroblast growth factor 10 FGF-10
Gata3 GATA binding protein 3 Gata-3
Poudfl POU domain, class 4, transcription fac- Brn3; Brn-3; Brn3a; Brn-3.0
tor 1
Poudf3 POU domain, class 4, transcription fac- ddl; Brn3c; Brn3.1; Brn-3.1; dreidel
tor 3
Pou3f4 POU domain, class 3, transcription fac- Sif, Brn4; Otf9; Brn-4
tor 4
Gasl Growth arrest specific 1 Gas-1
Eyal Eyes absent 1 homolog (Drosophila) bor
Six1 Sine oculis-related homeobox 1 homo- —
log (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; Bmp2bl; Bmp2b-1
Gdfll Growth differentiation factor 11 Bmpll
Cdknlb Cyclin-dependent kinase inhibitor 1B p27; Kipl; p27Kipl
(P27)
Btg2 B-cell translocation gene 2, anti- Pc3; TIS21
proliferative
Otxl Orthodenticle homolog 1 (Drosophila Jjv; A730044F23Rik
Lfng Lunatic fringe gene homolog —
(Drosophila)
Nif3 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 Neu; HER2; HER-2; c-neu; Erbb-2;

Oncogene homolog 2, neuro/glioblas-
toma derived oncogene homolog

(avian)
Sema3a Semaphorin 3A
Bdnf Brain derived neurotrophic factor
Ntrk2 Neurotrophic tyrosine kinase, receptor,

type 2

c-erbB2; mKIAA3023

SemD; SEMAI; Semad; coll-1; Hsema-I

Tkrb; trkB
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or other genes (Fekete and Wu 2002). These delaminating cells are first apparent
around otocyst formation in mice at embryonic day 9.5 (E9.5; 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 bind-
ing protein 3 (Gata3) (Karis et al. 2001; Lawoko-Kerali et al. 2002), POU
domain, class 4, transcription factor 1 (Pou4fI; alias Brn3a) (Huang et al. 2001)
neurotrophic tyrosine kinase receptors (Ntrks) (Farinas et al. 2001), and fibro-
blast growth factors (Fgfs) (Pauley et al. 2003). In addition to these more gen-
eral 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 precur-
sors is underscored by differential expression of several genes in early delami-
nating 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 Neurodl mutants demonstrate that most cochlear neurons die while
more of the 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 delami-
nating precursors based on overlapping and discrete regions of transcription
factor expression. Despite this interesting start, it remains to be seen how dif-
ferential 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 fac-
tors within the ear, that primary neuron precursors acquire a 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 periph-
eral 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, mi-
gration to the final position, and development of central and peripheral projec-
tions is a prolonged phase in mammals and birds that lasts for several days
(Ruben 1967; Rubel and Fritzsch 2002). As previously noted 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. 2002), delaminating cells (which
are likely neuronal precursors based on Neurodl 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 spatiotemporally distinct populations of primary sensory neuron
precursors specifically extend along the existing neuronal fibers that reach to-
ward the future primary sensory epithelium. Thus, it is possible that fate ac-
quisition, as specified through the gene expression mosaic in the otocyst, results
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in restricted areas of primary sensory neuron delamination with specific, pre-
determined fates.

Primary sensory neurons with acquired identities may subsequently project
back to the area from which they originated, using other delaminating cells as
substrate to extend their peripheral processes. Such a scenario would allow
primary sensory neurons to be randomly distributed in the ganglia and never-
theless 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 comingle (Fritzsch 2003). In contrast, the distribution of primary
sensory neurons in the vestibular ganglion is much more random and the pe-
ripheral, exclusive projection to distinct endorgans contrasts with the highly
overlapping but nevertheless distinct topology in the central auditory nuclei rep-
resentation of individual sensory epithelia (Maklad and Fritzsch 1999, 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 Fgfi0, possibly owing to decreasing levels of growth arrest specific gene 1
(Gasl) (Lee and Fan 2001; Liu et al. 2002), might relate to this, as does the
change in expression of T-box 1 (Tbx-1) (Raft et al. 2004). Other genes such
as Gata3, eye absent 1 (Eyal), sine occulis 1 (Six!), dachshund (Dachl and
Dach?2), 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 prom-
inently expressed in the notochord and floorplate. The diffusion gradient set up
by SHH defines the “midline” 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. The basic helix—loop-helix
(bHLH) gene, myogenic differentiation 1 (MyodI; alias MyoD), depends on Shh
expression during somite development. Neurogl and Neurodl (also bHLH
genes) important in otic development are also SHH dependent. Given this ap-
parent requirement for Shh in otic dorsoventral patterning, we would expect
alterations in the concentration of mesodermal SHH protein expression to disrupt
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the DV pattering, and therefore the specification of cochlear (ventral) and ves-
tibular (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. In addition, Shh mutants failed to form the cochleovesti-
bular ganglion (Riccomagno et al. 2002). No analysis of Gata3 (described be-
low) was performed in these mutants. This leaves the question of whether or
not a specific effect on spiral neurons occurs in the absence of Shh 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 Gata3, Fgf3, and Fgfl0. 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 that is
discussed, shortly). Important to this discussion is that in Gata3 null mice, otic
development is arrested at the otocyst stage. Similarly, although both FgfI0
(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/Fgfl0 double mutants,
otic development is also arrested at the otic placode stage (Alvarez et al. 2003;
Wright and Mansour 2003). The early expression of these genes can be con-
sidered 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 Fgf/0 in the end organs
of the developing ear (Pauley et al. 2003). This is the second, local tier of FgfI0
patterning.

Gasl expression has been noted in the developing otocyst at E9.5 (Lee and
Fan 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. Gas/ mutants show a decrease in late Fgfl0 expression ac-
companied by a down-regulation of Fgf8 and developmental abnormalities in
the limb (Liu et al. 2002). Further characterization of Gas/ mutants needs to
be completed to determine the relationship between Gasl/ and the first tier of
Fgfl10 expression in early inner ear compartmentalization. Conditional muta-
tions are required for the selected study of later stage effects.

At slightly later stages in the formation of the embryonic ear, involvement of
four gene families that are conserved across phyla is 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 (Danio
rerio), 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
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altering their cell fate commitment (Streit 2002). By variation in family member
usage and in coexpression patterns, this gene network can be coopted into a
wide variety of different morphogenetic contexts. Thus, these regulatory pro-
teins are usually coexpressed throughout embryogenesis in a wide variety of
cell types, 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.

To understand their individual roles and predict their impact on downstream
expression patterns, the interactions and functions of these 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 cofactor, 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, Eyal and 4, Six] and 4, and both Dach
genes (Davis et al. 1999, et al. 2001; Noramly and Grainger 2002).

With these genes, it is important to note that, in contrast to Gara3 and Fgf3/
Fgf10 mutants, the otic development of these mutants begins normally and de-
fects are observed only 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.
Recent work on Eyal and Six/ shows reduction to complete loss of sensory
neuron formation (Xu et al. 1999, 2003).

Another example is the Eya4 gene which is initially expressed in the otic
vesicle (Borsani et al. 1999; Wayne 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 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, Eya4 is observed
in the developing sensory epithelia. Interestingly, mutant mice lacking Eya4
exhibit late-onset deafness similar to the associated deafness in DFNAI0O (mu-
tated EYA4) patients (Wayne et al. 2001; Pfister et al. 2002). In the cases of
both Eyal and Eya4 it is unclear whether this relates directly to neuronal ca-
pacity regulation or to the size reduction of the otocyst. Given that these genes
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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 pat-
terns must be ascertained before their function is fully understood. Categori-
zation 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.

Another gene family involved late in ear morphogenesis is the bone morpho-
genetic protein genes (Bmps). These genes belong to the transforming growth
factor-B (TGFB) superfamily and have been shown to play an essential role in
semicircular canal formation (Chang et al. 1999, et al. 2002; Gerlach et al. 2000;
Bober et al. 2003). Indeed, most recent overexpression experiments of Bmp4
in chicken embryos shows their interaction with other BMPs and FGFs (Chang
et al. 2002) (see also Kelley and Wu, Chapter 2, and Mansour and Schoenwolf,
Chapter 3).

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 play an even more critical role
in proliferation. The discussion that follows considers 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 prolif-
erate, self-renew, and give rise to progeny that subsequently differentiate. In the
simple single-cell sensory organs of the fruit fly, the sequence of events as well
as the genes regulating them 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 un-
dergone some functional diversification. The remarkable conservation across
phyla has been used to homologize individual cell types (Fritzsch et al. 2000)
and to demonstrate functional conservation of genes across phyla (Wang et al.
2002). Although interesting from an evolutionary perspective (Fig. 4.1, the con-
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FiGURE 4.1. 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 afonal
homolog 1 (Atohl) and Atoh5. Replacing Atohl in mice with atonal or replacing atonal
with Afohl 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
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Evolution and Development of bHLH genes
and mechanosensory cells/neurons
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FIGURE 4.1. (Continued) 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 (PIIb) 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 (PIII) to hair
cells and supporting cells. The ligand Jagged! acting through the receptor Notchl will
activate the downstream factors Hes! and Hes)5 to stabilize the fate selection in supporting
cells. Modified after Fritzsch et al. (2000); Bertrand et al. (2002); Zine (2003); Fritzsch
and Beisel (2004). (See color insert.)
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servation of molecular cell fate determining mechanisms might ultimately help
us to understand the more complex interplay of proliferation and cell fate de-
termination in the mammalian ear.

These cellular properties of self-renewable stem cells correlate with the ex-
pression of general molecular markers [such as members of the SRY-box con-
taining gene (Sox) and forkhead box gene (Fox) gene families], supporting the
likelihood of conserved signaling pathways that maintain these generic and de-
finitive properties (Graham et al. 2003). If and where those genes are expressed
in the developing and adult ear remains unexplored. Several models of progen-
itor proliferation have been proposed in the literature (Cai et al. 2002). These
models describe different proportions of asymmetric versus symmetric and ter-
minal versus non-terminal cell divisions. The most widely accepted model states
that progenitors must first undergo rounds of multiplicative division to increase
the population of progenitor cells (Fig. 4.2). This growth phase is followed by
divisions that begin to generate undifferentiated and/or differentiated progeny.
Progeny generation could be accomplished by asymmetric divisions that gen-
erate 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 small-
est number of divisions is by employing symmetric progenitor division fol-
lowed by terminal divisions (Fig. 4.2). 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 prolif-
erate. In contrast, expansion proliferation would require only two rounds of di-
vision of a given progenitor cell to generate four differentiated cells without a
progenitor.

Another proliferation strategy is a variation of the model of asymmetric di-
vision of progenitors, where both a differentiated cell and another proliferative
progenitor are generated without an expansion through symmetric division (Fig.
4.2D). 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 requires the presence of differentiation factors earlier than 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. 4.2) where studies (Ruben 1967) have shown distinct
temporal patterns of proliferation for cochlear and vestibular neurosensory com-
ponents. The cochlea displays a sharp peak of terminal mitoses (between E11.5
and E13.5) whereas the vestibular hair cells undergo the bulk of their terminal
mitosis over an extended 5-day period. The fast (symmetric) mechanism pro-
vides the type of fast growth needed for cochlea, whereas a mix of symmetric
and asymmetric divisions appears to be suitable for the 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
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FIGURE 4.2. 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 Nzf3, 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 proneurosensory 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 [*H] 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 hr from E10.5
to E11.5 followed by a coordinated transition of precursors with progressively more
restricted differentiation capacity (D) and a lengthened cell cycle. The present authors
hypothesize that some general precursors transform into specific neuronal precursors after
three rounds (approximately 1 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 that, through asymmetric or symmetric division, give rise to hair cells,
possibly exiting the cell cycle through up-regulation of Afohl (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). C, Cochlea; HC, hair cells; IHC, inner hair cells; SpGgl, spiral ganglion; U,
utricle; VG, vestibular ganglion. Bar = 100 um in A, B. (See color insert.)
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differentiation. This is in accordance with recent data that have shown expres-
sion of differentiation factors such as Arohl (alias, Mathl) starting at E13.5 in
cochlea, in postmitotic cells (Chen et al. 2002). The Atohl expression in the
vestibular component is earlier (at least E11.5, if not E10.5) 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 of the temporal sequence of pro-
genitor divisions in different sensory epithelia because the sequential expression
of 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 pro-
genitors 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 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 neurosen-
sory cells are generated over a prolonged period, with the sensory neurons
predating hair cells in cochlear and vestibular systems in a topographically spe-
cific fashion (Ruben 1967), and recent experimental work supports the notion
of a clonal relationship between sensory neurons and hair cells (Ma et al. 2000).

Tight control of proliferation is important in tissue size regulation. 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 deter-
mined; also, most of the genes described in other tissue 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 (Calof et al. 2002). While the molecules that mediate
such effects in vivo have not been identified, the bHLH gene Neurodl is a good
candidate for this and other systems (Canzoniere et al. 2004). The signal pro-
duced 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 dif-
ferentiation factor 11, GdfIl1, which reversibly blocks progenitor divisions
through a mechanism involving increased expression of cyclin-dependent kinase
inhibitor 1B (P27), Cdknlb (alias, p27Kipl) (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 followed by cessation
of progenitor cell proliferation suggests that neurogenesis is also under some
form of negative control, similar to that of the olfactory system (Cai et al. 2002).
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Gradual slowing of progenitor cell proliferation has also been documented in
the 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 or stopping cell cycles seem to be related to genes expressed inside
the cells such as retinoblastoma (Ferguson et al. 2002) and the recently discov-
ered B-cell translocation gene 2, antiproliferative, Btg2 (Pc3) gene (Canzoniere
et al. 2004). The latter is particularly interesting as it shows that Btg2 is up-
stream of Afohl and may relate to cell differentiation be exerting control of
rather than ongoing cycling of precursors through action on cyclin D1 (Ccndl)
as well as initiating differentiation through regulation of Atohl. It is possible
that the coordinated progression of different bHLH genes in sensory neuron and
hair cell precursors as well as up-regulation of specific bHLH genes in differ-
entiating sensory neurons (Kim et al. 2001) and hair cells (Chen et al. 2002)
may directly regulate to the negative feedback loop, potentially via the ubiqui-
tous 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 cooperation with wing-
less oncogene (WNT) gradients (Maklad and Fritzsch 2003), which also influ-
ence 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 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 are based on
the multiplication of existing sensory patches and their respective innervation
(Fritzsch and Wake 1988; Fritzsch et al. 2002), 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 multi-
step expansion of clonal relationship of simple single-cell sensory organs such
as those found in the fruit fly (Figs. 4.1 and 4.2). If so, the question then
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 destined
for 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 trans-
duction 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
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in a single canal (Fritzsch 2001a, b; Lewis et al. 1985). The largest number of
sensory patches in the ear is found in certain species of 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 for-
mation, forming a sensory epithelium that can access a novel sensory stimulus
requires transformation of existing mechanoelectric transducers through mor-
phological alterations to tap into a novel mechanical energy source. Sound
pressure reception for hearing is not already accomplished by the mere formation
of a novel sensory epithelium that can be dedicated to perceive this energy. It
is reasonable to assume, however, 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 new receptors form simply because
of the invariable alteration of FGF and BMP interaction that comes with 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 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 re-
ported 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 are linked, but not necessarily 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 in main-
taining 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, 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. Theses 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.
Owing to their apparent capacity to transform ectodermal cells into neurons (Lee
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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. 4.1), that has a highly conserved DNA binding
domain (Bertrand et al. 2002). Proneural bHLH proteins form heterodimers with
the 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 unre-
lated 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 spatiotemporal 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 thus interfering with neuronal differentiation. These genes are therefore
referred to as “inhibitors of differentiation” or the bHLH inhibitor of DNA
binding (/d) genes. Others, such as the vertebrate hairy and enhancer of split
paralogs (Hes/Hey/Tle), act as classic 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 ex-
pression in neighboring cells. This is called lateral inhibition, and requires the
up-regulation of bHLH genes in a limited number of cells to prompt the acti-
vation of the Delta—Notch system. Important factors for the Delta—Notch system
in the ear appear to be the downstream factors Hes! (mutants form extra rows
of inner hair cells) and Hes 5 (mutants form extra rows of outer hair cells (Zine
et al. 2001). Eliminating the Delta/Jagged receptor Notchl causes effects com-
parable to a double null for both Hes/ and Hes5: double rows of inner and
multiple rows of outer hair cells (Zine 2003). Likewise, JaggedI null mice have
multiple rows of inner and outer hair cells (Zine 2003). Most of the factors that
drive this initial up-regulation of proneural bHLH genes are still unknown, but
the zinc finger protein family member (Zic) 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 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, Neurogl (Ma et al. 1998). A follow-up study showed
that no primary sensory neurons ever form in these mutants (Ma et al. 2000).
Owing to the absence of primary sensory neuron formation in Neurog! mutants,
the ear is completely isolated from direct brainstem connections during devel-
opment, as afferents do not form and neither efferents nor autonomic fibers
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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 Neu-
rogl mutant mice, those hair cells that do form develop normally in the absence
of innervation (except for some minor disorientation). Interestingly, the cochlea
is shortened and the saccule is almost completely lost (Fig. 4.3). In addition,
extra rows of hair cells form in the shortened cochlea (Fig. 4.3). Also, the
pattern of terminal mitosis is altered in Neurogl mutant. It appears that in the
absence of Neurogl 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. 2005). 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. Al-
though other possible interactions cannot be excluded (Fritzsch et al. 2002), 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).

One model that can explain these data hypothesizes the coexpression of Afohl
and Neurogl in the same progenitor cell and the cross-inhibitory regulation
between bHLH transcription factors. In accordance with this model, in the
absence of Neurogl, Atohl is up-regulated at an earlier stage and this leads to
an accelerated pattern of proliferation and, consequently, the exhaustion of the
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, Neurogl is Neurodl (also known as Beta) (Ma et al. 1998). As is true for
other proneural genes, Neurogl is only transiently up-regulated in primary neu-
ron precursors. As primary sensory neuron precursors delaminate from the oto-
cyst wall, they down-regulate Neurogl and up-regulate Neurodl (Liu et al. 2000;
Ma et al. 2000; Kim et al. 2001). The presence of either Neurogl or Neurodl
seems to be involved in the continued proliferation of neuroblasts through in-
terference with the cell cycle. This is based on data in the CNS (Bertrand et
al. 2002). As with Neurogl mutants, mutations of Neurodl 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 NEURODI1 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). Fur-
ther, it appears that 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, Neurod! appears to play a role
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FIGURE 4.3. 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 completely 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. 4.1 and 4.2. Modified
after Ma et al. (2000); Fritzsch and Beisel (2003): IHC, Inner hair cell; OHC, outer hair
cell. Bar = 100 um (A-D) and 10 um (E, F).
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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 Neurodl mutants are, in part,
mediated by the reduction of expression of a Poudfl. Pou4fI appears to have
a somewhat similar phenotype, demonstrating lack of innervation of certain sen-
sory epithelia (Huang et al. 2001). Like Neurodl, Poudfl affects up-regulation
of certain neurotrophin receptors and thus may be only indirectly affecting
neuronal development. While no promoter analyses of these genes have been
done, their later onset of expression relative to Neurogl, and the less severe
phenotypes in the mutants of Neurod and Pou34f1, suggest that Neurodl and
Pou4fl might influence survival via regulation of neurotrophin receptors.

Another gene, the T-box gene, Tbx/, is implicated in the DiGeorge syndrome
(Merscher et al. 2001). Expression of Thx/ 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, Thx! expression largely borders on Neurogl
and Neurodl expression throughout otocyst development. TbhxI expression over-
laps with that of Bmp4 and orthodenticle homolog 1 (OzxI), markers for the
presumptive cristae and nonsensory cochlea, respectively. Further, 7bx/ shows
expression complementary to that of lunatic fringe homolog (Lfng)/Neurogl/
Neurodl (Morsli et al. 1998; Kim et al. 2001).

Recent work with 7hx/ mutant and Thx/ gain-of-function mice demonstrates
a role for ThxI in Neurogl and Neurodl regulation (Raft et al. 2004). TbxI has
been shown to suppress expression of the bHLH gene Neurogl. In the Tbxl
mutant, Neurogl and Neurodl expression is increased and the expected increase
in neurogenesis is seen. At E10 in these animals, the VIIIth ganglion, as iden-
tified by Neurodl expression, is increased by more than 80%. However, by
E15, many of these neurons have died, suggesting a role for 7hx/ in neuron
survival at later stages. Conversely, gain of function 7bx/ mice show little or
no neurogenesis in the region of 7bx/ expression, suggesting a down-regulation
of Neurogl and, therefore, Neurodl. These mice demonstrate marked reduction
in expression of Neurogl and Neurodl as well as a ganglion volume that is 39%
of that of the wild type, as determined by NeurodI 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 Neu-
rogl and Atohl (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. Prelim-
inary results on a double-null, however, show that even in the absence of both
Neurogl and Atohl, ear development occurs (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
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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 homolog GATA3,
(Brown and Castelli-Gair Hombria 2000; Bertrand et al. 2002; Karis et al. 2001)
can interact with bHLH dimers for transcriptional regulation. These genes may
be directly involved in specific aspects of cochlear and vestibular fate determi-
nation via regulation of bHLH gene transcription. Unfortunately, most Gata3
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 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 neurosensory regen-
eration 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, but the
dependency on innervation for formation and survival of the targets of these
neurons varies. 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. One example is inner-
vation of the taste buds in the tongue (Fig. 4.4). In this case, both axon and
dendrite project in a direction different from the course of cell migration. Fur-
thermore, 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 transection and reappear once nerve fibers have
regenerated (Fritzsch et al. 1997b).

In contrast, as neural crest cells migrate away from the CNS, their axons trail
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. As in the epibranchial placode derived
neurons, some target sensors such as muscle spindles critically depend on in-
nervation 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
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FIGURE 4.4. Various patterns of neuronal delamination with axon and dendrite formation
in the PNS are shown. Expression of Ntf3-LacZ 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 Nif3 expression in cells that
likely are related to the future supporting cells of the cochlea. Notice B-galactosidase
(Lac-Z) reaction of both the cochlear sensory epithelia and the delaminating spiral gan-
glion (SpGgl) neurons. Inset: 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 neu-
rons 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
(VIIIth nerve) ganglion cells compared to other neurons: Epibranchial placode derived
neurons send axons and dendrites on courses (indicated by lilac birectional arrow) dif-
ferent 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).
(See color insert.)
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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 approx-
imation to their future sensory target(s), that is, the area from which they de-
laminated. 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 E.11.5, Nif3 is clearly expressed along the inner radius of
the cochlea, labeling future neurons and sensory epithelia (Fig. 4.2). By E12.5,
the Nif3-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. 4.4). Indeed, occasional neurons may be backfilled via
their axons from the brain while the perikaryon is still in the cochlear epithelial
wall (Fig. 4.4). 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 Fgf/0 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 rather targeted (Pauley
et al. 2003), perhaps because of delamination of sensory neurons near the pos-
terior crista epithelium. 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 sen-
sory 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. In addition, 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).

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). Mutant mice for the ephrin recep-
tor 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
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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 mutant mice strongly support this notion (Morris and Fritzsch,
unpublished data).

The semaphorins and their receptors, the neuropilins and plexins, are impor-
tant 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 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 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 redun-
dancy can be expected. Therefore, understanding the functions of these recep-
tors 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 iden-
tified 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 pathfinding can be drawn from these mutants. Data
from Pou4f3 mutants suggest that hair cells are not needed for the initial neu-
ronal guidance and pathfinding and that at least some of the pathfinding prop-
erties 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 that would not form
any hair cells, such as Arohl (Bermingham et al. 1999). Examination of mutants
lacking the bHLH transcription factor Atohl was expected to help test the func-
tions of guidance and survival factors, released from hair cells, on sensory af-
ferent neurons. Analysis shows that Afohl is required for hair cell differentiation
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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. 2005). Older embryos, however,
show a severe reduction of afferents that does not correspond to the pattern of
loss observed in neurotrophin mutations. Closer examination of the expression
of brain derived neurotrophic factor (Bdnf), using the Bdnf-LacZ reporter,
showed that even in Afohl mutants, some undifferentiated hair cell precursors
form and express Bdnf. Thus, at least in some hair cell precursors, BDNF
expression does not require Afohl-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 Pou4f3 mutants throughout embryogenesis is apparently mediated by the lim-
ited 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 neurotro-
phins as these neurotrophis are still detectable in neonatal animals (Stankovic
and Corfas 2003).

While these data indicate some progress in the molecular network of periph-
eral neuron guidance, many interesting questions remain to be addressed. It also
highlights how rudimentary this research is (Fritzsch 2003). For example, 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. 2005). Numerous observations suggest that hair cells attract fibers to inner-
vate them (Bianchi and Cohan 1991, 1993) and some neurotrophic effects might,
in part, mediate these attractions (Cajal 1919). One way of exploring neurotro-
phin 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 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 so 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 mu-
tations that result in undifferentiated or absent hair cells show limited sensory
neuron loss as a result of neurotrophin deficiency (Xiang et al. 2003; Fritzsch
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et al. 2005). 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 soon
will allow investigation of this issue in an even more targeted way.

In 1919, Ramon y Cajal proposed that hair cells secrete neurotrophic sub-
stance(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 test this proposal satisfactorily. Unfortunately, the recent finding
of neurotrophin expression in delaminating sensory neurons has made the in-
terpretation of neurotrophin effects even more complicated. The limited ex-
pression of Bdnf in the undifferentiated hair cell precursors of Atohl mutant
mice is apparently enough to support many afferents throughout embryonic life.
Consequently, we cannot 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 role exclu-
sively played by hair cells in attraction and maintenance of inner ear sensory
neurons. Indeed, recent work on transgenic misexpression of neurotrophins sug-
gests projections to nonsensory areas that lack hair cells (Tessarollo et al. 2004),
indicating that the neurotrophin BDNF can override whatever attraction is pro-
vided by hair cells.

Within the past 10 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
understand fully 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 Nif3
mutants (Farinas et al. 1994; 2001; Fritzsch et al. 1997a) and of 80% to 85%
of vestibular neurons in the Bdnf 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 mutants (Fritzsch et al. 1995, 2001b). Detailed counting
has shown that neuronal loss happens within 2 to 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 unique but complementary neurotrophin requirements (Ernfors et al. 1995).
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The relative distribution of neurotrophins with more prominent expression of
Bdnf in the vestibular system and of N#f3 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 neurotro-
phin, 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 mutations showed significant effects on sensory neuron sur-
vival to distinct endorgans of the ear, it remained unclear whether more neu-
rotrophins 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 sur-
viving 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 Ntrk2/Ntrk3.

Single neurotrophin and neurotrophin receptor mutant mice demonstrate spe-
cific 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 epi-
thelium 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. 2002). For example, delaminating
sensory neurons from the cochlea express the neurotrophin Nt#f3 as revealed in
Ntf3 heterozygotic animals (Figs. 4.2 and 4.4). Comparison of Bdnf- and Ntf3-
LacZ positive cells with delaminating neurons marked by NeurodI-LacZ also
suggests that the delaminating Bdnf- or Ntf3-positive precursors are in fact
NeurodI-expressing neuronal precursors (Liu et al. 2000; Kim et al. Fritzsch et
al. 2002). Proof of this, however, will require colabeling 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
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recognized by the delaminating primary sensory neuron precursors. Subse-
quently, there is a critical period in which 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 spatiotemporal 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. 4.5). Thus, if Nzf3 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 Nt#f3. 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 compro-
mising the development and survival of sensory neurons. Supporting this sug-
gestion, data show that the topological loss of sensory neurons in the basal turn
in the Nt#f3 mutant can be rescued by transgenic expression of Bdnf under the
control of Nif3 gene regulatory elements (Coppola et al. 2001). Selective tracer
injection in these animals shows reorganization of the peripheral projection pat-
tern 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 be-
come susceptible to the neurotrophins for their survival, suggesting that they
become both neurotrophically as well as neurotropically dependent on neurotro-
phins at the same time (Fig. 4.5). 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 N#f3 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 sig-
nificant 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 gen-
erate 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. 4.4).
The most interesting effect of the single neurotrophin 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. 4.5). Clearly, Bdnf
not only can 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. 4.5). It is conceivable
that evolutionary pressures have resulted in the delayed expression of Bdnf in
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FIGURE 4.5. The formation of sensory neurons, expression of neurotrophins, and effects
of neurotrophin misexpression are shown. Neurodl-LacZ positive cells exist in the oto-
cyst 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 Bdnf-LacZ positive (green in C, E). Labling of afferents with
Dil shows dendrites extending to all patches highlighted by BDNF 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
(Ntf3isBdnfy will alter the pathway of vestibular neuron dendrites that project to the cochlea.
This can be enhanced by combining the transgene with Bdnf 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. (2002); Tessarollo et al. (2004). AC, Anterior crista; BT, basal turn (of cochlea);
HC, horizontal crista; PC, posterior crista; S, saccule; U, utricle; VG, vestibular ganglion.
Bar = 100 um. (See color insert.)
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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 inter-
fering 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 in-
termediate filament marker, nestin (Rask-Anderson et al. 2005). Although fur-
ther 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 neu-
ronal fiber outgrowth.

Interestingly, neurotrophins are apparently down-regulated in neonates
(Fritzsch et al. 1999; Stankovic and Corfas 2003; Wheeler et al. 1994) 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
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 sug-
gestion that requires further experimental verification in mutants with condi-
tional targeting of neurotrophin genes.

In summary, certain molecular aspects of sensory neuron formation, guid-
ance, and survival have been clarified in recent years. Still, numerous open is-
sues 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 (Postigo et al.
2002; Davis 2003; Schimmang et al. 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.

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 neu-
ronal development in general. Future work will show which and how the pres-
ently known genes can be used to restart cell proliferation and to direct hair cell
formation in animals and humans with neurosensory loss. Likewise, additional
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 development of other sensory systems, are becoming apparent
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and provide challenges for the continued molecular dissection that is needed to
gain access to the molecular machinery for guided regrowth of nerve fibers to
regenerated hair cells. Progress has been particularly prominent in the neuro-
trophin areas, where the ear holds an intermediate position between the hyper-
complex 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 func-
tion 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 senso-
rineural 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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Notch Signaling and Cell Fate
Determination in the Vertebrate
Inner Ear

PAMELA J. LANFORD AND MATTHEW W. KELLEY

1. Introduction and Historical Background

Since Alfonso Corti’s first microscopic description of the cochlea in the mid-
nineteenth century, biologists have had a deep appreciation for the beautifully
ordered arrays of cells within the vertebrate organ of Corti. Sensory hair cells
and nonsensory supporting cells are arranged in a regular, alternating pattern
that has been compared to the ordered arrays of mosaic tiles (Posakony 1999).
Recently, this “hair cell mosaic” has held interest for developmental biologists
as well: such highly ordered cellular patterns are often regulated by similar
molecular mechanisms and can be manipulated to reveal the specific pathways
involved. Based on studies in other systems, it was suggested that a develop-
mental mechanism known as “lateral inhibition” might be involved in the spec-
ification of sensory versus nonsensory cell types in the inner ear (Corwin et al.
1991; Lewis 1991). This mechanism, in which one progenitor cell produces a
signal that inhibits differentiation in its immediate neighbor, plays an important
role in the development of a variety of invertebrate cell types (Fig. 5.1). How-
ever, lateral inhibition had not been directly shown to be involved in the devel-
opment of any vertebrate system.

In 1995, Kelley et al. provided the first experimental evidence that supported
a role for lateral inhibition in the formation of the hair cell mosaic. Specifically,
this study set out to demonstrate that developing hair cells produce an inhibitory
signal that prevents neighboring progenitor cells from adopting the hair cell fate.
If this hypothesis is true, a decrease in this inhibitory signal should allow pro-
genitor cells that would not normally develop as hair cells to adopt the sensory
fate. To test this hypothesis, individual developing hair cells were identified
within explant cultures of the organ of Corti and ablated via laser irradiation.
The results demonstrated that progenitor cells immediately adjacent to ablated
hair cells could change position and phenotype in order to adopt the hair cell
fate. This evidence strongly supported a role for lateral inhibition in the gen-
eration of the hair cell mosaic but did not examine the specific molecular path-
ways that might be responsible for mediating the inhibitory signal.

122



5. Notch Signaling and Cell Fate Determination 123

00
D@0
000

FIGURE 5.1. Lateral inhibition and Notch function in cell fate specification. (1) A ho-
mogeneous population of progenitor cells (solid gray) can be divided into subpopulations
via a molecular switching mechanism known as “lateral inhibition.” (2) A subset of cells
within the progenitor pool produces an inhibitory signal, causing a decrease in gene
expression in their immediate neighbors. (3) The end result of lateral inhibition includes
two populations of cells, each with distinct gene expression.

The prime candidate for mediating lateral inhibition in the cochlea was the
Notch signaling pathway, a well characterized molecular mechanism known to
play an important role in cell fate decisions in many other systems. In the fruit
fly, Drosophila melanogaster, Lehmann et al. (1983) demonstrated that muta-
tions in primary elements of the Notch pathway result in an overproduction of
neural cell types in the developing nervous system, at the expense of nonneural
cell types. The results of later studies led to the suggestion that Notch influenced
cell fate decisions by lateral inhibition, which delayed or diverted precursor cells
from differentiation (Simpson 1990; Coffman et al. 1993; Fortini et al. 1993).

At about the same time, Notch pathway components were identified in mam-
mals and were shown to be expressed in the inner ear (Weinmaster et al. 1991;
Williams et al. 1995). Subsequent in situ hybridization studies further defined
the specific expression patterns of Notch pathway component genes in auditory
development, which, combined with the results of the laser ablation studies,
strongly suggested that Notch signaling mediated cell fate decisions in the sen-
sory epithelia. Finally, and perhaps most significantly, experimental studies have
demonstrated that manipulation of the Notch pathway has a significant effect on
the formation of the organ of Corti and the specification of sensory versus
nonsensory cell fates (Lanford et al. 1999, 2000; Zheng et al. 2000; Kiernan et
al. 2001; Tsai et al. 2001; Zine et al. 2001). The results of these studies also
indicate, however, that the molecular regulation of auditory development is more
complex than originally proposed. The goal of this chapter is to provide an
overview of Notch function in general and to examine the rapidly expanding
body of evidence that implicates Notch as a major player in the development of
the inner ear.
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2. The Notch Signaling Pathway

The breadth of systems in which Notch signaling plays a significant role is
enormous, and our knowledge of the pathway is relatively ancient (in molecular
biology terms). Below we provide an overview of both the historical and bio-
logical context in which studies of this pathway must be placed, and describe
in some detail the various components and function of the molecular cascade.

2.1 Background and Significance

Notch was first identified in Drosophila through a random mutation resulting in
a malformed or “notched” wingtip (Morh, 1919; reviewed in Artavanis-Tsakonas
et al. 1995, 1999). Later studies of this mutation (a partial deletion of the Notch
gene) described a variety of gross anatomical phenotypes in Notch-deficient
flies, including neural hyperplasia (Poulson 1937, 1940). Based on these initial
descriptions, Notch and Notch pathway genes became commonly referred to as
“neurogenic” genes. It was not until much later, however, that an understanding
of the structure and function of DNA and the development of molecular biolog-
ical techniques allowed researchers to more fully elaborate the truly widespread
role of Notch in cell fate specification.

In the mid-1980s, the genes encoding Notch and one of its ligands, Delta,
were first cloned in Drosophila and their basic structural components were de-
termined (Wharton et al. 1985; Kidd et al. 1986; reviewed in Artavanis-Tsakonas
et al. 1995, 1999). These and other studies indicate that the Notch molecule
itself is a transmembrane receptor protein that is expressed on the surface of
developing progenitor cells. Activation of the pathway occurs when Notch is
bound by one of its ligands, Delta or Serrate, which are also membrane-bound
molecules. The structural nature of both receptor and ligand necessarily limits
the range of activation to only those cells that are in direct contact with one and
other. Since the effects of Notch activation are largely inhibitory, the process
by which Notch directs the specification of alternating cell fates in a given
system is referred to as “contact-mediated” lateral inhibition (Simpson 1990;
Artavanis-Tsakonas 1995).

Since the original cloning experiments, a vast array of studies (several hun-
dred at least) have demonstrated that this signaling pathway is involved in the
development of a wide variety of systems. For example, in Drosophila, Notch
signaling is important for the development of cells arising from each of the three
germ layers of the developing embryo. Cell types influenced by Notch signaling
in the developing fly include sensory bristles, muscle, heart, midgut, and eye,
among others (Hartenstein et al. 1992; Dominguez and de Celis 1998). Inter-
estingly, Notch holds a similar level of importance in cell fate determination
across a variety of other species as well. Homologs to Drosophila Notch have
been identified in nematode (Greenwald 1985), sea urchin (Sherwood and
McClay 1997), and a number of vertebrates including frog, zebrafish, chick,
mouse, rat, and human (Coffman et al. 1990; Weinmaster et al. 1991; Del Amo
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et al. 1992; Bierkamp and Campos-Ortega, 1993; Lardelli and Lendahl 1993;
Henrique et al. 1995; Myat et al. 1996). See Table 5.1 for an abbreviated list
of Notch gene nomenclature across species.

In vertebrates, Notch signaling directs cell fate decisions during myogenesis,
hematopoiesis, osteogenesis, endocrine development, vascular morphogenesis,
and neurogenesis (Kopan et al. 1994; Shawber et al. 1996; Milner and Bigas
1999; Xue et al. 1999; Jensen et al. 2000; Shindo et al. 2003). Studies have
also demonstrated that Notch, its ligands, and its downstream mediators play a
part in human genetic disease and certain types of cancer (reviewed, Gridley
1997; see Section 2.3.2). Lastly, we have begun to discover that Notch plays a
pivotal role in the development of the inner ear and the mosaic of cells that
comprise the sensory epithelia.

2.2 The Structure and Function of the Notch Pathway

Data from a wide range of systems and organisms indicate a strong conservation
of the molecular structure of Notch and Notch pathway components. While the
bulk of data regarding Notch structure and function has come from the fly model,
much of what we know about Notch signaling mechanisms has been demon-
strated in vertebrates as well. The information presented here is a compilation
of what is now known about the structure and function of this pathway.

The Notch receptor itself consists of an extracellular domain (NE€) containing
multiple epidermal growth factor (EGF)-like repeats and three cysteine-rich
Notch/Lin-12 repeats (Fig. 5.2). Following NE€ is a transmembrane domain
(N™) and an intracellular domain (N©) that includes six tandem ankyrin repeats
and a PEST sequence (proline—P, glutamine—E, serine—S, threonine—T) (re-
viewed in Artavanis-Tsakonas et al. 1995; Weinmaster 1997). Recent studies
have shown that the Notch protein acquires this mature functional form during
posttranslational processing, when it is cleaved by a furinlike convertase (Logeat
et al. 1998). In addition, some data suggest that Notch receptor function requires
the dimerization of the molecule, via interactions between conserved cysteines
in the extracellular domain of the molecule. However, direct biochemical data
in support of this hypothesis have not yet been presented (reviewed in Wein-
master 1997).

Each Notch ligand is comprised of domains similar to those found in the
receptor; an extracellular domain comprised of an N-terminal domain, the unique
“DSL” motif (for the ligand names Delta, Serrate, Lag-2) and multiple EGF-
like repeats (reviewed in Fleming, 1998; Artavanis-Tsakonas et al. 1999). These
regions are followed by a cysteine-rich domain, a transmembrane domain, and
a truncated intracellular domain (Fig. 5.2). Binding between the receptor and a
ligand occurs between the conserved N-terminal domain of the ligand and one
or more of the EGF-like repeats on the receptor (Fehon et al. 1990; Rebay et
al. 1991). Interactions between receptor and ligand result (in most cases) in the
activation of the inhibitory molecular cascade that underlies lateral inhibition
and other cellular events. There is some evidence to suggest, however, that



TABLE 5.1. A sampling of Notch gene nomenclature across species.

Gene Organism Reference
Receptors
Notch Fly Mohr 1919
Notchl,2,3,4 Rat/Mouse Weinmaster et al. 1991, 1992
Lardelli and Lendahl 1993;
Lardelli et al. 1994;
Uyttendaele et al. 1996
TAN-1 Human Ellisen et al. 1991
(Truncated allele of Notch-1) Notch Sugaya et al. 1994
2,3
Xotch Frog Coffman et al. 1990
Cnotch Chicken Myat et al. 1996
Notch Zebrafish Bierkamp and Campos Ortega 1993
Lin-12 Nematode Greenwald 1985
(Lineage defect-12) Austin and Kimble 1989
Glp-1
(Germ line proliferation defective)
Ligands
Delta Fly Knust et al. 1987; Kopczynski et al. 1988
Serrate Fleming et al. 1990
Dll1,3,4 Rat/Mouse Bettenhausen et al. 1995;
(Delta-like 1,3,4) Dunwoodie et al. 1997; Yoneya et al. 2001
Jaggedl, 2 Lindsell et al. 1995, 1996; Lan et al. 1997,
Valsecchi et al. 1997
Jaggedl, 2 Human Gray et al. 1999; Yoneya et al. 2001;
Dlll, 4 Luo et al. 1997
(Delta-like 1,4)
X-Delta-1, 2 Frog Chitnis et al. 1995; Jen et al. 1997
X-Serrate-1 Kiyota et al. 2001
C-Delta-1 Chicken Henrique et al. 1995; Myat et al. 1996
C-Serrate-1
Delta D Zebrafish Dornseifer et al. 1997
LAG-2 Nematode Tax et al. 1994
(LIN-12 and Glp-1) Mango et al. 1994
APX-1
Intermediaries and negative regulators
Su(H) Fly Schwiesguth and Posakony 1992;
(Suppressor of Hairless) Fortini & Artavanis-Tsakonas 1994
E(spl) Fly Knust et al. 1987
Enhancer of split
RBPJk Mouse/ Schweisguth and Posakony 1992;
(Recombination signal sequence Human Furukawa et al, 1992; Hsieh et al. 1996
binding protein for Jk genes)
CBF1I
(C-promoter binding factor 1)
HESI1-7 Mouse Sasai et al. 1992; Akazawa et al. 1992;
(Hairy enhancer of split homolog 1— Ishibashi et al. 1993; Tomita et al. 1996;
7) Nishimura et al. 1998; Bae et al. 2000;
Bessho et al. 2001;
TLE Human Stifani et al. 1992;

(transducin-like enhancer of split)
hHES4,7

Bessho et al. 2001
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FIGURE 5.2. Diagram representing the structure of the Notch receptor and a generic DSL
ligand. The receptor, Notch, is comprised of three major domains, extracellular (NEC),
transmembrane (N™), and the intracellular domain (N'€). NEC consists of a series of
epidermal growth factor-like repeats (EGF-like repeats), cysteine-rich Notch/lin-12 re-
peats (NLR), and two conserved cysteines (CC). Following the transmembrane domain,
the intracellular domain consists of six tandem ankyrin repeats (ANK) and a PEST se-
quence (proline—P; glutamine—E, serine—S, threonine—T). Notch ligands are similar
in overall structure to the receptor, with the major structural difference being the truncated
intracellular domain of the ligand. The extracellular domain of each DSL ligand is com-
prised of a unique N-terminal DSL domain, followed by a series of EGF-like repeats.
A cysteine-rich (CR) region lies between the EGF-like repeats and the transmembrane
domain. Binding between the ligand and the receptor appears to occur between the
conserved N-terminal domain of the ligand and the EGF-like repeats of the receptor
(reviewed in Artavanis-Tsakonas et al. 1995 and Weinmaster 1997, 2000).
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ligand-receptor binding can also result in the negative regulation of the Notch
pathway (Weinmaster 1997, 2000).

While DSL ligands are structurally distinct from one another, they can exhibit
at least partial functional redundancy (reviewed, Fleming 1998). For example,
Gu et al. (1995) demonstrated that the Drosophila DSL ligand Serrate can act
as a functional replacement for another version of the ligand, Delta. Similar
rescue experiments have not been performed in mammals however targeted de-
letion of specific Notch ligands results in phenotypes that indicate the possibility
of functional redundancy between the various ligands (see below).

Once the Notch receptor has been bound by a ligand, the N subunit is
cleaved via the protease Presenilin. This cleavage results in the translocation of
N© to the nucleus (reviewed in Miele and Osborne 1999; Weinmaster 2000).
N'€ associates with a complex of proteins that includes Suppressor of Hairless
(SuH) or C-promoter binding factor 1 (CBF1), as it is called in vertebrates (Luo
et al. 1997; Zhou et al. 2000; Zhou and Hayward 2001; reviewed in Bray and
Furriols 2001). In some literature, CBF1 is also referred to as “recombination
signal sequence binding protein for Jk genes” or RBP-Jk (Schweisguth and
Posakony, 1992; Jarriault et al. 1995). The complex formed by N', SuH/CBFI1,
and other proteins ultimately results in the activation of a family of genes en-
coding basic helix—loop-helix (bHLH) transcription factors (reviewed in Bray
and Furriols 2001; Fig. 5.3). In Drosophila, the genes encoding these bHLH
transcription factors are collectively referred to as Enhancer of split [E(spl)]
genes (Hartley et al. 1987; reviewed in Bray, 1997; Lecourtois and Schweisguth
1997) while the vertebrate homologs of these genes are referred to as HES
(Hairy Enhancer of split homolog) (Akazawa et al. 1992; Sasai et al. 1992).
The regulatory relationships between SuH and [E(spl)] are still not completely
fleshed out. It seems clear that in many cases Notch acts directly to activate
[E(spD)] (Bang et al. 1995; Heitzler et al. 1996). However, it appears that (at
least in Drosophila), SuH may also acts as a repressor of [E(spl)] prior to Notch
activation, and that activation of Notch relieves this repression (reviewed in Bray
and Furriols 2001).

Once [E(spl)] has been activated, the transcription factors encoded by these
genes act to negatively regulate the activity of downstream gene sequences.
These target sequences include genes that encode bHLH transcription factors
such as the genes of the Acheate—Scute complex (AC-SC) and atonal (ato) or
MASH (mammalian acheate—scute homolog) and Math (mammalian atonal hom-
olog) as they are known in mammals (Jarman et al. 1993, 1994; Akazawa et al.
1995; Bang et al. 1995; Ishibashi et al. 1995; Heitzler et al. 1996; Nakao and
Campos-Ortega 1996; Gupta and Rodrigues, 1997; Jimenez and Ish-Horowicz,
1997; reviewed in Modolell, 1997). These genes are referred to as “proneural”
since activation of these genes promotes the development of neural phenotypes
in precursor cells. Consequently, activation of Notch in neural precursors results
in the suppression of proneural gene activity and the inhibition of neural phe-
notypes in Notch-bearing precursor cells.

Interestingly, one of the functions of proneural genes appears to be the reg-
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FIGURE 5.3. Diagram of intracellular Notch signaling and proposed feedback mechanism
in neural progenitor cells. Cells expressing relatively large amounts of the ligand (dia-
mond heads) activate the Notch receptor (forked heads) on the surface of an adjacent
cell. Receptor-ligand binding results in the activation of Notch and the formation of a
Notch-SuH-CBF1 complex. Notch is translocated to the nucleus, where it activates
E(sp))/HES genes. These target genes act to negatively regulate the expression of
proneural genes such as AC-SC and atonal (MASH and Math in vertebrates). Decreased
proneural gene expression (dotted line) results in a reduction in the expression of Notch
ligands, which in turns reduces the Notch activation in the adjacent cell (dotted lines).
See Table 5.1 for gene nomenclature across species.

ulation of DSL ligand expression (Kunisch et al. 1994). The consequence of
this particular function is that there is the potential for negative self-regulation
of Notch activity in a given cell Fig. 5.3). Specifically, evidence in Drosophila
has demonstrated that such a feedback loop may act to refine the pattern of
receptor and ligand expression in progenitor cells (Kunisch et al. 1994; Heitzler
et al. 1996): Elevated expression of proneural genes in a subset of progenitor
cells may lead to elevated expression of DSL ligands within those same cells.
The increased expression of these ligands may subsequently result in increased
activation of Notch in neighboring progenitor cells. Since Notch acts to repress
proneural gene expression, increased Notch pathway activation in the neighbor-
ing cells ultimately leads to a down-regulation of Notch ligand expression. In
this manner, a small initial bias in proneural gene expression may result in the
establishment of two distinct progenitor populations: one that expresses DSL
ligands and proneural genes and another that expresses Notch but not proneural
genes Fig. 5.3).

2.3 Cellular Events Regulated by the Notch Pathway

A complete review of the extremely large body of data regarding Notch and its
capacity to regulate cellular events is not within the scope of this chapter. How-
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ever, a brief overview of this subject is necessary in order to appreciate fully
the potential complexity of Notch signaling in the inner ear.

2.3.1 Differentiation, Proliferation, and Apoptosis

Early studies of Notch noted that disruption of this gene pathway frequently
resulted in increased proliferation of progenitor cells and the overproduction of
certain cell types (Poulson 1937, 1940). Thus, the Notch pathway was widely
considered to be a regulator of proliferation. Recently, the question of an active
role for Notch in maintaining proliferation has been investigated in greater detail.
For example, Carlesso et al. (1999) demonstrated that an increase in Notch
signaling in HL-promyelocytic leukemia cells and CD34 bone marrow stem cells
accelerates these cells through the G, phase (Carlesso et al. 1999). This accel-
eration pushes progenitor cells through a critical G, lag period that is associated
with commitment and terminal differentiation. Consequently, in this and other
systems, Notch signaling influences cell fate decisions through the direct ma-
nipulation and regulation of the cell cycle.

In a large number of cases, however, it is clear that Notch regulates prolif-
eration merely by default. That is, Notch signaling may cause precursor cells
to remain in the proliferative state as a result of having repressed differentiation.
The distinction between these two types of events is difficult to tease apart, but
many of the target genes located downstream in the Notch pathway have now
been identified and have been shown to be cell-specific regulators of differen-
tiation (such as the proneural genes) rather than proliferation. Repression of
these genes results in a population of precursor cells that remain undifferentiated
and thus continue to proliferate.

Interestingly, evidence also suggests that in some cases, Notch may function
in the opposite manner. That is, Notch signaling may promote differentiation
rather than suppress it. This effect has recently been demonstrated in cultured
stem cells from the developing vertebrate nervous system (Furukawa et al. 2000;
Morrison et al. 2000). Specifically, Morrison et al. (2000) demonstrated that
neural crest stem cells (NCSCs) isolated from E14.5 rat sciatic nerve could be
pushed toward a glial fate either by transfection with a dominant-negative form
of Notchl, or the addition of a secreted form of the Notch ligand Delta. NCSCs
in culture normally give rise to very large numbers of three cell types—neurons,
glia (Schwann cells), and myofibroblasts. Under either treatment condition,
however, a significantly reduced number of daughter cells were produced and
nearly all of these cells expressed glial fibrillary acidic protein (GFAP), while
few to none expressed markers for the neural or myofibroblast cell types. Sim-
ilar results have been produced in mouse retina, in which increased expression
of Notchl and Hesl resulted in increased numbers of progenitor cells that ex-
press markers for Miiller glia (Furukawa et al. 2000), and in the mouse cortex,
in which transfection with N© results in an increase in the number of cells that
express glial markers (Gaiano et al. 2000). These data indicate that the function
of Notch as a suppressor of differentiation may be context dependent.



5. Notch Signaling and Cell Fate Determination 131

Finally, Notch signaling has been shown to play an important role in the
regulation of programmed cell death (apoptosis). In mammals (mouse), this role
has been closely examined during the development of peripheral T cells (Robey
et al. 1996; Deftos et al. 1998; Jehn et al. 1999; reviewed in Miele and Osborne,
1999). For example, at one point in development immature thymocytes (the so-
called “double-positive” or DP thymocytes, which express both coreceptor mol-
ecules, CD4 and CDS8) acquire resistance to glucocorticoids, which would
otherwise induce apoptosis and cell cycle arrest (Deftos et al. 1998). The ac-
quisition of this resistance appears to be critical in the process of progressive
commitment that occurs during the next phase of development—the generation
of separate CD4 versus CD8-positive thymocytes (separate lines that will be-
come T helper or T killer cells, respectively). In DP thymocytes that are retro-
virally transduced with an activated form of Notch (N'©), there is an increase in
resistance to glucocorticoids and an up-regulation of Bcl-2 (B-cell leukemia/
lymphoma 2), a gene that inhibits glucocorticoid sensitivity (Deftos et al. 1998).
Similar antiapoptosis effects of Notch have been demonstrated in T-cell hybrid-
oma cell lines (Jehn et al. 1999) as well as many other systems (reviewed in
Miele and Osborne, 1999). These results strongly implicate Notch in the reg-
ulation of cellular development via the inhibition of cell death.

2.3.2 Notch and Disease

As could be suggested from the information presented in Section 2.3.1, Notch
signaling has been implicated in a number of types of cancer, including the
malignant transformation of T cells. Ellisen et al. (1991) first demonstrated that
a constitutively active form of Notch (TAN-1 or Truncated Allele of Notch 1) is
apparently responsible for the transformation of T cells and, ultimately, the in-
duction of T-cell acute lymphoblastic leukemias (reviewed in Allman et al.
2002). In addition to its role in T-cell leukemia and thyroid tumors, Notch
appears to be involved in the generation of mammary tumors and the immor-
talization of B cells. In particular, one of the four mammalian Notch genes,
Notch4, appears to be the site of mammary tumor virus integration (Gallahan
and Callahan 1997; reviewed in Callahan and Raafat 2001). Similarly, the on-
cogenic effects of the Epstein—Barr virus, shown to be involved in B-cell trans-
formation, appear to be mediated via downstream components of the Notch
pathway (Hsieh et al. 1996, 1997; reviewed in Smith 2001). It is important to
note, however, that much of this research has been performed in mammals other
than humans, and that studies in human systems have only begun to elucidate
the role of Notch in human cancer (reviewed in Gridley 1997).

Mutations in Notch or its ligands are integral to at least two human genetic
diseases: Alagille’s syndrome and CADASIL (cerebral autosomal dominant ar-
teriopathy with subcortical infarcts and leukoencephaly) (reviewed in Joutel and
Tourner-Lasserve, 1998). Alagille’s syndrome appears to be the result of a de-
fect in the gene encoding one of the mammalian Notch ligands, Jagged1 (Li et
al. 1997; Oda et al. 1997). Specifically, mutations in the Jagged! gene (Jagl)
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result in individuals who are born with an extremely large range of serious birth
defects, including kidney, cardiovascular, ocular, and skeletal abnormalities;
mental retardation; and other effects (reviewed in Piccoli and Spinner 2001).
The widespread nature of this genetic disorder is a reflection of the range of
developmental events in which the correct function of the Notch pathway is
critical. In fact, complete deletion of mammalian Notchl (in mice) causes em-
bryonic death at midgestation as a result of widespread cell death (Swiatek et
al. 1994). Deletion of Jag! in mice results in embryonic lethality resulting from
incomplete vascular development and subsequent hemorrhage (Xue et al. 1999).

CADASIL is a relatively late-onset (approximately 45 years of age) condition
that results from a mutation of the Notch3 receptor gene (Joutel et al. 1997).
As in Alagille’s syndrome, the effects of this Notch mutation are wide ranging,
but have particularly strong effects on the central nervous system (CNS). Spe-
cifically, CADASIL produces abonormalities within the CNS and cerebral ar-
teries, resulting in a variety of symptoms including subcortical ischemic strokes
and migraine headaches (Tournier-Lasserve et al. 1993; Chabriat et al. 1995;
reviewed in Joutel and Tournier-Lasserve, 1998). Ultimately, CADASIL results
in a progressive neural degeneration and dementia (Chabriat et al. 1995).

2.4 Regulation of Notch Signaling

There are numerous mechanisms by which the activity of the Notch signaling
pathway may be regulated and/or modulated, starting with functional diversity
among receptor and ligand types. Depending on which molecules are expressed,
the specific distribution of this expression, and the tissue/system in which the
expression occurs, ligands may act as either positive or negative regulators of
Notch activity. For example, in fly neurogenesis, the Notch ligands Delta and
Serrate can be interchanged (Gu et al. 1995); however, in the development of
the fly imaginal disk, the two ligands initiate entirely different downstream ef-
fects in adjacent compartments (Fleming et al. 1997). It is not clear how this
difference is mediated, although various mechanisms may be involved.

Some evidence has suggested that certain ligands bind the receptor with
greater affinity than do others (Rebay et al. 1991). If true, then variations in
ligand distribution may reflect differences in the level of Notch activation. It
has also been shown that the activity of a given Notch ligand may be modulated
by molecules in the Fringe family of proteins (fringe, in fly; lunatic fringe,
manic fringe, radical fringe in mammals) (Cohen et al. 1997; Fleming et al.
1997; Panin et al. 1997; Johnston et al. 1997). Biochemical studies of fringe
activity have demonstrated that these molecules modulate receptor—ligand bind-
ing through glycosylation of the receptor (Briickner et al. 2000; Moloney et al.
2000; reviewed in Blair, 2000). This glycosylation modifies specific EGF-like
repeats within the extracellular domain of Notch and may inhibit or promote
pathway activation, depending upon the specific ligand(s) present in the system
(Briickner et al. 2000; Moloney et al. 2000). Interestingly, evidence also indi-
cates that fringe activity in mammalian tissue potentiates binding between Notch
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and its ligand Deltal (DIlI), while it inhibits binding between Notch and Jag!
(Hicks et al. 2000).

Regulation of Notch pathway activity may also occur as a result of the si-
multaneous expression of Notch and its ligands in a given precursor cell. Since
the extracellular domains of Notch and its ligands are very similar in structure,
interactions may also occur in cis—that is, binding between receptor and ligand
may occur within the same cell (Fehon et al. 1990; Heitzler and Simpson 1993;
Jacobsen et al. 1998). Studies have indicated that dominant-negative effects may
result from cis interactions between receptor and ligand, or ligand and ligand
(Jacobsen et al. 1998; Klueg and Muskavitch 1999). These effects have yet to
be fully elucidated, and many other regulatory mechanisms are sure to play
major roles in Notch pathway activity. These mechanisms are too numerous
and complex to be detailed here; however, an excellent review of Notch regu-
lation has recently been presented by Baron et al. (2002).

3. Notch Signaling in the Developing Inner Ear

In mammals, Notch has been shown to play a significant role in neurogenesis,
and has been well studied in such peripheral systems as the olfactory bulb
(Lindsell et al. 1996; Kageyama and Nakanishi 1997) and the eye (Ahmad et
al. 1995; Ohtsuka et al. 1999). The Notch pathway has also been implicated in
regions of the developing CNS (Del Amo et al. 1992; Guillemot and Joyner
1993), including relatively late rounds of cell fate specification in the cerebellum
and cerebral cortex (Zhong et al. 1996; Berezovska et al. 1997, 1998; Lutolf et
al. 2002). However, prior to 1999, only a few studies had reported the expres-
sion of Notch-related genes in the mammalian inner ear (Weinmaster et al. 1991;
Williams et al. 1995; Lindsell et al. 1996). Over the last several years, there
has been an intense period of increased interest in the molecular aspects of inner
ear development and in the ear as a model system for studying the role of Notch
in vertebrate systems. As a result, we now have a much greater basis for a
discussion on Notch and the development of the hair cell mosaic.

3.1 The Embryology of Notch in the Vertebrate Inner Ear

To date, the expression patterns of Notch-related genes have been studied in
many different vertebrate species, however, the most complete set of Notch-
related data in any vertebrate system has been collected from mouse models.
This is attributable in large part to the increased numbers of mutant mouse
strains available to study the effects of Notch signaling and, to a lesser extent,
on the structural and functional similarity between rodent and human ears. Con-
sequently, in order to provide the most coherent presentation of the subject, this
review focuses on the expression and function of Notch genes during the de-
velopment of the mouse ear.

The majority of data describing Notch gene expression patterns in the mam-
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malian ear have been derived from in situ hybridization studies, although LacZ
reporter constructs and reverse transcriptase-polymerase chain reaction (RT-
PCR) methods of detection have also been used. The results of these studies
(and the specific methods used in each) are noted in Table 5.2, which outlines
the embryology of Notch pathway expression in the ear (see also Mansour and
Schoenwolf, Chapter 3, and Pauley, Matei, Beisel, and Fritzsch Chapter 4). An
example of this expression is represented in Figure 5.4, which demonstrates the
expression of Jagl at varying stages of cochlear development. The expression
patterns of Notch-related genes in the inner ear can be loosely subdivided into
three developmental timeframes including (1) those whose onset occurs very
early (otocyst or before), (2) those whose onset occurs at midgestation, and (3)
those whose onset occurs during late gestation.

In addition to the chronology of Notch gene expression in the ear, we must
also consider the spatial distribution of gene expression patterns. The basic
categories of gene expression patterns that can be examined include (1) those
expressed very broadly, (2) those that are (or quickly become) restricted to
certain areas and subpopulations of cells and that appear to mediate boundary
formation, and (3) those that appear to be restricted to a very small, perhaps
specific subset of cells at the onset of expression. In the following sections, we
attempt to combine both the chronological and spatial aspects of Notch gene
expression in the ear into one complete story, and provide an overview of Notch
gene expression as it relates to the development of the ear. References to de-
velopmental staging are as described in Kaufman (1992).

3.2 Gene Expression Patterns

Genes encoding Notchl, Jagl, DIlI, and Lfng are active very early in the de-
velopment of the inner ear, with expression concentrated in the ventral portion
of the otocyst at E9 to E10 (Bettenhausen et al. 1995; Williams et al. 1995;
Lewis et al. 1998; Morsli et al. 1998; Morrison et al. 1999). At this time point,
Notch gene expression may be related to the delamination of the neurons that
will comprise the ganglion of the VIIIth nerve, as well as to the determination
of the sensory regions of the otocyst (Morrison et al. 1999; Fritzsch, 2003—
see also Pauley, Matei, Beisel, and Fritzch, Chapter 4). By E12, the expression
patterns of many Notch-related genes appear to be more specifically related to
the development of the vestibular and auditory endorgans. Other than Notchl,
which continues to be broadly expressed in the ear at this time point, transcripts
for Notch-related genes are concentrated in regions of the ear that will develop
as sensory epithelia, the so-called “sensory patches” (Morrison et al. 1999). At
E12, Jagl is expressed in six regions, corresponding to the developing saccule,
utricle, the three cristae, and the cochlea (Morrison et al. 1999; see figure 4).
In the rudimentary cochlear duct, Jag/ transcripts are expressed in a broad band
that extends the very short distance between its basal and apical turns Fig.
5.4A,D; Morrison et al.1999). At the same time, transcripts for DIII and HESS5
are restricted to the developing cristae, while Mathl transcripts are only faintly



TABLE 5.2 Embryology of the Notch pathway in the mouse inner ear.

Embryological

day

Gene

Distribution of expression

Detection method

Authors

Early gestation (otocyst)

E8.5-10.5

E9-E10.25
E10.5
E9-E10

Notchl

Lfn
Jagl
Deltal

Mid gestation (E12-E13)

E12

E12.5

E12.5

E12.5

E12.5

E12.5
E13.5

Notchl
Lfn
Jagl
HES5

Mathl

Deltal
Jag2

Ventral otocyst

Anteroventral otocyst
Ventral otocyst
Ventral otocyst

Entire ear

Utricle; extends the full
length of the cochlear
duct

All SE; extends the full
length of cochlear duct

Cristae

All SE; extends partway
from base of cochlear
duct

Cristae

Vestibular SE

Mid to late gestation (E14-E15.5)

El14

El14

E14

E14

El14
E14.5

E14.5-15.5

E15

E15.5

Notchl
Lfn
Jagl
HESS

HESI
Jag2

Deltal

Mathl

HESS

All regions of the ear;
sensory and nonsensory

All SE; full length of
cochlear duct

All SE; full length of
cochlear duct

Vestibular SE

Cochlea

Cochlea

Expression detected in
base of cochlea

All SE; restricted to HC

All SE; restricted to HC

Expression detected in
base of cochlea

Late gestation to early postnatal (E16-P0+)

El6

E17

E17

Lfn

HES5

HESI

All SE; restricted to SC
within organ of Corti

All SE; full length of
cochlea, restricted to
SC within organ of
Corti

Peak expression in
cochlea

ISH
ISH
ISH
ISH
LacZ reporter
ISH

ISH
ISH

ISH

ISH
LacZ reporter
ISH

LacZ reporter
ISH

ISH
ISH
ISH
LacZ reporter
ISH

ISH
RT-PCR
RT-PCR
ISH

LacZ reporter and
ISH

LacZ reporter and
ISH

ISH

ISH

ISH
ISH
ISH
RT-PCR

RT-PCR

Williams et al. 1995
Lewis et al. 1998
Morsli et al. 1998
Lewis et al. 1998
Morrison et al. 1999
Bettenhausen et al. 1995

Lanford et al. 1999
Morsli et al. 1998

Morrison et al. 1999

Shailam et al. 1999
Bermingham et al. 1999
Shailam et al. 1999

Morrison et al. 1999
Shailam et al. 1999

Lanford et al. 1999
Shailam et al. 1999
Morsli et al. 1998
Zhang et al. 2000
Morrison et al. 1999

Shailam et al. 1999
Zine et al. 2001

Zine et al. 2001
Lanford et al. 1999
Morrison et al. 1999
Bermingham et al. 1999

Lanford et al. 2000
Lanford et al. 2000

Morsli et al. 1998
Shailam et al. 1999
Lanford et al. 2000
Zine et al. 2001

Zine et al, 2001
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TABLE 5.2 (Continued)

Embryological

day Gene Distribution of expression Detection method Authors

E17 Mathl All SE; restricted to HC LacZ reporter Berminham et al. 1999

ISH Lanford et al. 2000

E17.5 Jagl All SE; restricted to SC in ISH Morrison et al. 1999
organ of Corti and inner
sulcus

E17.5 Deltal All SE; restricted to HC LacZ reporter Morrison et al. 1999
and cells in the endo-
lympatic duct

E17-18 Notchl All SE; decreased expres- ISH Lanford et al. 1999
sion in HC?

E18-PO Jag2 Restricted to HC in ves- ISH Lanford et al. 1999
tibular SE; full length ISH Shailam et al. 1999
of cochlea ISH Lanford et al. 2000

E18-P0 HESI Restricted to SC outside ISH Zine et al. 2001

organ of Corti

E8-E18, Embryological days 8 to 18; HC, hair cells; ISH, in situ hybridization; PO, postnatal day O (birth);
SC, supporting cells; SE, Sensory end organs.

detectable in the saccule (Morrison et al. 1999; Shailam et al. 1999 Lanford et
al. 2000).

By E13-E14, Notchl, Jagl, Lfng, and Mathl are expressed in all of the sen-
sory endorgans of the ear Fig.4B.E; Morsli et al.1998; Morrison et al.1999;
Shailam et al. 1999). HESS and DIII expression remains restricted to vestibular
epithelia, which are beginning to assume their mature configuration. A third
Notch ligand, Jagged?2 (Jag2), is detectable in the vestibular epithelia as well.
Notchl expression continues to be widespread in the ear (Lanford et al. 1999,
2000; Shailam et al. 1999). The cochlear duct has, at this time, formed about
half a turn, where Jag! expression continues along the length. Mathl expression
is present in the cochlea in a relatively narrow band that begins near the base
of the duct and extends a short distance toward the apex (Lanford et al. 2000).

As development progresses through mid to late gestation (E14 to E15), Lfng
and Jag! continue to be expressed in both the vestibular and auditory end organs.
The cochlear duct is still expanding to form its mature spiral, and as it does, a
subset of Notch-related genes begins to be expressed in the base of the cochlea.
A very narrow (possibly restricted to a single cell width) streak of cells, located
along the abneural edge of the greater epithelial ridge, begins to express DIl/
and Jag?2 (Lanford et al. 1999; Morrison et al. 1999). This streak of expression
begins near the base of the cochlear duct and extends, over time, toward the
apex and appears to be restricted to cells that will develop as hair cells. Tran-
scripts for Lfng and Jagl continue to be expressed in a relatively broader band,
localized to the greater epithelial ridge and inner sulcus regions of the duct Figs.
5.4 and 5.5 (Morsli et al. 1998; Morrison et al. 1999). In contrast, Notchl
transcripts at this time frame are broadly expressed within the cochlear duct and
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FIGURE 5.4. In situ hybridization and immunohistochemistry of the mammalian Notch
ligand, Jaggedl (Jagl), in the developing mouse ear. (A—C): Jagl gene expression (ar-
rowheads) in the cochlear duct extends the full length of the duct at E12 (A), E15 (B),
and E17.5 (C). (D-F). Immunohistochemistry on sections of the cochlear duct at ap-
proximately the same timepoints (E12, E15, E17.5) demonstrates that Jagl protein ex-
pression (arrowhead) becomes restricted to supporting cells within the organ of Corti
and the inner sulcus. In (E) and (F), asterisks mark the position of the spiral vessel, an
anatomical landmark for the position of the developing organ of Corti. In (F), P (arrow-
head) marks the position of pillar cells within the organ of Corti, while small arrows
show the position of hair cells in the epithelium. Scale bars in A—C equal 300 um.
Scale bars in D, E, and F equal 25 um.
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Notch gene expression in mouse cochlea at E17
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FIGURE 5.5. Notch pathway gene expression in a section near the base of the cochlear
duct at E17. In this diagram, the developing Reissner’s membrane stria vascularis have
been opened and flattened to expose the sensory epithelium (center). Homogeneous
expression of a gene is indicated by a solid black line, while expression that has become
restricted to developing hair cells is indicated by a dotted line. The diagram was derived
from the results of several independent studies (see Table 5.2 for references). Conse-
quently, the locations of gene expression are best estimates, based on their positions
relative to anatomical features of the cochlear duct. Dotted lines represent gene expres-
sion in hair cells.

other sensory end organs, and are still present in nonsensory regions of the ear
such as the semicircular canals (Shailam et al. 1999). RT-PCR analysis of the
cochlear epithelium has demonstrated that transcripts for HESI and HESS are
expressed in the epithelium on E14, although apparently not at levels detectable
via in situ hybridization (Shailam et al. 1999; Lanford et al. 2000; Zine et al.
2001). Consequently, the exact expression patterns of these genes at this ti-
mepoint are unknown. Lastly, one study (Lindsell et al. 1996) has demonstrated
weak, widespread expression of Nofch3 in the developing ear at E13.5. How-
ever, various other studies have concluded that Notch 2, 3, and 4 are not ex-
pressed in the ear (Williams et al. 1995; Lewis et al. 1998; P.J. Lanford, personal
observation).

The vestibular epithelia are relatively well developed at E14 to E15. Genes
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that continue to be expressed in the vestibular system include Notchl, Jagl,
Jag2, Lfng, Mathl, and HES5. Of these, Jagl, Lfng, and HESS5 are restricted
to the supporting cell layer of the epithelia (Morsli et al. 1998; Shailam et al.
1999), while Mathl, DIlI, and Jag2 are restricted to the luminal half of the
epithelium (Morrison et al. 1999; Shailam et al. 1999; Lanford et al. 2000). The
expression of these three genes in cells that appear to be developing as hair cells
correlates well with results of radiological and morphological studies of ear
development that described the birth dates and ultrastructural development of
cells in the mammalian ear (Ruben 1967; Lim and Anniko, 1985; Mbiene and
Sans 1986). From E15 through postnatal day O (about 18 to 19 days postfer-
tilization) the structure of the developing cochlea becomes increasingly recog-
nizable in its mature form (Lim and Anniko, 1985; Kaufman, 1992; Lim and
Rueda, 1992). At E15, HES5 expression begins in the base of the cochlea, and
extends partway along the length of the duct. The initial stripe of expression
occurs in a narrow band quite similar to the initial pattern of Jag2 expression
(Lanford et al. 2000). Over the next few days, the expression domain for HESS
expands from base to apex, in a wave of gene activity that mirrors the expression
of Mathl and Jag2, which have, at this point, expanded the full length of the
duct (Lanford et al. 1999, 2000).

During this same timeframe, the expression of a number of Notch-related
genes becomes further restricted to specific cell types. By E17, Jagl, Lfng, and
HESS5 transcripts are restricted to supporting cells in the organ of Corti (Morsli
et al. 1998; Morrison et al. 1999; Lanford et al. 2000), while HES] is restricted
to inner and outer sulcus cells (Zheng et al. 2000; Zine et al. 2001). Finally,
between E17 and birth, Jag2 and DIl expression is turned on in all hair cells
within the inner ear (Morrison et al. 1999; Lanford et al. 2000). Interestingly,
DIlI expression is also present at E17.5 in scattered cells within the endolym-
phatic duct (Morrison et al. 1999).

As development proceeds through PO to P3 and beyond, down-regulation of
some genes in the cochlea occurs in much the same manner as it began, from
base to apex. This progressive down-regulation has been noted in studies using
in situ hybridization to localize Jag2, Mathl, and HES5 (Lanford et al. 1999,
2000; Shailam et al. 1999). RT-PCR products for HESI and HES5 have also
begun to decrease by postnatal day 0 (PO) (Zine et al. 2001). The timing of the
down-regulation of Notch genes in the vestibular epithelia has not been clearly
documented, but appears to occur in a similar time frame (if advanced by 1
day). In contrast, transcripts for Notchl and Jagl are more persistant, and are
present in the cochlea through at least P5 (Lanford et al. 1999; Shailam et al.
1999).

3.3 Gene Expression: Summary

While it is difficult to make a brief and completely accurate overview of Notch
gene expression in the mouse inner ear, several general statements can be of-
fered. First, at the early otocyst stage, Notch is expressed broadly throughout
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the developing ear, while DII] is expressed in cells that probably correlate with
delaminating vestibuloacoustic ganglion neuroblasts. Later, broad Notch ex-
pression is maintained and Jag/ and Lfng are expressed in regions of the otocyst
that appear to correlate with developing sensory endorgans. As development
progresses through midgestation and the vestibular regions of the ear begin to
differentiate, expression of HESI, HESS5, Mathl, and Jag2 begins in the devel-
oping epithelia. Expression of Notchl, Jagl, and Lfng is maintained in the
developing sensory epithelia at this timeframe as well. It is not clear whether
Notch2, 3, or 4 are expressed at significant levels during ear development, but
existing data suggests probably not. In addition, it is not yet known whether
other Notch pathway genes such as Delta3, Manic fringe, or radical fringe are
expressed in the ear during development.

As the cochlear duct begins to extend from the otocyst, expression of Mathl,
Jagl, and HES] is evident in the end organ. About a day later, genes such as
Jag2, DIlI, and HESS5 begin to be expressed in the base of the cochlea. Ex-
pression of these genes extends up the cochlear duct as development proceeds,
and becomes restricted to specific cell types within the epithelium. Mathi, Jag2,
and DIlI become restricted to hair cells, while Jagl, HESS, and HESI are re-
stricted to supporting cells within and adjacent to the organ of Corti (Fig. 5.5).
Finally, at or about PO, some of these genes (Jag2, HESS5, Mathl) appear to
become down-regulated in a similar base to apex pattern.

3.4 Notch Function in the Inner Ear: Experimental Studies

Based on the function of Notch in other, well-described systems, various hy-
potheses and models of Notch function in the developing inner ear have been
proposed (e.g., Lanford et al. 1999; Eddison et al. 2000). As is often the case
in experimental biology, some of these early predictions have been upheld by
further studies, while others have not. The goal of this section is to present a
basic, unelaborated model of how Notch might function in the mammalian inner
ear, and then describe the data that support or refute specific aspects of this
model (Fig. 5.6). It should be noted that the model described below is intended
merely as a context within which to structure the current accumulation of in-
formation in this system. We will then examine the ways in which the data are
or are not in agreement with this model. Lastly, we recognize that research in
the mouse ear is not performed in a vacuum, and that numerous important
studies in other vertebrate classes have been performed and are ongoing. Con-
sequently, where appropriate, we incorporate data and insights from nonmam-
malian systems.

3.4.1 A Basic Model of Notch in the Mammalian Ear

Stepl: An initial round of Notch signaling specifies cells that will delaminate
to form the neuroblasts of the vestibuloacoustic ganglion. During early devel-
opment of the ear (E9 to E10) Notchl and Jag! are broadly expressed throughout
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FIGURE 5.6. Diagram of proposed model of Notch pathway function in the developing
sensory epithelia of the vertebrate inner ear. (A) Jagl/ establishes a broad “protosensory
domain” (gray shading) in which progenitor cells become determined to develop as cells
within the sensory epithelia (hair cells and supporting cells) or cells immediately adjacent
to the sensory epithelia (e.g., inner and outer sulcus cells in the cochlea). (B) Mathl
expression establishes a “proneural” domain (thatched shading) in which, with no further
influence, all Mathl-positive cells will develop as hair cells. (C) Within the proneural
domain, specific cells begin expressing Jag2 and DIlI (darkened nuclei). (D) Expression
of Jag2 and DIII in these cells results in increased activation of Notch in their immediate
neighbors and the sorting of cells into sensory (hair cell) and nonsensory cell fates.
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the otocyst. Expression of proneural genes, DI/, and Lfng in the anteroventral
portion of the otocyst results in the determination of the neuroblasts that will
form the vestibuloacoustic ganglion Fig. 5.6A).

Step 2: Jagl-Notch signaling specifies the boundaries of the protosensory
domain. During development, discrete regions of the ear become determined to
develop as cells within the sensory epithelia (hair cells and supporting cells) or
cells immediately adjacent to the sensory epithelia (e.g., inner and outer sulcus
cells in the cochlea). Collectively, these cells comprise the “protosensory do-
main” (also referred to as “the sensory patches” [Haddon et al. 1998]). As
development progresses through E12, Jagl is expressed in restricted areas of
the otocyst that will become the protosensory domains of the cochlea, utricle,
saccule, and cristae. The pattern of Jagl expression is established via upstream
molecules that bias the activation of Jagl within this domain, while Lfng is
expressed the same pool of cells and acts to reinforce the boundary. The cells
within protosensory domain are competent to respond to downstream signaling
that will determine them as one of several cell types within or adjacent to the
organ of Corti or vestibular maculae Fig. 5.6B).

Step 3: The proneural gene Mathl specifies cells within the protosensory
domain as hair cells. As development proceeds (E12%), expression of Mathl is
initiated in a large but restricted number of cells within the protosensory domain.
Activation of this gene initiates a molecular program that determines these cells
as hair cells. That is, with no further influence, MathI-positive cells will develop
as hair cells. Conversely, without the expression of Mathl, cells within the
protosensory domain will develop as nonsensory cell types (Fig. 5.6C).

Step 4: A final round of Notch signaling establishes the hair cell/supporting
cell mosaic via lateral inhibition. The expression of Mathl in progenitor cells
within the protosensory domain promotes the expression of DI/ and Jag2 in a
subset of MathlI-positive cells. The expression of these ligands initiates the final
and definitive round of Notch signaling in the ear—in the form of lateral inhi-
bition,—which reinforces the commitment of protosensory progenitors to hair
cell (sensory) or supporting cell (nonsensory) fates, and establishes the alter-
nating pattern of cell types in the epithelia (Fig. 5.6D).

3.4.2 Application of Current Experimental Data to the Hypothetical Model

With this rough model of Notch function and cochlear development in hand, we
can now examine the experimental data that have been presented to date, and
determine whether these data support or refute the various components of the
model.

Step 1: An initial round of Notch signaling specifies cells that will delaminate
to form the neuroblasts that will give rise to the vestibuloacoustic ganglion. The
first round of Notch signaling that occurs in the developing mouse ear begins
at about E9.5, when Notchl is already expressed throughout the otocyst. At this
timepoint, the proneural bHLH gene, neurogenin 1 (ngnl), is expressed in a
subset of cells in the anteroventral portion of the otocyst (Ma et al. 1998; Fritzch
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2003). Expression of ngnl appears to be spatially coincident with the expression
of Lfng and later DII1 (Ma et al. 1998; Morsli et al. 1998; Morrison et al. 1999;
Fritzch 2003). This pattern of expression is consistent with a role for Notch
signaling in regulating the number of cells within the otocyst that continue to
express ngnl and therefore become committed to develop as neuroblasts. The
results of two studies strongly support this hypothesis. First, Ma et al. (1998)
demonstrated that targeted deletion of ngnl results in a loss of primary neuro-
blasts that form the vestibuloacoustic ganglion. Second, studies in the zebra-
fish mutant mindbomb (Mib) demonstrate that inactivation of Notch signaling
results in a marked increase in the number of cells within the vestibuloacoustic
ganglion (Haddon et al. 1998). The role of Lfig in this process is unclear, since
deletion of this gene does not result in any discernible phenotype in the inner
ear (Zhang et al. 2000; D. Wu, personal communication; P.J. Lanford, personal
observation).

Step 2: Jagl-Notch signaling specifies the boundaries of the protosensory
domain. The role of Jag! in the development of the inner ear has been difficult
to identify in mammalian model systems primarily because homozygous dele-
tions in the Jag! allele result in embryonic lethality at about E10 (Xue et al.
1999). However, the results of at least one study support the hypothesis that
there is a relatively broad domain of competent cells in the sensory epithelia
that can respond to Mathl signaling. Specifically, Zheng and Gao (2000) dem-
onstrated that overexpression of Mathl in the inner sulcus region of cultured
cochleae produced supraepithelial hair cells bearing all of the anatomical hall-
marks of sensory hair cells, albeit without innervation (see further details below).
This study did not determine the limits of this domain, however, nor was it
geared toward examining the role of Jag/ in establishing this competency.

Two recent papers began to address this issue through analysis of animals
that are heterozygous for induced mutations of the Jagl gene (Kiernan et al.
2001; Tsai et al. 2001). Kiernan et al. (2001) presented anatomical and physi-
ological evidence that mice heterozygous for two different mutant alleles of Jag/
[headturner (Htu) and coloboma (Cm)] have gross anatomical mutations of the
inner ear such as missing or truncated sensory epithelia (anterior and posterior
cristae). In addition, the cochlear epithelia of these mutant mice contain changes
in the number of inner and outer hair cells, although no total counts were per-
formed and it is not possible to say whether the entire number of hair cells in
the cochlea was significantly altered. Physiological evidence from this same
study suggests that Htu/+ animals do not suffer significant auditory deficits. In
the study by Tsai et al. (2001), a separate mutation at the Jag/ locus was iden-
tified [slalom (SIm)]. The inner ears of SIm /+ mice have defects similar to,
although perhaps not as severe as, Hru or Cm, including loss of posterior and/
or anterior cristae and changes in the number of inner and outer hair cells. In
both of these studies, the results show that Jagl clearly plays a role in the
development of the sensory epithelia, although the specific nature of this role is
not yet clear. In particular, reductions in the numbers of outer hair cells suggests
that Jagl might, indeed, establish the boundaries of the protosensory domain.
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However, these results are complicated by the fact that the specific nature of the
mutations in each of the mutant Jag/ alleles has not been determined. Since
each allele contains a point mutation in the extraceullular domain of the Jagl
protein, it is not entirely clear whether these represent loss-of-function, hypo-
morphic, dominant-negative, or even activation mutations. Clearly, the best way
to examine the role of Jag! in cochlear development would be to generate a
targeted mutation in which expression of Jagl is specifically deleted in the
developing ear only.

Step 3: The proneural gene Mathl specifies cells within the protosensory
domain as hair cells. Experimental studies have now demonstrated that the
expression of Mathl in the developing cochlea is clearly linked to the formation
of hair cells in the cochlea and other endorgans. Bermingham et al. (1999)
demonstrated that the targeted deletion of Mathl results in a total lack of sensory
cells in the inner ear. The cells remaining in the putative epithelium bear re-
semblance to supporting cells, but might equally be undifferentiated precursor
cells, since in some vertebrates, the two are virtually indistinguishable (Presson
et al. 1996). Similarly, as stated above, overexpression of Mathl in the inner
sulcus region of cultured organs of Corti (Zheng and Gao 2000) produces iso-
lated cells bearing all of the anatomical hallmarks of sensory hair cells, albeit
without innervation. A recent study by Kawamoto et al. (2003) has also dem-
onstrated that introduction of a Mathl transgene in vivo could produce new hair
cells in the inner sulcus region of the mature mammalian cochlea. These new
hair cells also appeared to receive innervation from the nearby epithelium. Al-
though this last study was performed in guinea pigs rather than mice, it seems
likely that similar results would be possible across mammalian species. Com-
bined, these data indicate that Mathl is sufficient to initiate a molecular program
that results in the production of hair cell phenotypes in the developing cochlea.

The factors that regulate the spatial expression of Marhl in the ototcyst are
still unknown. However, there are data to suggest that Notch signaling could
play a role in this regulation. In the developing mouse cochlea, Mathl expres-
sion occurs in a relatively narrow band of cells near the edge of the inner sulcus.
Notch signaling via Jagl and HESI may act to refine the neural edge of the
Mathl expression band, since Jag!/ and HESI mutants have increased numbers
of sensory cells in the inner hair cell region. In other words, it appears that
deletion of these genes and the subsequent relief of inhibition allows an expan-
sion of the epithelium in only the very limited region of Mathl/Jagl/HESI
coexpression. Careful colocalization studies are necessary to determine the ex-
act relationships between the expression patterns of these and other Notch-
related genes.

Step 4: A final round of Notch signaling establishes the hair cell/supporting
cell mosaic via lateral inhibition. As discussed in Section 1, the obvious mosaic
structure of most hair cell sensory epithelia was one of the initial motivating
factors for the study of Notch signaling in the ear. However, it is important to
consider that the physical arrangement of cells within the cochlear mosaic is
not completely consistent with the model of Mathl/DSL/Notch function de-
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scribed above. Most obviously, it is clear that the structure of the organ of Corti
is not a true checkerboard of sensory and nonsensory cell types, but rather is
checkerboard pattern that skips a row of sensory cells between the inner and
outer pillar cells. In fact, cells that comprise the inner region of the epithelium
(inner hair cells, phalangeal cells) are quite different in many ways from those
within the outer region of the epithelium (outer hair cells, Deiter’s cells, etc.).
It is not clear to what we may attribute these differences, or whether or not they
are present at the onset of differentiation or arise as a result of downstream “fine
tuning” of the cellular population.

With that caveat in mind, the lion’s share of experimental data is related to
the role of Notch in cochlear development. In general, these data uphold the
premise that Notch-mediated lateral inhibition plays a major role in the deter-
mination of sensory versus nonsensory cell fates in the organ of Corti. For
instance, as previously stated, laser ablation studies performed by Kelley et al.
(1995) demonstrated that removal of developing sensory cells allowed other,
nonsensory precursor cells to take on the hair cell fate. This result strongly
suggests that newly formed hair cells produce some kind of inhibitory signal
that represses the development of sensory cell phenotypes in their immediate
neighbors.

In 1999, Lanford et al. demonstrated that cochleae from mice containing a
targeted deletion of the Jag2 gene (Jiang et al. 1998) contained significantly
higher numbers of hair cells (driven predominantly by an increase in inner hair
cells). A subsequent study also showed an increase in the expression of Mathl
in Jag2 mutants, indicating that the number of cells that continue to express
Mathl and ultimately develop as hair cells is greater in Jag2 mutants (Lanford
et al. 2000). The same study demonstrated a distinct decrease in the expression
of HESS in Jag2 mutant cochleae, an apparent reflection of the decrease in Notch
pathway activation. Lastly, studies by Zine et al. (2001) demonstrate that tar-
geted deletion of HESS also results in an increase in the number of hair cells
that develop in the epithelium.

While these results clearly demonstrate that Notch signaling is involved in
the formation of the cochlear mosaic, it is important to consider that deletion of
what are considered to be major elements of this system (Jag2, HESS, Lfn) does
not result in a complete disruption of the cellular mosaic in the organ of Corti.
In fact, much of the basic cellular structure of the organ of Corti in Jag2 and
HES5 mutants remains consistent with controls. For example, the ears of such
mutants maintain clear distinctions between inner and outer hair cell regions,
and contain pillar cells, Deiter’s cells, and inner phalangeal cells.

Most significantly, while the auditory and vestibular epithelia of Notch path-
way mutants contain increased numbers of hair cells, they do not appear to
contain a concomitant decrease in supporting cells. Such alterations of the cel-
lular mosaic would be predicted in a classic model of lateral inhibition and have
been demonstrated in other vertebrate systems. For example, the zebrafish gene,
Mindbomb (Mib), encodes a ubiquitin ligase that is critical for Notch activation
in this species (Haddon et al. 1998; Itoh et al. 2003). The inner ears of Mib
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mutants have a dramatic increase in hair cells at the expense of supporting cells
in the epithelium. That many Notch mutations in mouse do not result in a
similar dramatic disruption in the mosaic raises the distinct possibility that
Notch-mediated lateral inhibition (at least in the sense normally thought of in
the fly eye) may not occur in the organ of Corti. However, there are a variety
plausible explanations for why a complete disruption of the mosaic is not ob-
served in Jag2 or HESS mutants. First, it is possible that Notch signaling is not
completely disrupted in the ears of these animals. As discussed, another Notch
ligand, DIlI, is expressed in the same cells that express Jag2 and may provide
functional redundancy. In addition, it remains possible that Notch2 or Notch3
may play a role in the development of the ear, and it is possible that there are
as yet unidentified members of the Notch family of genes that are also expressed
in the ear. For example, HES] and HESS are not the only E(spl)-related genes
expressed in the developing cochlea. A variety of other Notch pathway medi-
ators appear to be present, including HESRI and the related Hey genes (P.J.
Lanford, personal observation). These genes may also provide functional re-
dundancy to the system.

A second possible explanation for the presence of supporting cells in the organ
of Corti of Jag2 and HES mutants is the recent demonstration that developing
hair cells produce inductive signals that are sufficient to induce surrounding cells
to develop as supporting cells (Woods et al. 2004). Moreover, the same study
demonstrated that supporting cells can be recruited from cells that would not
normally develop as part of the sensory epithelium, suggesting that an over-
production of hair cells, as occurs in Notch pathway mutants, would result in
an increase, rather than a decrease, in the number of supporting cells as a result
of increased supporting cell recruitment.

An additional sticking point to our classic model of Notch-mediated lateral
inhibition in the organ of Corti relates to the function of Fng genes. According
to studies of Fng in the fly, the mammalian homologs to this gene might function
as mediators of boundary formation (see Section 2.4). Fng molecules have been
shown to regulate Notch-ligand binding and, ultimately, Notch pathway activa-
tion. In fact, the expression pattern of Lfng in the mouse inner ear appears to
be coincident with the expression domain of Jag/ (Morsli et al. 1998). However,
deletion of Lfng alone does not seem to have a discernible affect on the devel-
opment of the cochlea in wild type mice (Zhang et al. 2000). In contrast,
deletion of Lfng does have an effect on cochlear development in Jag2 mutant
mice. Specifically, deletion of Lfn in Jag2~'~ mice results in the partial rescue
of the wild type phenotype—a reduction in the number of extra hair cells pro-
duced in the inner hair cell region of the epithelium (Zhang et al. 2000).

These interesting and perhaps puzzling results may be clarified by the results
of a ligand-binding study performed in C2C12 myoblasts (Hicks et al. 2000).
This study demonstrated that Lfng modulates Notch-ligand binding in a ligand-
dependent manner. Specifically, in the myoblast system, Lfng was shown to
potentiate interactions between Notchl and DIl1 (by at least two times), but
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inhibit Notchl-Jagl interactions (by at least a 4.4 times). This may occur
through the glycosylation of O-linked fucose residues on the extracellular EGF-
like repeats region of the Notch receptor molecule (Briickner et al. 2000; Mo-
loney et al. 2000).

Assuming that this information is transferable to the mouse cochlea, the fol-
lowing scenario can be proposed:

If Lfng potentiates the binding activity of DII1 but inhibits the activity of
Jagl, then it is possible that deletion of Lfig alone results in no net gain or loss
of Notch activation in the cells that express both of theses genes and Jag2. Thus,
there would be no additions or subtractions of cells in the organ of Corti. In
contrast, when both Lfng and Jag2 are deleted we would see a significantly
different result. Under this scenario, the removal of Lfng would result in up to
a 4.4 times increase in Jagl signaling in the cochlea. The corresponding de-
crease in DII1 signaling would be less than half of the level of the Jagl increase.
Combined, one might see a retightening of the inner boundary of the epithelium
due to increased Jagl activity, but perhaps not a perfect one, due to the decreased
DIlI signaling.

Lastly, it is important to consider that there are several other possible expla-
nations for the limited phenotype observed in Lfng mutants. First, two other
Fng genes, manic fringe and radical fringe, are present in mammals. At present,
data regarding the patterns of expression for these genes in the ear are limited,
but the ears of animals with targeted deletions of either gene or both genes
appear grossly normal (D. Wu, personal communication). Moreover, the pattern
of expression for Lfng, at least within the cochlea, is not as simplistic as in other
hair cell sensory epithelia. In particular, while Lfng is expressed in most sup-
porting cell types within the organ of Corti, it is clearly absent from inner pillar
cells (Zhang et al. 2000), suggesting additional possible roles for Fng and Notch
signaling in cochlear development.

3.4.3 Future Directions

Over the past 8 to 10 years, the role of Notch signaling in inner ear development
has progressed from an intriguing hypothesis to a well-documented phenome-
non. However, over the same time period, ongoing studies of the Notch sig-
naling pathway have demonstrated that we are just beginning to understand how
this molecule functions. As a result, our understanding of its role in the ear
must be considered to be largely incomplete and in need of further experimental
study: In particular, a more complete characterization of the patterns of expres-
sion and the effects of deletion of other members of the pathway must be de-
termined. The potential for functional redundancy probably means that
compound mutants containing deletions of multiple pathway components will
also be required. In addition, the recent demonstration that Notch activation can
be instructive for the formation of certain types of glia raises the question of
the potential instructive role of Notch in supporting cell formation. Finally, the
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potentially intriguing role of Fringe genes in the inner ear remains virtually
unknown with only a handful of studies examining this very important member
of the Notch signaling pathway in the ear.

Given the vast molecular influence that Notch clearly has in biology, it is not
likely that the complexities of this pathway will be fully understood anytime
soon. The task of understanding the role of Notch in the developing inner ear
is only minutely less daunting, and will require diligent and innovative efforts
on a number of investigative fronts. The greatest challenge throughout this
process, however, will not be in obtaining new and interesting data, which will
certainly be gained now with increasing speed. Rather, our greatest challenges
lie in the integration of new information across many systems and approaches,
in the thoughtful construction of context for these data, and in the cooperative
process of experimental design among the numerous laboratories now focused
on this problem.

4. Summary

The development of the inner ear can be considered to be a series of progressive
decisions that initially delineate VIIIth nerve neuroblasts from developing otic
epithelial cells followed by subsequent sorting of the otic epithelium into sensory
and nonsensory regions and ultimately sorting of cells within sensory regions
into hair cells or supporting cells. Surprisingly or perhaps, not so surprisingly
considering evolutionary conservation of function, the Notch signaling pathway
appears to play a role in each of these decisions. The Notch signaling pathway
refers to a family of related receptors (Notch) and ligands (Delta and Jagged)
that are all membrane bound. Activation of Notch has profound implications
for individual cell fates, including the maintenance of cells in an uncommitted
state. Within the developing ear, Notch signaling is apparently invoked each
time a subset of cells must be selected for a specific cell fate. However, beyond
its most basic effects, Notch also appears to play additional, more complex,
roles in inner ear development that are not yet fully understood. In addition,
the simplified interactions described above cannot account for the high degree
of regularity that is present in many aspects of inner ear anatomy. Therefore, a
better integration of Notch with the other molecular signaling pathways that
regulate inner ear development is clearly required.
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The Differentiation of Hair Cells

JANE E. BRYANT, ANDREW FORGE, AND GUY P. RICHARDSON

1. Introduction

Hair cells are found in the sensory epithelia of auditory and vestibular organs
of all vertebrates, and in the neuromasts of the lateral line systems of fish and
amphibia. They detect mechanical displacements and transduce these stimuli
into electrical signals. These electrical signals are transmitted to the contacting
afferent nerves fibers and thereby relayed to the brain. All hair cells are me-
chanotransducers and have a number of common structural features such as the
hair bundle, cuticular plate, and specialized intercellular junctions. At the same
time, however, these cells respond to different types of stimuli and this is man-
ifested in their morphological diversity. In addition, outer hair cells in the mam-
malian cochlea can act as reverse transducers, and this capacity is based on a
unique basolateral membrane specialization that supports the electromotile ac-
tivity of this particular type of hair cell.

1.1 The Common Structural Features of Hair Cells

The hair bundle is a collection of rigid, erect projections present on the apical
surface of the hair cell. Deflections of the hair bundle modulate a potassium
current flowing through the hair cell and thereby generate an intracellular re-
ceptor potential. The hair bundles are formed of rows of stereocilia, which are
modified microvilli that are each packed with a paracrystalline array of F-actin
filaments (Flock et al. 1982; Sobin and Flock 1983). Stereocilia increase in
height in one particular direction across the bundle. In all hair cells except in
the mature hair cells of the mammalian cochlea, there is also a single kinocilium,
a true cilium formed of microtubules, located behind the row of longest ster-
eocilia. In the mammalian cochlea the kinocilium is present during embryonic
development, but is lost during the latter stages of cochlear maturation, leaving
only the associated basal body in the apical cytoplasm of the cell.

The hair bundle is an asymmetrical, morphologically polarized structure, and
the position of the kinocilium (or its basal body) and the row of longest ster-
eocilia defines its orientation or polarity. Deflections of the hair bundle along
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its axis of mechanosensitivity, toward and away from the longest row of ster-
eocilia, regulate the opening and closing of nonselective cation channels (Hud-
speth 1989). These transduction channels are thought to be located at the tips
of the stereocilia and gated by the fine tip-link that is seen connecting the top
of one stereocilium to the shaft of the adjacent longer stereocilium. These tip
links lie along the axis of sensitivity (Pickles et al. 1984; Markin and Hudspeth
1995). In addition to the tip link, the stereocilia in an individual hair bundle
are connected by a variety of other extracellular crosslinks (Goodyear and Rich-
ardson 1992; Goodyear et al. 2005). The orientation of hair bundles in a par-
ticular sensory epithelium is not random and is related to that of its neighbors.
Thus the hair cells in each sensory organ exhibit planar polarity.

The stereocilia are supported on the cuticular plate, a meshwork of actin
filaments (Hirokawa and Tilney 1982) and actin-associated proteins. The cutic-
ular plate is positioned in the apical cytoplasm of the hair cell lying immediately
beneath, and attached to the underside of, the apical plasma membrane. Actin
filaments descend from the center of each stereocilium into the cuticular plate,
forming a rootlet that is crosslinked into the actin meshwork (Hirokawa and
Tilney 1982). The basal body of the kinocilium lies within an eccentrically
positioned hole within the cuticular plate. The presence of numerous intracel-
lular vesicles and vesicles fusing with apical plasma membrane in the region of
the basal body suggest it is a site of exo- or endocytotic activity (Kachar et al.
1997).

Each hair cell in a sensory organ is separated from its neighbors by surround-
ing supporting cells so that adjacent hair cells do not contact one another. The
cell bodies of the supporting cells also intervene between the base of the hair
cell and the basal lamina that underlies the sensory epithelium. Mature hair
cells are therefore characterized by a lack of contact with the basement
membrane. Hair cells are also functionally isolated from the surrounding sup-
porting cells that are themselves all interconnected via a system of intercellular
gap junctions. There are no gap junction plaques associated with plasma mem-
branes of hair cells (Forge et al. 2003). Hair and supporting cells are, however,
linked to one another via a specialized tight-adherens junctional complex located
at the apical-most region of their basolateral membranes. This junctional com-
plex is particularly extensive in the outer hair cell region of the mature organ
of Corti.

2. Morphological Variety

While all hair cells can be defined by the features described above, a variety of
hair-cell types are recognized in the different vertebrate classes and in different
auditory and vestibular sensory organs. This variability encompasses cell shape,
innervation pattern, hair-bundle morphology and the composition of the lateral
plasma membrane.
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2.1 Different Types of Hair Cell

In the vestibular sensory epithelia in both birds and mammals there are two
types of hair cell (Bergstrom and Engstrom 1973; Goldberg 1991). Type 1 hair
cells are pear shaped and the basolateral portion of the cell is entirely enclosed
by a single, calyxlike afferent nerve ending. Type 2 hair cells are cylindrical
and both afferent and efferent nerve endings synapse at their base. The vestib-
ular sensory epithelia are essentially two-dimensional epithelial sheets with a
differential distribution of type 1 and type 2 hair cells. Type 1 hair cells pre-
dominate across the striola, a region within the epithelium where hair-bundle
orientation changes by 180° so that all hair bundles on one side are oriented in
exactly the opposite direction from all those on the other. Type 2 hair cells
predominate in the extrastriolar regions.

Two hair-cell types are also distinguished in the avian auditory epithelium,
the basilar papilla (Smith et al. 1985). Tall hair cells are located on the inner
side of the curved ribbonlike epithelium (the neural edge along which the nerves
enter the papilla). They have a cylindrically shaped cell body with a long axis
much greater than its width and are exclusively innervated by afferent fibers.
Short hair cells, with a cell body whose width is much greater than its length,
lie on the outer side of the papilla and synapse with efferent nerves.

A distinct separation of two hair-cell types in auditory organs is most clearly
pronounced in the mammalian cochlea (Lim 1980; Slepecky 1996); spiraling
along the organ of Corti there is a single row of flask-shaped inner hair cells
(IHCs) with exclusively afferent innervation, and three (sometimes four) rows
of cylindrical outer hair cells (OHCs) that predominantly receive efferent inner-
vation. The cell bodies of the IHCs are angled toward the center of the spiral
and those of OHCs toward the outside, creating a wide separation between the
two hair cell types within the corpus of the organ of Corti formed by the inter-
vening supporting cells.

In line with the differing innervation patterns, the number and type of ion
channels in the lateral plasma membrane of hair cells also vary with hair-cell
type, thereby influencing the characteristics of the neural signal that the cell can
convey (Eatock and Riisch 1997; Ashmore 2002). In addition to particular ion
channels, the hair cells of the mammalian cochlea possess further unique spe-
cializations of their lateral plasma membrane. Freeze—fracture electron micro-
scopy reveals distinct plaque regions just below the junctional complex on the
lateral membrane of IHCs. Within these plaques, particles are organized in
square arrays (Forge 1987). The nature and function of the plaques are not yet
known.

OHCs possess a high density of a unique protein, prestin (Belyantseva et al.
2000; J. Zheng et al. 2000; Dallos and Fakler 2002). On deflection of their hair
bundles, OHCs undergo fast (up to auditory frequencies), reversible length
changes that are driven by the electrical changes induced by the transduction
currents (Ashmore 2002; Dallos and Fakler 2002). This active response of
OHC:s to stimulation is thought to underlie the amplification that enhances coch-
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lear sensitivity and frequency selectivity. Prestin is the motor protein that drives
this motile activity (Oliver et al. 2001; Dallos and Fakler 2002; Liberman et al.
2002).

Freeze—fracture shows that the lateral plasma membrane of the OHC contains
a uniquely high density of closely packed, large intramembrane particles cov-
ering the entire membrane from the junctional region at the apex to the synaptic
area at the cell’s base (Gulley and Reese 1977; Forge 1991; Kalinec et al. 1992).
These particles are presumed to represent the sites where prestin is incorporated
into the membrane.

OHCs are further differentiated in other ways. They possess a specialized
smooth endoplasmic reticulum system that is organized parallel to and lies just
inside the lateral plasma membrane (Lim 1980; Forge et al. 1993; Slepecky
1996). A Ca?*-ATPase has been localized to this membrane system (Schulte
1993). Between this lateral (or subsurface) cisternal system and the lateral
plasma membrane is an organized cytoskeletal framework, the cortical lattice
(Holley and Ashmore 1990; Holley et al. 1992; Kalinec et al. 1992). The cor-
tical lattice is comprised of actin filaments that are crosslinked by fodrin and
organized in a springlike spiral around the cell body (Holley and Ashmore 1990;
Ylikoski et al. 1990). The lattice may confer rigidity to the cell and exert a
shape-restoring force when the motor is activated, and is connected to proteins
in the plasma membrane by a series of regularly arranged micropillars that cross
the subplasmalemal space (Flock et al. 1986; Forge 1991).

In addition to these morphological characteristics that distinguish different
hair-cell types there are often more subtle variations within individual popula-
tions. In particular, hair cells in the auditory epithelia show systematic
variations along the length of the organ that correspond to the place at which
sounds of different frequency produce maximal stimulation (the tonotopic or-
ganization). For example, OHCs of the organ of Corti increase in length sys-
tematically from the basal end of the coil, where high-frequency sounds are
detected, to the apical coil where low frequencies produce maximal stimulation
(Lim 1980; Dannhof et al. 1991; Pujol et al. 1998). At any one point along the
cochlear spiral there is also a radial gradient of increasing OHC length from the
first (innermost) row to the outermost row, suggesting that the length of each
individual outer hair cell is uniquely specified in relation to its position. Ton-
otopic variation is also apparent in several other hair-cell features including the
number and properties of different calcium channels in the lateral membrane of
some auditory hair cells (Rosenblatt et al. 1997; Jagger and Ashmore 1998;
Pantelias et al. 2001; Ramanathan and Fuchs 2002; Duncan and Fuchs 2003)
and hair-bundle morphology.

2.2 Variations in Hair-Bundle Morphology

Although all vertebrate hair bundles conform to the same common structure,
there is considerable variability in their morphology in the different sensory
organs and in the different types of hair cell. As illustrated in Figure 6.1, this
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generally concerns the shape of the bundle, the length of the kinocilium, and
the number and length of the stereocilia. In the neuromast organs of the lateral
line (Fig. 6.1A, B), the rows of stereocilia are arranged in approximately straight
lines lying at right angles to the axis of sensitivity, and the kinocilium (which
is about 10 um in length) extends several micrometers above the stereocilia (the
longest of which are about 1 um) that are relatively few in number.

In the inner ear of the newt, there are distinct hair-bundle types in the dif-
ferent sensory patches as well as within the same sensory patch. In the cris-
tae (Fig. 6.1C), the bundle is rounded in shape and the kinocilium and
stereocilia at one edge of the bundle are both very long (approximately 60 um
and 35 to 40 um, respectively), although the kinocilium extends greatly be-
yond the longest stereocilia. Both the kinocilium and the stereocilia gradually
decrease in length toward the center of the organ. In the utricular macula of
the newt, the hair cells across the striola (Fig. 6.1D) have stereocilia in a dis-
tinct staircase pattern and a kinocilium of roughly the same proportions as the
longest stereocilia. In contrast, the bundles on hair cells in the extrastriolar
region (Fig. 6.1E) display a kinocilium that is much longer than the stereoci-
lia, and the stereocilia are much shorter than those of the striolar hair cells.
The apical surface of the extrastriolar hair cells is also much smaller than that
of striolar hair cells.

At least four types of hair-bundle morphology have been described in indi-
vidual maculae of the vestibular system of mammals (Bagger-Sjoback and Tak-
umida 1988): tall and short hair bundles, each of which may have either tight
or loose organization. In tight bundles the stereocilia in each row across the

<

FIGURE 6.1. Variation in hair-bundle morphology.

(A, B) Neuromast of the zebrafish lateral line system. (A), Kinocilia extend several
micrometers above the apical surface of the epithelium. (B) Individual hair bundle
viewed from the side, showing relatively short stereocilia in linear rows of increasing
height. Scale bar = (A) 2 um, (B) 1 um.

(C-E) Newt inner ear. (C) Crista. The kinocilia and longest row of stereocilia are
extremely long but both decrease in height gradually from the periphery toward the
center. Scale bar = 10 um. (D) Striolar and (E) extrastriolar hair bundles in utricular
macula. Extrastriolar hair bundles are shorter than those of the striolar region, the stair-
case-like arrangement is less pronounced, and the kinocilium extends some distance
above the longest stereocilia. Scale bars = 2 um.

(F, G) Utricular macula of mouse. A variety of hair-bundle morphologies is evident.
In some hair bundles (F), the stereocilia of individual transverse rows are of equal height.
In others (G), the stereocilia in an individual transverse row vary in height. Scale bar
=2 um.

(H, I) Basilar papilla of chicken. Hair bundles on cell at proximal end (H) and distal
end (I). The bundle at the proximal end has shorter stereocilia and is wider than the
bundle from the proximal end. Scale bars = 2 wum.

(J, K) Organ of Corti of the guinea pig. (J) Outer hair cell; (K) inner hair cell viewed
from the inner (neural) toward the outer side of the organ of Corti. Scale bars = 2 um.
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bundle (transverse to the axis of sensitivity) are of equal height but the height
of each row increases along the line of polarity, as in a typical hair bundle (Fig.
6.1F). In loose bundles, stereocilia in each transverse row increase in height
across the bundle creating steps of increasing stereocilial height parallel to the
line of polarity (Fig. 6.1G). In the avian basilar papilla the height and number
of stereocilia in the hair bundle and the apical surface area of the hair cells vary
systematically along the length and across the width of the papilla such that
these parameters are different for every hair cell (Tilney et al. 1987, 1988a, b).
The shortest and widest hair bundles are at the proximal (basal, high-frequency)
end of the papilla (Fig. 6.1H), the longest and narrowest are at the distal (apical,
low-frequency) end (Fig. 6.1I), with hair-bundle height ranging from approxi-
mately 1.65 pm at the proximal end to approximately 5.5 um at the distal end
(Tilney et al. 1987). A similar phenomenon is observed in the mammalian organ
of Corti. On outer hair cells, the bundle of stereocilia forms a W-shape, with
the base of the W, where the basal body of the kinocilium is located, directed
toward the outer side of the epithelium (Fig. 6.1J).

In most rodent species, there are usually only three rows of stereocilia but
the number of rows is often greater in the hair bundles of the human cochlea.
The bundles of inner hair cells (Fig. 6.1K) exhibit an open U-shape or straight-
line configuration, and the stereocilia of IHCs are noticeably thicker than those
of the OHCs. The stereocilia of the OHCs, but not IHCs, like those of the avian
basilar papilla, vary in height systematically with position (Lim 1980; Wright
et al. 1987). The height of the longest stereocilia increases systematically from
the basal (high-frequency) end to the apex (low-frequency region) (from ap-
proximately 2 um to approximately 6 wm). A radial gradient of increasing
stereocilial height is seen across the organ of Corti from the first (innermost) to
the third row of OHCs. Thus, as with the basilar papilla, the characteristics of
the hair bundle of each OHC are unique, indicating that each individual OHC
is specified for its position in the organ of Corti.

As yet it is not known how this structural and functional diversity is generated
during development. However, many aspects of hair-cell differentiation have
been described in detail and the molecular mechanisms underlying some of these
processes are beginning to be unraveled. This chapter reviews what is known
about the initial events associated with hair-cell differentiation and focuses on
the development of the four most striking structural features of hair cells. These
are the hair bundle, the cuticular plate, the intercellular junctions, and the ba-
solateral plasma membrane of the highly specialized OHCs. The development
of innervation patterns and of the synaptic specialization of hair cells is covered
elsewhere in this volume and is not discussed here.

3. The Earliest Signs of Hair-Cell Differentiation

All the factors necessary for the initiation and completion of hair-cell differen-
tiation appear to reside within the presumptive sensory epithelium. In explants
of the avian basilar papilla maintained in organotypic culture, hair cells differ-
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entiate in the absence of exogenous growth factors (Warchol and Corwin 1996).
Innervation is also unnecessary for hair-cell differentiation; when developing
sensory epithelia of chicks are explanted, prior to the entry of the relevant axons,
to nonneuronal areas, hair cells develop normally (Corwin and Cotanche 1989;
Swanson et al. 1990). Apparently normal synaptic specializations in hair cells
are also acquired in the absence of ingrowing nerves (Hirokawa 1977).

The presumptive sensory epithelium in which hair and supporting cells dif-
ferentiate consists initially of an apparently homogeneous population of rela-
tively unspecialized columnar epithelial cells. These cells are all interconnected
by gap junctions (Ginzberg and Gilula 1979), appear to be attached to the base-
ment membrane, and express cytokeratins (Kuijpers et al. 1991). Once a hair
cell becomes specified these features are lost. The stage at which gap junctional
communication is lost in relation to the expression of genes that commit a cell
to a hair cell fate is not yet known, but it is likely that down-regulation of
connexin genes is one of the earliest events in hair-cell differentiation. This
probably allows hair cells and supporting cells to differentiate along separate
pathways, and studies of chick embryos suggest that the removal of gap junc-
tions occurs just before the morphological characteristics of hair cells become
apparent (Ginzberg and Gilula 1979). The loss of contact between the differ-
entiating hair cell and the extracellular matrix may also be of significance. Sig-
naling between extracellular matrix molecules and cell-surface receptors such as
integrins is known to play a crucial role in controlling cell-cycle progression
and cell differentiation, and it is possible that the loss of cytokeratin expression
by differentiating hair cells is a consequence of a change in cell-substratum
interaction. Undifferentiated progenitor cells in the presumptive sensory epithe-
lia round up and detach from the basal lamina as they enter terminal mitosis
and exit from the cell cycle, before cell fate is determined (Katayama and Cor-
win 1993). However, it has been recently shown that many of the cells express-
ing Mathl, a potential molecular marker for hair-cell differentiation, appear to
have contact with the underlying extracellular matrix (Chen et al. 2002).

Examination of hair-cell regeneration in the avian basilar papilla has also
shown that proteins specific for hair cells in the sensory epithelia, such as myosin
VIIa and Tujl, are present in cells that have basement membrane contact (Stone
and Rubel 2000b). Likewise, hair cells with immature hair bundles that retain
attachment to the basement membrane have been reported to be present during
the reappearance of hair cells observed in the vestibular organs of mammals
following gentamicin-induced hair-cell loss (Li and Forge 1997). Loss of con-
tact with the basement membrane may therefore not be necessary for hair-cell
differentiation. Pirouette and shaker2 mutant mouse strains, which are deaf and
have balance dysfunction, do maintain basement membrane contact and con-
comitantly show abnormalities in the construction of the actin-based components
in hair cells (Beyer et al. 2000). Thus, loss of basement membrane contact may
be important for the proper progression of differentiation.

Once specified, a hair cell almost immediately begins to express a number of
particular proteins that are, within the sensory epithelium, specific to hair cells.
These include calcium binding proteins such as calmodulin and calretinin
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(Zheng and Gao 1997), the microtubule protein Tujl (Stone and Rubel 2000b),
and certain unconventional myosins, including VI and VIIa (Hasson et al. 1997;
Self et al. 1999). Immunolabeling for these proteins provides a means for the
identification of early differentiating hair cells and some of them have been
suggested to be present in the body of the differentiating hair cell prior to hair-
bundle formation (Hasson et al. 1997). Although these marker proteins may
provide the first indications of hair cells, the elongation of the surface microvilli
and the initiation of hair-bundle formation are, however, among the first obvious
defining characteristics of hair cells identifiable in the developing sensory
epithelia.

4. Hair-Bundle Differentiation

Despite the numerous differences in hair-bundle morphology, the processes in-
volved in the formation of the many different types of hair bundle appear to be
broadly similar across organ types and species boundaries. The appearance and
maturation of the hair bundle were first described in detail for the chick basilar
papilla by Tilney and colleagues (Tilney and DeRosier 1986), and certain aspects
of this description are likely to be applicable to the formation of hair bundles
in both the auditory and vestibular organs of mammals. Molecules responsible
for the process of hair-bundle development are being currently discovered at a
rapid rate owing to the analysis of mouse and zebrafish mutants and the study
of comparable processes in invertebrate systems.

4.1 Timing and Progression of Hair-Bundle Emergence
4.1.1 Appearance of Hair Bundles in the Vestibular System

Hair bundles are first observed in the vestibular organs of the developing inner
ear. A monoclonal antibody to the hair-cell antigen (HCA) identifies hair bun-
dles in the cristae of the chick inner ear at embryonic day 4 (E4) (Bartolami et
al. 1991), and hair bundles can be tentatively identified in the saccule and utricle
of the mouse inner ear at E12.5 by scanning electron microscopy (SEM), al-
though they are difficult to distinguish from the microvilli on the surrounding
supporting cells at this stage (Denman-Johnson and Forge 1999). Hair bundles
can be definitively identified by SEM in both the cristae and the maculae of the
mouse inner ear at E13.5 (Mbiene and Sans 1986; Denman-Johnson and Forge
1999), and antibodies to cadherin 23, harmonin b, and the mammalian HCA
(Ptprq) first recognize hair bundles in the vestibule at this stage of development
(Boeda et al. 2002; Goodyear et al. 2003).

4.1.2 Appearance of Hair Bundles in the Auditory System

In the basilar papilla of the chick, hair bundles are first observed in the distal,
low-frequency end (equivalent to the apex of the mammalian cochlea) at E6.5,
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based on studies using either SEM or antibodies to the HCA (Cotanche and
Sulik 1983; 1984; Bartolami et al. 1991; Goodyear and Richardson 1997). At
this early stage of development, the characteristic staircase architecture is absent
and the hair bundle can be discerned from the surrounding supporting-cell mi-
crovilli only by the relative thickness of the emerging stereocilia and their con-
centric packing around a central kinocilium (Cotanche 1987). Transmission
electron microscope (TEM) studies have described the presence of hair bundles
in the mouse cochlea at E15 (Anniko 1983), and antibodies against cadherin 23
first detect hair bundles in the cochlea at the same stage (Boeda et al. 2002).
According to SEM studies, hair bundles first appear in the rat cochlea at E18
(Zine and Romand 1996). At this stage there is a single central kinocilium
surrounded by short microvilli of uniform height (Zine and Romand 1996). In
the postnatal cochlea of the golden hamster, the microvilli of the emerging hair
bundle are distinguishable from the surrounding supporting-cell microvilli only
by their short, fat, clustered appearance (Kaltenbach et al. 1994).

4.1.3 Gradients of Hair-Bundle Emergence and Development in Various
Organs

In the basilar papilla of the chick, hair-bundle emergence spreads in a distal to
proximal direction between E6.5 and E10 (Tilney et al. 1986; Goodyear and
Richardson 1997), although some isolated bundles are seen in the proximal
region prior to the complete proximal-ward expansion of this distal patch (Good-
year and Richardson 1997). In contrast, the first hair cells to be born in this
organ withdraw from the cell cycle between E4 an ES and are located in a strip
extending along the entire superior edge of the basilar papilla. This strip of
postmitotic hair cells enlarges across and at both ends of the organ as terminal
mitosis proceeds until it incorporates the inferior edge at E§ (Katayama and
Corwin 1989). Hair-bundle emergence therefore does not simply initiate as soon
as hair cells reach a certain age; if this were so hair cells along the superior
edge would be the first to develop hair bundles.

Hair bundles initially appear in the basal end of the mammalian cochlea and
appear more apically with time (Kaltenbach et al. 1994; Zine and Romand
1996), in a direction opposite to the wave of hair-cell terminal mitosis that
progresses in an apical to basal direction (Ruben 1967; Marowitz and Shugar
1976). As in the bird, hair-bundle formation in the organ of Corti does not
initiate in the hair cells that are born first. The appearance of bundles in the
mammalian cochlea occurs in a basal to apical direction in contrast to the distal
(apical) to proximal (basal) direction observed in birds.

In the developing cristae of the mouse, hair bundles at the apex of the crest
are usually more mature than those around its base, as might be expected from
the pattern described for hair-cell birth dates in these organs (Sans and Chat
1982), although very immature bundles are seen interspersed throughout both
regions at any given stage. Similarly, hair bundles in the maculae are more
developmentally advanced in the central striolar portion than in the surrounding
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extrastriolar region, although immature bundles are seen alongside more mature
ones in both regions, suggesting that two or more waves of differentiation may
occur at different times in the developing vestibular organs (Denman-Johnson
and Forge 1999).

4.2 Development of the Chick Auditory Hair Bundle

Hair bundles vary in terms of stereocilial width, length, and number in the avian
basilar papilla and these parameters correlate precisely with their location along
the cochlear duct. The development of hair-bundle morphology in the chick
follows a sequence that can be separated into three distinct phases (Fig. 6.2).
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FIGURE 6.2. Plot of hair-bundle height as a function of position along the basilar papilla
(cochlea; 0% = proximal, 100% = distal) at different stages of development. The graph
illustrates the three different phases of hair-bundle growth observed in the avian papilla.
During phase 1 growth is initiated along the full length of the organ, simultaneously
generating the stereocilial staircase. Elongation practically ceases during phase 2 as the
stereocilia increase in width. In phase 3 the stereocilia that are not at their full height
continue their elongation. This is largely seen in the longer, distal hair bundles (> 30%).
From Cotanche (1987).
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The first phase of hair-bundle development involves changes that create a
template for the subsequent fine tuning of hair-bundle shape and size during the
subsequent steps. Prior to E9, the kinocilium is located in the center of the hair
cell’s apical surface and is surrounded by numerous very short microvilli of
uniform height. After E9, the kinocilium is found at the periphery of the bundle;
this shift in location to the edge of the apical surface specifies the future mor-
phological and functional polarity of the hair bundle (Cotanche and Sulik 1984;
Tilney and DeRosier 1986; Tilney et al. 1992). By E10, immature hair bundles,
each with an eccentrically located kinocilium, are present along the entire length
and breadth of the basilar papilla (Tilney et al. 1992). Following the migration
of the kinocilium to the periphery, the microvilli in the rows nearest the kino-
cilium in each bundle commence their growth, followed successively by those
located in rows progressively further and further away. The onset of stereoci-
liary elongation occurs simultaneously in hair bundles along the whole of the
organ (Tilney et al. 1986), and delay between the growth-onset time in the
different rows creates the staircase pattern of ranked stereocilia in each bundle.
The signal for the onset of elongation is unknown, although it has been sug-
gested that it may be Ca?* entry through the transducer channel mediated by
tip-link stretch, which in turn is caused by stereociliary elongation and would
therefore propagate across the bundle (Tilney et al. 1988). However, studies
with FM1-43, a permeant fluorescent blocker of the hair cells’ mechanotrans-
ducer channel (Gale et al. 2001), indicate that transduction may begin only after
the stereocilial staircase has formed in both the chick basilar papilla and the
mouse utricle (Geleoc and Holt 2003; (Si et al. 2003). Between E8 and El1,
as the hair bundle orientates and elongates, the actin cytoskeleton of the ster-
eocilia becomes increasingly cross-bridged by the actin-bundling proteins fim-
brin (Tilney and DeRosier 1986) and espin (Bartles et al. 1996). These proteins
provide the hair bundle with the rigidity necessary for effective mechanotrans-
duction (Pack and Slepecky 1995; Zine et al. 1995; Bartles et al. 1996). The
tallest row of stereocilia appears to straighten between E10 and E12 (Tilney et
al. 1992) as nascent stereocilia are added to the ends of each of the rows gen-
erating a semicircular profile that more closely resembles the shape of the adult
hair bundle. Extra stereocilia are continually added to the expanding hair-cell
surface during the first stage of hair-bundle development, such that by E12 each
hair cell has 1.5 to 2.0 times the number of stereocilia than that present on
mature hair cells (Tilney et al. 1992).

The second phase of hair-bundle development takes place between E13 and
E16. Stereocilia pause in their elongation during this stage and begin to widen
owing to an increase in the number of actin filaments per stereocilium (Tilney
and DeRosier 1986). At the same time, the actin core of each stereocilium
lengthens basally in order to form the rootlets that will anchor the stereocilium
in the developing cuticular plate. This is thought to be due to the addition of
actin monomers to the proximal, nonpreferred, pointed ends of the few filaments
that pass through the constricting taper developing at the stereociliary base (Til-
ney and DeRosier 1986; DeRosier and Tilney 1989). Bundle maturation con-
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tinues with the resorption of excess stereocilia at the foot of the stereociliary
staircase. This not only creates the mature rectangular-shaped hair bundle but
also produces the reduced final number of stereocilia per hair cell (Tilney et al.
1992).

The third and final phase of bundle development is initiated at E17 and con-
tinues for some weeks after hatching. Stereocilia, particularly in the distal end
of the cochlear duct, begin to elongate again. This occurs synchronously in all
rows, but stops first in the shortest row and last in the longest thus exaggerating
the difference in height ranking between the rows. Further stereociliary elon-
gation occurring during the third and final phase of development creates a basilar
papilla with proximal bundles that have numerous short stereocilia and distal
bundles that have fewer but taller stereocilia (100 to 140 stereocilia per bundle
in the proximal end and 40 to 50 stereocilia per bundle in the distal end [Co-
tanche and Sulik 1984]).

It has been suggested that stereocilia elongation during the first and third
stages of hair-bundle development in the chick basilar papilla occur via the
addition of actin monomers to the distal barbed end of the actin filaments in the
stereocilia (Tilney et al. 1988, 1992). Although there is as yet no direct evidence
for this, transfection of GFP-actin into hair cells of the postnatal rat cochlea (P5
to P12) indicates that new actin is continuously incorporated at the tip of the
stereocilium indicating that stereocilia grow at their tips (Schneider et al. 2002).

4.3 Development of the Mammalian Hair Bundles

Information on the development of hair bundles in the mammalian cochlea is
relatively sparse compared to data available for the avian auditory organ. As
mentioned previously, the mammalian hair bundle develops following the pattern
that is broadly, but not exactly, similar to that described above for the chick
basilar papilla. In mammals, as in the chick, the longest hair bundles are present
in the apex of the cochlea. In the chick basilar papilla, a constant growth rate
and variation in the duration of growth, with shorter bundles ending their elon-
gation first, creates differences in bundle heights. In contrast, studies on the
postnatal hamster show that the growth rate is not constant along the organ of
Corti, and that the taller apical hair bundles grow faster than their shorter basal
counterparts. Growth of the bundles initiates in the basal coil (unlike in the
basilar papilla where hair-bundle growth begins simultaneously along the entire
length of the organ), and the elongation and widening of stereocilia occurs con-
currently (Kaltenbach et al. 1994). In all mammalian cochleae studied so far,
hair-bundle development in the apical coil lags appreciably behind that in the
basal coil (mouse: Nishida et al. 1998; rat: Lenoir et al. 1987; Zine and Romand
1996; human: Lavigne-Rebillard and Pujol 1986). Whether the other trends
described in the hamster are applicable to mammalian auditory development in
general is not known.

In the rat, movement of the kinocilium to the bundle periphery occurs at
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approximately E18 and stereocilial growth first begins at E20 in the basal-coil
IHCs. Complete development of all hair bundles in the rat cochlea was observed
at postnatal day 6 (P6) (Zine and Romand 1996). A time lag between the
development of hair bundles on IHCs (fully mature at P1) and those on OHCs
(mature at between P5 and P7) was also observed in the mouse cochlea, with
bundles in the first row of OHCs maturing more quickly than those in the second
row, which in turn developed faster than the bundles of OHCs in the third row
(furthest from the IHCs and limbus) (Anniko 1983). The loss of the kinocilium
by P14 in the mouse gives the stereocilial bundles their adult morphology (Lim
and Rueda 1990). The relative maturity of the IHC bundle in comparison with
that of the OHC bundle in the developing cochlea has also been observed in the
human fetus (Lavigne-Rebillard and Pujol 1986).

Two studies have focused on the morphological characterization of hair-
bundle development in the mouse vestibular system (Mbiene and Sans 1986;
Denman-Johnson and Forge 1999). Once the nascent stereocilia have emerged
around a central kinocilium of similar height, the subsequent maturation is ex-
tremely rapid. Hair bundles are first seen at E13.5 in the mouse cristae. By
E14.5, they have begun to develop the height differences characteristic of the
stereociliary staircase (Mbiene and Sans 1986). In the maculae, a variety of
hair-bundle morphologies are already visible by E13.5, 1 day after hair bundles
can first be potentially identified. These include a single cilium (Fig. 6.3A, a),
a small bundle of microvilli with a central kinocilium of nearly equal height
(Fig. 6.3A.b), an unranked bundle with a peripheral kinocilium (Fig. 6.3B), and
finally a bundle with some height-ranked stereocilia and a peripheral kinocilium
(Fig. 6.3C). By E15.5 hair bundles displaying distinctive staircase morphology
with numerous interstereocilial links can be seen, in addition to more immature
bundles similar to those encountered at E13.5 (Denman-Johnson and Forge
1999). The rapidity with which the hair bundles mature from relatively undif-
ferentiated structures into the final mature architecture is a noticeable feature of
hair-bundle development in the murine vestibular system.

4.4 Development of Hair-Bundle Links

There are four morphologically distinct link types present on certain types of
hair bundles such as those in the auditory papilla of the bird: tip-links, horizontal
top connectors, shaft connectors, and ankle links (Goodyear and Richardson
1992; Goodyear et al. 2005). These links are morphologically and immunolog-
ically distinct, and can also be operationally distinguished on the basis of their
relative sensitivities to the calcium chelator BAPTA (bis-aminophenoxyethane-
tetraacetic acid) and the protease subtilisin (Goodyear and Richardson 1999,
2003). The tip links are thought to gate the hair cell’s mechanotransducer chan-
nel, and the other link types are assumed to hold the stereocilia together as a
coherent unit. Immunofluorescence studies with antibodies to antigens associ-
ated with three of these link types—tip-links, ankle links, and shaft connectors—
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FIGURE 6.3. Scanning electron micrographs illustrating the initial stages of hair-bundle
differentiation observed in the mouse vestibule at E13.5. The hair bundle emerges as a
single cilium surrounded by numerous, tiny stereocilia (A, a). The bundle develops to
produce stereocilia of equal height located around a centrally located, taller kinocilium
(A, b). The kinocilium (arrow) relocates to the periphery of the hair bundle (B). The
stereocilia closest to the kinocilium (arrow) elongate (C). Scale bars = 1 pm. From
Denman-Johnson and Forge (1999).

suggest that the proteins that form these links are expressed at high levels during
the very early stages of hair-bundle development. The HCA, a component of
shaft connectors, is expressed at E6.5 in papillae, concomitant with the emer-
gence of hair bundles (Bartolami et al. 1991), and the tip-link antigen (TLA)
and ankle-link antigen (ALA) are expressed shortly after, by E7 (Goodyear and
Richardson 1999, 2003). The TLA and ALA appear to be uniformly distributed
over the surface of these immature hair bundles and the distribution of each
antigen becomes progressively restricted as development proceeds, with the
ALA becoming restricted to the bundle base and the TLA becoming localized
to the tip of the hair bundle (Goodyear and Richardson 1999, 2003). Tip-links
have been reported in the chick papilla at E9 (Pickles et al. 1991), in the mouse
macula at E15.5 (Denman-Johnson and Forge 1999), on rat inner hair cells at
birth (PO) (Zine and Romand 1996), on gerbil outer hair cells at P2 (Souter et
al. 1995), and on cultured mouse cochlear outer hair cells at the equivalent of
P3 (Furness et al. 1989). In chick and mouse, tip links appear to emerge from
arrays of multiple fine horizontal filaments that radiate from the tip of each
stereocilium in all directions to make contact with their adjacent neighboring
stereocilia (Pickles et al. 1991, Forge et al. 1997) (see Fig. 6.4). A pruning
process appears to eliminate all but one of these links from these arrays as the
stereocilia begin to elongate, leaving a single tip-link running along the hair-
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FIGURE 6.4. Tip-links emerge from arrays of multiple horizontal filaments that radiate
from the tip of each stereocilium in all directions to make contact with neighboring
stereocilia. As the stereocilia begin to elongate the extraneous links are lost, leaving a
single tip link running along the hair bundle’s axis of mechanosensitivity and projecting
upward to the side of adjacent, taller stereocilium. From Pickles et al. (1991).

bundle’s axis of mechanosensitivity and projecting upwards at an angle from the
tip of each stereocilium to the side of an adjacent stereocilium. Cadherin 23,
the ALA, and the TLA are all concentrated at the tips of developing hair bundles
(Goodyear and Richardson 1999, 2003; Boeda et al. 2002) and may therefore
be components of these spoke like arrays from which tip links emerge. The
morphological development of the other link types has yet to be described in
detail.

4.5 Development of Planar Polarity

As outlined previously, hair cells are polarized epithelial cells that have an apical
membrane specialized for the detection of mechanical stimuli, and a basolateral
membrane specialized for a number of tasks including the shaping of the hair-
cell’s receptor potential, the release of neurotransmitter onto the contacting af-
ferent nerve fiber, and other more specialized functions such as the somatic
electromotility exhibited by cochlear OHCs. The hair bundle itself is also a
morphologically and functionally polarized structure, designed such that stimuli
along one axis, that running parallel to the hair bundles axis of mirror symmetry,
opens or closes mechanotransducer channels. For the different sensory organs
to function as they do, the hair bundles must also have a coordinated orienta-
tion with respect to one another and with the epithelium as a whole. This level
of organization is referred to as planar polarity. In its simplest terms planar
polarity means that the hair bundles in the organ all have their axis of mechan-
osensitivity aligned in the same direction. However, each type of sensory organ
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in the inner ear has an individual and precise pattern of planar polarity. In the
mammalian and avian cochleae, the kinocilium is always located closest to the
abneural edge of the organ so that the bundle faces away from the neural edge.
In the maculae of the vestibule this pattern is complicated by the fact that hair
bundles have different polarities on either side of the epithelium. Polarity re-
verses around a line known as the striola that roughly bisects each macula into
two halves (see Section 2.1). The hair bundles lying either side of the striola
are either orientated toward this strip, as in the utricle, or away from it, as in
the saccule. The initial movement of the central kinocilium to the edge of the
developing hair bundle is partially responsible for establishing the planar
polarity.

In the avian basilar papilla, the kinocilium moves to the periphery of the hair
bundle by E9. At this stage, hair bundles exhibit a broad but unimodal distri-
bution of orientations centered around 200° (as judged by the position of their
kinocilium, where 0° denotes a bundle facing the neural, superior edge of the
papilla and 180° denotes a bundle facing the abneural, inferior edge of the
papilla), with individual bundle orientations ranging from 60° to 340° (Fig. 6.5).
By posthatch day 3 all bundles on the organ are tightly orientated toward the
200° point, implying that the hair bundle, or the entire hair cell, must rotate
after the initial migration of the kinocilium to one point around the cell surface
(Cotanche and Corwin 1991). Although this rotation was not observed directly,
SEM analysis at successive time points indicate that papillar bundles acquire
correct planar polarity with proximal bundles reorienting fairly rapidly (by E11,
Fig. 5) and distal bundles much more slowly (by posthatch day 3) (Cotanche
and Corwin 1991). It was suggested that the differential growth of layers of
matrix within the overlying tectorial membrane could provide a traction force
that the kinocilium uses to align the hair bundles in the developing basilar papilla
(Cotanche and Corwin 1991). However, differences in sites of otoconial
membrane production that could account for the opposing hair-bundle polarities
seen in the maculae of the vestibular organs of the mouse have not been observed
(Denman-Johnson and Forge 1999).

Although it was originally suggested that the movement of the kinocilium
from the center to the periphery of the cell surface in the mammalian cochlea
was precise from the outset and dictated the final planar polarity of the hair cell
(Kaltenbach et al. 1994; Zine and Romand 1996), recent work (Dabdoub et al.
2003) has shown otherwise. The position of the kinocilium initiates the for-
mation of the hair bundle’s morphological asymmetry (by being at one edge of
the bundle where the tallest stereocilia grow to form the staircase), but the hair
bundle is not, at first, precisely oriented with respect to the cochlea as a whole.
At E17, hair-bundle orientation in the base of the cochlea deviates from 0°
(facing the abneural edge) by as much as 15° for IHCs and first-row OHCs, and
by up to 30° for second and third row OHCs. Variation in hair-bundle orien-
tation diminishes over time so that by P10 the hair bundles of basal IHCs deviate
by 2°, those of first row OHCs by 3°, and those of second and third row OHCs
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FIGURE 6.5. Scanning electron micrographs (right) and bar charts (left) illustrating how
hair bundles reorient during development of the avian basilar papilla. Hair bundles in
the proximal end of the papilla show a broad distribution of polarities around a mean
orientation of 240° at E9. By EIl1 these hair bundles reorient so that their polarity is
more precisely defined with respect to their neighbors and with respect to the organ as
a whole. Scale bars = 10 um. From Cotanche and Corwin (1991).

by between 2° and 5°. The time delay observed in reorientation for the hair
bundles of the second- and third-row OHCs compared to those of IHCs is ac-
companied by a basal-to-apical gradient of maturation in planar polarity. Hair
bundles in the apex exhibit greater deviation than their counterparts in the basal
coil at all stages (Dabdoub et al. 2003).

In a comprehensive study of utricular and saccular development in the mam-
malian inner ear, it was also found that hair bundles are planar polarized to a
certain degree from the very outset. At E13.5, the orientation of the hair bundles
on neighboring cells is similar and varies systematically across the epithelium
but not in as precise a manner as that observed in the adult. A very sharp
reversal of hair-bundle polarities with respect to the striola becomes apparent
by E15.5 (Fig. 6.6) (Denman-Johnson and Forge 1999). Together these studies
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FIGURE 6.6. Plots of hair-bundle orientation angles as a function of distance from the
lateral and anterior edges of the utricle and saccule respectively. At E13.5 hair-bundle
orientation already varies systematically across the epithelium. By E15.5 a very abrupt
reversal in hair-bundle polarity becomes apparent with respect to the striola in both the
utricle and the saccule. From Denman-Johnson and Forge (1999).

in birds and mammals show that reorientation of the hair bundle after the initial
movement of the kinocilium to the periphery of the cell surface is a common
step in the development of the hair bundle in both birds and mammals.

The question of how cells within sensory epithelia communicate to coordinate
polarities may be answered by looking at sensory bristles in the fruit fly Dro-
sophila melanogaster. The bristle of the shaft cell, like the hair bundle, is part
of a mechanotransducer complex and is comprised of densely packed actin fil-
aments. Studies of the bristle-shaft cell have isolated a group of genes that,
when mutated, disrupt planar polarity. In addition to this, the protein products
of these genes are characterized by asymmetric localizations and are either trans-
membrane or membrane associated, suggesting the signal is delivered from one
pole of the cell at a unidirectional cell—cell junction. These protein products are
called Frizzled, Dishevelled, Flamingo, Dachsous, Strabismus (also known as
Van Gogh), and Prickle (Adler 2002; Lewis and Davies 2002; Strutt et al. 2002).

Frizzled is a seven-pass transmembrane receptor for the Wnt family of sig-
naling molecules. Dishevelled is an intracellular protein that contains a PDZ
domain, a domain thought to act as a binding scaffold for large protein com-
plexes (see Section 4.6.4). Flamingo is a cadherin family member with an
ectodomain containing cadherin, epidermal growth factor (EGF), and laminin
AG repeats, a seven-pass transmembrane region, and an intracellular domain
with a putative G-protein binding motif. Dachsous is also a member of the
cadherin superfamily, but has a single transmembrane domain and 27 extracel-
lular cadherin repeats. Strabismus has four transmembrane regions and a PDZ
binding interface, suggesting that it may bind to Dishevelled. Prickle has three
LIM protein interaction domains. It is thought that activated Frizzled recruits
Dishevelled from the cytoplasm to the membrane in order to transmit a polari-
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zation signal from the distal edge of a bristle shaft cell to the proximal edge of
the next cell. Signal transmission could take place if the products of bristle
building genes were activated at the distal side of the junction and inhibited at
the proximal side, and at least four of the proteins described above are located
at the distal/proximal boundary of adjacent bristle cells. Dishevelled and Friz-
zled are located on the distal side of this junction while Prickle and Strabismus
are found on the proximal side (see Lewis and Davies 2002 for review).

Three mouse mutants have been recently described that have planar polarity
defects in the organ of Corti. Heterozygous spin cycle and crash mutant mice
display head shaking behavior and have misoriented hair bundles in the cochlea.
This planar polarity defect is restricted to the OHCs and is evident from as early
as E16.5. These mutations are due to point mutations in the Celsr! gene, a
mammalian homolog of the Drosophila planar polarity gene flamingo (Curtin
et al. 2003). The looptail mouse has a mutation in Vangl2, the mammalian
homolog of Strabismus (Kibar et al. 2001; Murdoch et al. 2003). In homozy-
gous looptail mice, the hair bundles of both THCs and OHCs are misoriented
(Montcouquiol et al. 2003). This indicates that Drosophila planar cell polarity
genes are conserved in the vertebrate inner ear. The specific roles played by
Vangl2 and Celsrl in the cochlea, however, remain to be characterized.

In addition to these planar polarity cassette genes, soluble wingless type sig-
naling molecules (Wnts) may play a role in orienting the hair bundles in the
inner ear (Dabdoub et al. 2003). During normal development in the mouse
cochlea, hair bundles gradually acquire their final precise orientation over a
period of 12 days from E17 to P10, and the hair bundles of the second- and
third-row OHCs do not reorient with the same efficacy as those of the IHCs and
the first row OHCs (see above). Wnt7a is expressed by the developing pillar
cells that lie between the IHCs and OHCs, and may be a morphogen that controls
hair-bundle orientation. The absence or overexpression of Wnt7a protein, how-
ever, resulted in OHC planar polarity being disrupted in a complex manner (e.g.,
the deviation of bundles increased in the base but not the apex), one that was
not entirely consistent with the pillar cells acting as a simple line source for a
polarity morphogen (Dabdoub et al. 2003). Wnt proteins may activate the
asymmetrically localized receptor protein Frizzled, which in turn would recruit
downstream proteins such as Dishevelled promoting movement of the hair bun-
dle to a particular orientation in one cell while simultaneously recruiting inhib-
itory proteins in neighboring cells to deflect the bundle from the incorrect
orientation.

It remains to be determined how the orientation signals encoded by the planar
cell polarity genes could be transduced in the inner ear. For the hair bundle to
reorient, cytoskeletal rearrangements are required. Rho GTPases are part of the
Ras superfamily of small G-proteins that alternate between a GTP-bound, active
form and a GDP-bound, inactive form and are key regulators of actin assembly.
RhoA lies downstream of Dishevelled in the noncanonical Wnt Jnk pathway and
in the fly, disruption of the RhoA gene results in the misorientation of wing
hairs (Strutt et al. 1997). The JNK cascade would be responsible for the re-
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cruitment of further downstream effectors of tissue polarity (Heisenberg and
Tada 2002). Rho GTPases appear to have many functions in the inner ear and
their roles are discussed in a more general sense later in this chapter (see Section
4.6.14).

4.6 Molecules Required for Hair-Bundle Development

A number of molecules are now known to be required for the development and
maintenance of hair bundle structure. These include the cytoskeletal proteins
that form the rigid core of the stereocilium, the molecular motors that are as-
sociated with the actin core and its ensheathing plasma membrane, the proteins
of the stereociliary membrane, and the proteins that may act as scaffolds for
various multiprotein complexes within the hair bundle. Potential interactions
between these various components of the hair bundle are summarised diagram-
matically in Figure 6.7.

4.6.1 Cytoskeletal Core Protein—Actin

The stereocilia of the hair bundle are comprised of hexagonally packed actin
filaments. The growth in stereocilial length that occurs during development is
assumed to occur by addition of actin monomers to the preferred (barbed) end
of the filament at the tip of the stereocilium (Tilney and DeRosier 1986). Al-
though this has yet to be demonstrated directly for the very early stages of hair-
bundle development, there is now conclusive evidence that there is a constant
turnover of actin filaments in the hair bundles of the rat cochlea between P5 and
P10 and that this occurs via the addition of new monomers at the distal tip of
the stereocilium (Schneider et al. 2002; Rzadzinska et al. 2004). The growth in
stereocilial width observed during development is achieved by the incorporation
of additional actin filaments into the packed array. In the chick basilar papilla
at E8, there are only 25 to 50 actin filaments per stereocilium. These are not
tightly packed and considerable space can be seen between the individual fila-
ments. By EO this space reduces and the actin core becomes more tightly packed
until, by E10.5, the filaments are hexagonally arranged, as in the adult. The
number of actin filaments per stereocilium increases over the next 6 days, and
approximately 250 actin filaments are finally found in each stereocilium (Tilney
and DeRosier 1986). In the tasmanian-devil mouse mutant the hair bundles
exhibit thin stereocilia from PO onward (Erven et al. 2002). The mutation re-
sponsible for the abnormality of these stereocilia has not yet been identified, but
the absence of normal width expansion suggests that actin filaments are not
accumulating or bundling normally within the stereocilia.

4.6.2 Cytoskeletal Core Protein—Fimbrin

Fimbrin has been characterized as an actin filament bundling protein of the
vestibule and the cochlea via immunohistochemistry (guinea pig: Flock et al.
1982; mouse: Slepecky and Chamberlain 1985; chick: Tilney et al. 1989; gerbil
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FIGURE 6.7. Diagram of possible molecular interactions responsible for the development
and maintenance of the hair bundle. (/) Espin (E), fimbrin (F), and T-plastin (T) are
responsible for actin bundling at different times during development and maturation. (2)
Myosin VIIa (VII), vezatin (V), and the ankle link antigen (ALA) may interact to form
the ankle link. (3) Myosin VI (VI) may anchor the membrane at the base of each
stereocilium to the cuticular plate. (4) Whirlin (w) and myosin XV (XV) may interact
at the tip of the stereocilium to regulate and maintain stereocilial length. (5, 5a) Cadherin
23 (C23), harmonin b (Hb), and myosin VIla may interact to form transient lateral links,
kinocilial links, and even the tip-link complex. (6) Protocadherin 15 (P15) may be part
of an as yet uncharacterized stereociliary connector protein complex. (7) Integrins (I)
recruit FAK (focal adhesion kinase) to the stereocilial surface for cytoskeletal mainte-
nance and also trigger downstream signaling molecules such as Rho-GTPases. (8) Ptprq
(Pq) is a component of the shaft connectors.
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and guinea pig: Pack and Slepecky 1995) and immunoblotting of stereocilial
preparations (Tilney et al. 1989). The fimbrin family includes the plastin iso-
forms referred to as I-plastin, T-plastin, and L-plastin. The fimbrin molecule
has two structural and functional domains, a 12 kDa N-terminal regulatory do-
main (headpiece) and a 58-kDa C-terminal actin-crosslinking fragment (core),
which has two repeated actin binding domains (ABDs). The headpiece controls
actin crosslinking activity via its calcium binding domains (Hanein et al. 1997).
The classic fimbrin found in hair-cell stereocilia is the chicken homolog of
human I-plastin (Lin et al. 1994), referred to here as fimbrin.

Fimbrin and actin are first observed in the basal-coil IHCs of the rat cochlea
at E18 (Zine and Romand 1996), coincident with when hair bundles are first
observed using SEM (Zine et al. 1995), suggesting fimbrin plays a role as an
actin crosslinker during early stages of hair-bundle development (Fig. 6.7, box
1). Expression of fimbrin persists in the adult cochlea (Zine et al. 1995). Recent
work has shown that a second fimbrin isoform, T-plastin (Fig. 6.7, box 1), is
expressed transiently in the developing hair bundles of the rat cochlea (Daudet
and Lebart 2002). T-plastin is found at differing intensities throughout the rat
organ of Corti at PO, the earliest age studied. The transient T-plastin expression
in these cells suggests that this protein plays a role in the development of hair
bundles rather than being required for their maintenance in the adult. The basal-
to-apical sequence of disappearance of the protein is similar to the known basal-
to-apical wave of hair-bundle maturation. By P60, T-plastin immunoreactivity
is only seen in supporting-cell microvilli (Daudet and Lebart 2002).

4.6.3 Cytoskeletal Core Protein—Espin

The actin bundling protein espin is found in the hair-cell stereocilia (Fig. 6.7,
box 1) and to a lesser extent in the cell body and the cuticular plate. In the
chick, espin is first detected in the stereocilia of the vestibular organs at E8, and
in the auditory hair bundles at E8.5 (Li et al. 2004). In auditory hair cells,
espin expression therefore begins just before the onset of stereocilial elongation.
Espin has been characterized as a high-affinity, Ca?*-insensitive, actin-bundling
protein (Bartles et al. 1996), and recent studies have indicated that it may play
a role in maintaining the fixed, steady-state length of each stereocilium. In a
transfected kidney cell-line expressing variable amounts of GFP-espin, the
length of microvilli was directly proportional to the amount of espin expressed
(Loomis et al. 2003). In the adult rat cochlea, espin levels vary along an apical-
to-basal gradient that mimics the increase in stereocilial (and therefore actin
filament) length that occurs along the cochlea (Loomis et al. 2003). Espin’s
function can therefore be likened to the rate-determining step in a chemical
reaction; the amount of espin contained within a stereocilium reflects the length
at which its actin core can be maintained. While the stereocilium continues to
treadmill at the correct length, sufficient espin will be produced to support it
along its length, but any attempt to become longer will not be supported by
crosslinking and the hair bundle will therefore collapse. In jerker mice that are
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deficient for espin, however, disorganized hair bundles are not observed until
P11 (L. Zheng et al. 2000). There may therefore be some redundancy in the
function of fimbrin and espin.

4.6.4 Molecular Motor—Myosin VIIA

Myosins are motor proteins that produce force or move along actin filaments
using the energy derived from the hydrolysis of ATP. In the mature mammalian
auditory hair bundle, the unconventional myosin, myosin VIla, is uniformly
distributed along the stereocilia; it is also present in the cuticular plate, peri-
cuticular necklace (the vesicle-rich zone at the apex of the hair cell) and cell
bodies of cochlear inner and outer hair cells (Hasson et al. 1997). In frog
saccular hair cells, myosin VIla is concentrated in a band around the base of
the hair bundle, in the region where the ankle links are located. Its distribution
in the hair bundle suggests that myosin VIla may anchor the connectors between
stereocilia that maintain cohesion of the hair bundle. Myosin Vlla is expressed
from the earliest stages of hair-cell differentiation (Self et al. 1998). In shakerl
mice that lack functional myosin VIla, disorganized hair bundles are observed
as early as E18 (Self et al. 1998), possibly because the integrity of the hair
bundle cannot be maintained if the interstereociliary links are not anchored to
the actin core of the stereocilium (Steel and Brown 1996). Vezatin, a ubiquitous
component of the adherens junction, interacts with myosin VIIa and localizes
to the base of the hair bundle in the mouse and chick inner ear (Fig. 6.7, box
2). In the hair bundles of the chick, vezatin colocalizes with the ankle link
antigen, a protein antigen associated with the ankle links (Kiissel-Andermann et
al. 2000). In the mammalian cochlea, the expression of vezatin in the hair
bundles and the presence of the ankle links are transient. By P30, vezatin is
almost undetectable at the base of the hair bundle, suggesting that its interaction
with myosin VIla ensures the maintenance of bundle shape during development
and is not required following maturation.

In addition to tensioning links (Kros et al. 2002), myosin VIIa may act as a
molecular transporter during hair-cell development. The ototoxic aminoglyco-
side antibiotics most likely enter hair cells via the transduction channel (Gale et
al. 2001) and the accumulation of aminoglycosides in sensory hair cells does
not occur in myosin VIIA mutant mice (Richardson et al. 1997). The transducer
channel may therefore be transported to the hair cell’s apical membrane and up
the stereocilial actin filaments to its functionally optimal position by myosin
VIla (Richardson et al. 1997, 1999).

4.6.5 Molecular Motor—Myosin VI

Myosin VI is unusual as it moves toward the nonpreferred, minus end of actin
filaments in the opposite direction to the all other myosins (Wells et al. 1999).
Immunofluorescence studies indicate that myosin VI is found along the entire
length of frog saccular hair bundles and also at high concentrations in the root-
lets, cuticular plate, and pericuticular necklace (Hasson et al. 1997). Mammalian



182 J.E. Bryant et al.

cochlear and vestibular stereocilia do not express high levels of myosin VI;
instead it is concentrated at the cuticular plate and to a lesser extent in the soma
of the hair cell (Avraham et al. 1995; Hasson et al. 1997). Myosin VI can be
detected in the mouse organ of Corti from E13.5 (Xiang et al. 1998). The
production of giant stereocilia in Snell’s waltzer mutant mice suggests that my-
osin VI may anchor the membrane at the base of each stereocilium to the cu-
ticular plate (Fig. 6.7, box 3), and tension the stereociliary rootlets, thus ensuring
the maintenance of hair-bundle integrity (Self et al. 1999; Cramer 2000). Stud-
ies in polarised epithelial cell lines have indicated that myosin VI binds to
nascent endocytotic vesicles to transport them in the negative, nonpreferred di-
rection along actin filaments away from the periphery of the cell (Buss et al.
2002; Aschenbrenner et al. 2003). Endocytotic vesicles are present in high
numbers at the apical pole of the developing hair cell (Forge and Richardson
1993), so myosin VI may also provide the force for membrane remodeling dur-
ing development of the hair cell’s apical surface.

4.6.6 Molecular Motor—Myosin XV

Myosin XVa is the product of the shaker2 locus and Shaker? mice have ex-
tremely short stereocilia. Myosin XVa (Fig. 6.7, box 4) is located at the extreme
tips of the stereocilia in the cochlear and vestibular hair bundles of the mouse,
rat, and guinea pig, lying under the apical membrane and overlapping with the
barbed ends of the actin filaments (Belyantseva et al. 2003a, b; Rzadzinska et
al. 2004). In shaker2 mice that have mutations in the motor or tail domains of
myosin XVa, the protein is mislocalized to the base of the stereocilium, indi-
cating both the motor and tail are required for its correct placement at the tip
(Belyantseva et al. 2003a). Myosin XVa is also found in the cuticular plate and
cell body of hair cells in the mammalian vestibular and auditory organs (An-
derson et al. 2000). In the mouse, myosin XVa is first seen at E14.5 in the
vestibular organs. It is seen from E18.5 in the basal turn of the cochlea, and
expression spreads in an apical direction in a manner that corresponds with the
basal-to-apical gradient of hair-bundle development seen in mammals (Bely-
antseva et al. 2003a).

Actin turnover rates within the hair bundle depend on the length of each
individual stereocilium, with longer stereocilia within the bundle treadmilling
their actin cores faster than shorter ones (Rzadzinska et al. 2004). Correspond-
ingly, hair bundles in the apex of the cochlea experience greater actin turnover
than those in the basal turn of the cochlea. Myosin XVa immunoreactivity in
the tip of the stereocilium depends on its position in the hair bundle. The tallest
stereocilia at the back of the bundle have a greater concentration of this protein
at their tips than the shorter stereocilia in the rows in front of them, indicating
that the level of myosin XVa in the tip is proportional to the actin incorporation
rate, which is in turn proportional to the length of the stereocilium within the
hair bundle. Myosin XVa may therefore also regulate stereociliary growth dur-
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ing development, a supposition supported by the presence of abnormally short
stereocilia in shaker2 mice with mutations in myosin XVa.

4.6.7 Cell Membrane Protein—Cadherin 23

Cadherins mediate cell-cell adhesion in a Ca?"-dependent manner. Defects in
cadherin 23 are responsible for USHID syndromic deafness in humans (Bork
et al. 2001) and inner ear disorders in the mutant mouse strain waltzer (Di Palma
et al. 2001). Cadherin 23 has 27 cadherin repeats in its ectodomain, a single-
pass transmembrane region, and an intracellular domain that, unlike that of clas-
sical cadherins, is not predicted to interact with PB-catenin. Recent studies
(Siemens et al. 2004; Sollner et al. 2004) have provided evidence that cadherin
23 may be a component of the both the tip link and the kinocilial link, and that
it interacts with myosin Ic (Fig. 6.7, box 5). Immunofluorescence studies using
an antibody to the ectodomain of cadherin 23 have indicated that it is initially
located over the entire surface of the hair bundle as it emerges, and that it
becomes concentrated at its apical tip during subsequent development (Boeda
et al. 2002). The hair bundles of waltzer mice are disorganized and fragmented
into several smaller clusters of stereocilia. They resemble those seen in shakerl
mice with mutations in myosin VIIA, and it has been suggested that cadherin
23 may play a cohesive role in maintaining hair-bundle integrity during devel-
opment (Boeda et al. 2002).

4.6.8 Cell Membrane Protein—Pcdhl15

Protocadherin 15 (Pcdhl5) is also a member of the cadherin superfamily of
cell—cell adhesion molecules. It has eleven cadherin repeats, a single-pass trans-
membrane region, and a proline rich intracellular domain (Angst et al. 2001).
Defects in Pcdhl5 are responsible for USHIF syndromic deafness in humans
(Ahmed et al. 2001) and underlie the symptoms observed in the Ames waltzer
mutant mouse strain (Alagramam et al. 2001). In the cochleae of wild type
mice at P16 to P21, Pcdhl5 is distributed along the entire shaft of the stereo-
cilium (Fig. 6.7, box 6). In the utricle and ampullae at P15, the longer stereocilia
exhibited brighter staining than their shorter counterparts in the bundle, a trend
that was indicative of the organ as a whole (Ahmed et al. 2003). In Ames waltzer
mice by P16 (the earliest stage studied), the amount of actin present in the
stereocilia and cuticular plate of IHCs and OHCs is abnormally low, and most
hair bundles cannot be detected using phalloidin staining for F-actin; those bun-
dles that can be seen are tall but disorganized (Raphael et al. 2001). The entire
auditory epithelium in these animals is absent by P50 (Alagramam et al. 2001).
The distribution of protocadherin 15 suggests that it may be a component of
some as yet undefined lateral link (Fig. 6.7), and the collapse of the hair bundle
in the absence of protocadherin 15 (as observed in Ames waltzer mice at P16)
supports this possibility.
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4.6.9 Cell Membrane Protein—Integrins

Integrins are heterodimeric cell-surface receptors for extracellular matrix mol-
ecules such as fibronectin and laminin. On ligand binding, integrins form sig-
naling complexes that regulate actin accumulation. In the cochlea and vestibule,
Itga8 mRNA is located in the apical cytoplasm of hair cells. By E16 the a8
protein is present in the apex and hair bundle of all hair cells and this expression
persists into maturation (Littlewood-Evans and Muller 2000). The expression
pattern suggests Itga8, presumably in conjunction with the B1 subunit, may
interact with extracellular matrix associated with the apical surface of the sen-
sory epithelium, possibly with the tectorial membrane of the cochlea and the
otoconial membrane of the maculae. Transgenic mice homozygous for a null
mutation in the /tga8 gene encoding the o8 integrin subunit have defects in hair-
bundle development, but only in the utricle and then only in a proportion of the
hair cells. In the stereocilia of the utricle this signaling complex appears to
consist of fibronectin (the 81 ligand) and focal adhesion kinase (FAK), which
is recruited to the apex of the hair cell by wild type receptors (Fig. 6.7, box 7).
In homozygous Izga8 null mutant mice FAK and fibronectin do not accumulate
in the utricular stereocilia by birth, and a proportion of the hair bundles become
disorganized and collapse. As integrins are known regulators of actin dynamics,
the 081 receptor may be responsible for maintaining the hair-cell cytoskeleton
and ensuring the ECM forms properly (Littlewood-Evans and Muller 2000).
However, the role of a8fB1 is unique to the utricle, and alternative mechanisms
and molecules must carry out these roles in the other sensory organs of the
inner ear.

4.6.10 Cell Membrane Protein—Ptprq

Ptprq is a receptor-like inositol lipid phosphatase with an ectodomain containing
18 fibronectin type III repeats, a single-pass transmembrane domain, and an
intracellular domain that has catalytic activity against inositol phospholipids
(Wright et al. 1998; Oganesian et al. 2003). It is a component of the hair-
bundle shaft connectors (Fig. 6.7, box 8) and is most likely to be the HCA
(Goodyear et al. 2003). Although expressed very early during hair-bundle de-
velopment in the vestibular organs of the mouse and chick inner ear, and from
the onset of hair-bundle emergence in the development of the chick basilar
papilla, the HCA/Ptprq is first expressed in the mouse cochlea at E17.5 in IHCs
and at E18.5 in OHCs. This is at least 2 days after the hair bundles have
appeared, indicating it is dispensable for the very early stages of cochlear hair-
bundle development. In transgenic mice that do not express detectable levels of
Ptprq in hair cells, although shaft connectors are completely absent, vestibular
hair bundles appear to develop and mature normally (Goodyear et al. 2003).
However, in the cochlea, the hair bundles begin to degenerate and collapse just
after birth, leading eventually to the complete loss of hair cells from the basal
turn of the cochlea. As an inositol lipid phosphatase, Ptprq may regulate PIP2
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levels in the stereocilia membrane and thereby control the polymerization of
actin filaments in the maturing hair bundle. In the vestibular organs, another
phosphatase may compensate for the loss of Ptprq.

4.6.11 PDZ-Domain Protein—Harmonin b

Harmonin is the central core of the Usher syndrome type 1 (USHI) gene cassette
thought to be responsible for hair-bundle organization during the development
of the inner ear. Usher syndrome is an autosomal recessive disease that can be
subcategorized depending on the severity of the patient phenotype. USHI is
the most acute of these diseases and manifests itself in the human sufferer as
profound, congenital deafness, vestibular dysfunction, and prepubertal retinitis
pigmentosa (Otterstedde et al. 2001). Five genes corresponding to five of the
seven defined loci for USH1 (USHIA-G) have now been isolated and these
include the genes encoding three of the proteins that have already been described
above; myosin VIla (USHIB), cadherin 23 (USHID), and protocadherin 15
(USHIF). Harmonin b is the product of the USHIC locus, and sans is the
product of the USHIG locus. Defects in each of these five genes in the cor-
responding mouse mutants result in splayed hair bundles, deafness, and circling
behavior. There are multiple harmonin isoforms and these can be divided into
three subclasses: harmonin a, b, and ¢c. Harmonin a and ¢ have a broad ex-
pression profile in the mouse, whereas harmonin b (the longest harmonin iso-
form) is found only in the inner ear, suggesting a structure-specific function in
these epithelia (Verpy et al. 2000). The harmonin b isoform is present at the
first emergence of the hair bundles in both the cochlea and the vestibule, and is
located along the entire length of each stereocilium before its expression be-
comes restricted to the tips of the stereocilia (Boeda et al. 2002). Harmonin b
expression is absent in the hair bundles of mice at P30 and older, suggesting
that this protein has a major role in development of the hair bundles (Boeda et
al. 2002). In HeLa cell cultures, GFP-harmonin constructs and immunofluoresc-
ence indicated that harmonin-b functions as an actin-bundling protein that, like
espin, is independent of Ca?* for its action and is preferentially located at the
barbed, preferred end of actin filaments (Boeda et al. 2002).

Harmonin b contains three PDZ (postsynaptic density, discs large, zona oc-
cludens) domains that are classically thought to only bind to C-terminally lo-
cated PDZ binding interfaces. Harmonin b interacts with myosin VIIa and
cadherin 23 (Fig. 6.7, box 5) (Boeda et al. 2002; Siemens et al. 2002). The
interaction between harmonin b and myosin VIla occurs between the PDZ1
domain of harmonin b and the C-terminal tail of myosin VIla. In the absence
of myosin VIla, harmonin b is found only in the cuticular plate of the stereocilial
bundle and not in the stereocilia, suggesting that the localization of harmonin b
depends on myosin VIIa. The spatial and temporal distribution of cadherin 23
in stereocilia, as determined with an antibody to the ectodomain of cadherin 23,
and that of harmonin b are similar but the distribution of cadherin 23 does not
depend on myosin VIIa. Harmonin b may link cadherin 23 to the actin cyto-
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skeleton of the stereocilia once transported to this location by myosin VIla
(Boeda et al. 2002; Siemens et al. 2002).

4.6.12 PDZ-Domain Protein—Whirlin

There are two alternate splice isoforms of whirlin; the long form has a proline-
rich domain and three PDZ domains—PDZ1, 2, and 3—while the short form
does not contain PDZ domains 1 or 2 (Mburu et al. 2003). Both isoforms are
found in the inner ear. Defects in whirlin are responsible for congenital deafness
(DFNB31) and cause inner-ear defects in the mutant mouse strain whirler
(Mburu et al. 2003). The hair bundles of cochlear hair cells in homozygote
whirler mice have height ranked stereocilia and display normal orientation. The
bundles are, however, consistently shorter than those found in age-matched wild
types. In addition, the hair bundles of OHCs have a U-shaped morphology in
contrast to their normal W-shaped bundle; this abnormality is ascribed to the
presence of unusually short and ungraded stereocilia at the periphery of the
bundle. Whirler mutant mice also display cochlear degeneration from P60 on-
wards (Holme et al. 2002). The shortened-bundle phenotype is due to a deletion
in the whirlin gene that causes a frameshift at amino acid 433, resulting in a
premature termination that results in the loss of one of the three whirlin PDZ
domains (Mburu et al. 2003).

RT-PCR indicates whirlin is expressed from E12.5 in the mouse inner ear and
the protein localizes to the stereocilia of cochlear and vestibular stereocilia. In
transfected HeLa cells, whirlin is found at the barbed end of growing actin
filaments (Mburu et al. 2003). Two other mutant mice strains, in addition to
the whirler mouse, exhibit stunted hair bundles. These are the jerker (J. Zheng
et al. 2000) and shaker2 (Belyantseva et al. 2003a) mice that are due to mutations
in espin and Myol5a, respectively. The shared mouse mutant phenotypes raise
the intriguing possibility that whirlin can bind with espin and/or myosin XVa
to create a protein complex that controls the maintenance of hair-bundle length
(Fig. 6.7, box 4). Belyantseva et al. (2003b) have suggested that myosin XVa
and whirlin could interact via a PDZ binding motif in the C-terminal tail of this
unconventional myosin. A potential site for espin—whirlin interactions has yet
to be found.

4.6.13 PDZ-Binding Domain Protein—Sans

Sans is a protein with three ankyrin (Ank) repeats at its N-terminal end, a sterile
alpha motif (SAM) domain, and a PDZ binding domain at its C-terminus. Al-
though Ank repeats are thought to provide a site for protein—protein interactions
and interaction with the cytoskeleton, their function in the Sans protein is as yet
unknown. Cotransfection experiments have provided evidence for an interaction
between Sans and harmonin b (Fig. 6.7, box 5) (Weil et al. 2003). The SAM
domain normally mediates dimerization and proteins with a similar structure
have been shown to allow the crosslinking of several proteins at the same time,
suggesting Sans may act as a scaffolding or anchoring protein in the hair bundle
(Kikkawa et al. 2003).
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4.6.14 Rho-GTPases

The role of Rho-GTPases as downstream effectors of polarity genes has been
discussed above (see Section 4.5). Rho-GTPases are also downstream targets
for the integrins (Fig. 6.7, box 7) that may, as mentioned above (see Section
4.6.9), mediate communication between the extracellular matrix (ECM) and the
growing bundle. Rho-GTPases exert their effects via further downstream mol-
ecules such as the profilins and their ligands, the formin homology (FH) pro-
teins. In humans, mutations in the gene encoding the FH protein diaphanous-1
(DIAT1) underlie DFNA1, a dominant, autosomal deafness syndrome that begins
at 10 years of age (Lynch et al. 1997). DFNAT1 was found to be due to a guanine
to thymidine substitution in the penultimate exon of DFNAI. This single nucle-
otide substitution leads to a frameshift in the corresponding mRNA, resulting in
a truncated protein product (Lynch et al. 1997). In the Drosophila bristle shaft
cell, diaphanous recruits profilin to the membrane for the initiation of actin
polymerization (Evangelista et al. 1997). The DFNAI1 deafness phenotype
therefore raises the intriguing possibility that Rho-GTPases, activated by inter-
actions between integrin receptors and ECM molecules (Muller and Littlewood-
Evans 2001), activate diaphanous which then binds to profilin and initiates actin
polymerization in the hair bundle.

5. Development of the Cuticular Plate

Myosins VI and VIla, which localize to the mature cuticular plate, have been
identified in the apical cytoplasm of early differentiating hair cells (Hasson et
al. 1997). Labeling with a monoclonal antibody that specifically recognizes an
unidentified component of the mature cuticular plate is detected at E14 to E15
in the mouse cochlea. The antigen is located below the apical membrane during
the initial stages of hair-cell differentiation, and is detected prior to detectable
phalloidin labeling of stereocilial actin filaments (Nishida et al. 1998). These
findings suggest that an incipient cuticular plate may be formed very early dur-
ing hair-cell differentiation. The cytoskeletal network of the cuticular plate is
not identifiable at the ultrastructural level when stereocilia first emerge, although
parallel microfilaments, continuous with those in the immature stereocilium, de-
scend into the cell (Tilney et al. 1992; Denman-Johnson and Forge 1999). In
thin sections, the apical cytoplasm of the immature hair cell initially appears
relatively undifferentiated, with the exception of microtubules that run parallel
to the cell surface (Mbiene et al. 1988; Troutt et al. 1994; Souter et al. 1995;
Denman-Johnson and Forge 1999). These persist immediately below the cutic-
ular plate as it becomes more pronounced and thus may play a role in its
formation. Coated and uncoated vesicles are also present in the apical cytoplasm
beneath the developing stereocilia, and numerous coated pits open to the apical
membrane (Forge and Richardson 1993; Souter et al. 1997; Denman-Johnson
and Forge 1999), suggesting that there is extensive endocytotic activity and
membrane turnover at the apical membrane both of auditory (Forge and Rich-
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ardson 1993; Souter et al. 1995) and vestibular (Denman-Johnson and Forge
1999) hair cells during their development. These vesicles are infrequently ob-
served associated with the apical membrane of the mature hair cell, suggesting
that such activity must become restricted with continuing differentiation. The
disappearance of coated pits coincides with the further maturation of the cutic-
ular plate, a process that involves an increase in its thickness via the continual
addition and crosslinking of the microfilaments. This basalward extension of
the cuticular plate occurs in parallel with the development of the junctional
complex around the neck of the cell (Souter et al. 1995) to which the cuticular
plate becomes attached (Hirokawa and Tilney 1982; Forge et al. 1991). The
formation of the tightly crosslinked microfilament assembly may impede vesic-
ular traffic across the apical cytoplasm and may therefore account for the de-
velopmental decrease in vesicular traffic to the apical membrane. The cuticular
plate becomes anchored to the apical membrane during development (Hirokawa
and Tilney 1982). This may act to stabilize the membrane and in addition
impede membrane trafficking, and may also be important in stereocilial main-
tenance. In Snell’s waltzer mutant mice that are deficient for myosin VI, the
stereocilia fuse over a postnatal period that coincides temporally with maturation
of the cuticular plate. These membrane fusions are found between adjacent
stereocilia and originate at the proximal end of the stereocilia (Self et al. 1999),
suggesting a loss of apical plasma membrane stability (see above, Section 4.6.2).
The filaments that are seen to crosslink the cuticular plate to the underside of
the apical membrane may therefore contain myosin VI.

6. Development of the Intercellular Junctional Complexes

In the presumptive sensory epithelium, the junctions between cells at the lumenal
side seen using freeze—fracture are of relatively simple morphology, consisting
of two to three strands parallel to the apical surface (Ginzberg and Gilula 1979;
Bagger-Sjoback and Anniko 1984; Souter et al. 1995). These represent the tight
(occluding) junction that maintains the fluid separation between the lumen of
the otocyst and the intercellular spaces of the epithelium. An adherens-type
component of distinct morphology is not revealed by freeze—fracture at this
stage, but an adherens junction can be identified just below the occluding junc-
tion in thin sections (Ginzberg and Gilula 1979). As differentiation proceeds,
the junction associated with a hair cell becomes more complex, and manifests
itself as strands that run perpendicular to the cell surface (Ginzberg and Gilula
1979; Anniko 1983; Bagger-Sjoback and Anniko 1984; Souter et al. 1995).
During development of hair cells in the organ of Corti, the two parts of the
junction that can be recognized morphologically (the apical band of parallel
elements and the basal network of strands) mature at different rates. The apical
region, reaches a mature configuration of five to eight parallel strands around
the time when the endocochlear potential (EP—the positive DC potential that
is recorded in the endolymph fluid bathing the apical surface of the cell) is first
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generated, namely at P8 in gerbils (Souter et al. 1995) and P6 in mice. The
development of this part of the junction is probably necessary to allow the EP,
which provides a driving force for current flow into the hair cells, to develop
fully. Tight junction development also plays a role in establishing polarity in
epithelial cells (Gumbiner 1990), separating the apical and lateral membranes
and allowing targeting of specific proteins to each plasma membrane domain.
Freeze—fracture studies of the immature cochleae of mice and gerbils (Forge and
Richardson 1993; Souter et al. 1995), however, indicate that particular structural
characteristics of the apical plasma membrane of mature hair cell are present
before maturation of the tight junction, indicating that cell polarity is established
early in hair-cell development.

The basal part of the junction continues to develop after the apical region of
parallel strands has reached maturity. Perpendicular strands increase in number
and degree of branching to eventually form a network composed of branched,
linear elements (Souter et al. 1995). This basal region of the junctional complex
develops in basalward extension and concomitantly with development of the
cuticular plate on the hair-cell side of the junction and the deposition of
membrane-associated cytoskeletal elements on the supporting-cell side. Thus,
this junctional region is clearly of an adherens type, providing a site for
membrane anchoring to cytoskeletal assemblies. It is unusual because most
adherens junctions do not show a distinctive morphology in freeze—fracture
replicas.

The strands that represent the morphological appearance of tight junctions in
freeze—fracture replicas are composed of a variety of proteins including occlu-
din (Furuse et al. 1993) and claudins (Tsukita and Furuse 2000a,b). Claudins
are a family of proteins and different members are differentially expressed in
various tissues and confer ion-selective permeability across the tight junction
(Colegio et al. 2002). Several accessory proteins including ZO-1, ZO-2, ZO-
3, and cingulin are also associated with tight junctions and interact with clau-
dins (Itoh et al. 1999; D’Atri and Citi 2002). ZO-1—which is ubiquitous to
most tight junctions—is present in the hair-cell junctions from early stages of
development in the mammalian cochlea (M. Souter, unpublished observations).
The time course of morphological maturation of the tight junctions of mam-
malian cochlear hair cells coincides with the onset and increase of claudin 14
expression by hair cells (Ben-Yosef et al. 2003), indicating that this protein is
added to the junctions as the number of apical parallel strands increases. A
defect in the gene for claudin 14 has been shown to be the cause of profound
congenital deafness (Wilcox et al. 2001), a deafness disorder that may result
from a disturbance of the permeability barrier at the apical surface of the sen-
sory epithelium (Ben-Yosef et al. 2003). However, the morphology of the tight
junction complex around cochlear hair cells in claudin 14 null mice is normal
and there is no vestibular defect suggesting the presence of additional claudins
and accompanying functional redundancy in the sensory epithelia. The mature
organ of Corti has been shown to contain claudins, 1, 2, 3, 9, 10, 12, and 18
in addition to claudin 14, as well as occludin (Kitajiri et al. 2004) but there is
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little knowledge of the expression pattern of these proteins during development
nor whether the sensory epithelia in different species contain similar comple-
ments of claudin family members.

The protein(s) that forms the complex network of strands in the adherens
component of the junction is also not known. Epithelial cadherin (E-cadherin)
is a common constituent of epithelial adherens junctions. The intracellular do-
main of E-cadherin links to the actin cytoskeleton through o~ and B-catenins.
E-cadherin facilitates assembly of intercellular junctions (Gumbiner et al. 1988),
but cadherin-based cell adhesion may also be involved in the intercellular sig-
nalling that regulates cell division and differentiation (Takeichi 1995). However,
while E-cadherin is expressed at cell junctions in the organ of Corti of mice and
rats (Whitlon 1993; Simonneau et al. 2003), and the avian equivalent L-CAM
(L-cell adhension molecule) is expressed in the developing basilar papilla (Rich-
ardson et al. 1987; Raphael et al. 1988), E-cadherin is absent from hair
cell-supporting cell junctions in the mature organ of Corti of mice (Whitlon
1993) and gerbils (M. Souter, unpublished observations). Likewise E-cadherin
is reportedly absent from the hair-cell junctions of the mammalian vestibular
organs, although other members of the cadherin family appear to be present as
the junction is labeled with a pan-cadherin antibody (Hackett et al. 2002). In
the mouse organ of Corti, the down-regulation of E-cadherin appears to occur
during the early postnatal period (Whitlon 1993) over the same time course as
the complex network of junctional strands is developing. This suggests that,
unusually, the adherens component of the junctional complex does not contain
E-cadherin. The period over which E-cadherin disappears also corresponds tem-
porally to the formation of large extracellular spaces around the hair cells (owing
to a change in supporting cell morphology) and the acquisition of the charac-
teristic specialization of the OHC lateral wall. However, whether the modulation
of cadherin expression, a known differentiation signal in other systems (Takeichi
1995), is directly related to the initiation of these phases of development in the
organ of Corti is not known.

7. Generation of the Different Types of Hair Cell Found in
the Inner Ear

The various specializations of different hair-cell types appear to be acquired for
the most part at later stages of development. However, understanding the factors
that influence hair-cell specialization currently presents something of a puzzle:
what is it that makes an infant hair cell of essentially common morphology
mature into a particular hair cell type? Hair cells of different types in a particular
sensory epithelium are usually differentially distributed suggesting positional
information may play a role. In vestibular macular organs type 1 and type 2
hair cells are differentially distributed in relation to the striola, and in cristae
type 1 hair cells predominate at the crest of the saddle-shaped sensory epithe-
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lium, with type 2 hair cells predominating at the flanking skirts. In the organ
of Corti, [HCs and OHCs develop in anatomically distinct regions of the Kol-
licker’s organ referred to as the greater and lesser epithelial ridge, respectively.
These regions are separated by cells that eventually form the inner and outer
pillar cells of the mature organ of Corti. It is thought that this separation may
have a role in differential differentiation. Likewise, the systematic variations
seen within a hair-cell population in an individual sensory epithelium suggest
that there are positional cues that influence hair-cell differentiation. Interest-
ingly, the regenerated hair cells in the mature avian basilar papilla that appear
after hair-cell loss in a restricted region of the sensory epithelium, for example
after noise damage, acquire the correct characteristics for their position (Cotan-
che et al. 1994; Cotanche 1999; Smolders 1999). This indicates that a memory
for hair-cell organization is retained in the mature epithelium. However, the
nature and action of any positional cues that regulate hair-cell specialization are
not yet known.

Investigations of vestibular hair-cell differentiation during development in
mammals (Sans and Chat 1982; Riisch et al. 1998) and during regeneration of
the avian vestibular organs (Rubel et al. 1991) have both suggested that, prior
to the obvious distinction of two hair-cell types, there is a single cell type that
morphologically resembles the mature type 2 hair cell. From the later appear-
ance of morphologically distinct type 1 hair cells during regeneration in the
avian utricle it was suggested that type 1 hair cells differentiate from the type
2s in a serial progression of development. However, earlier studies of spatio-
temporal patterns of hair cell birth had suggested that hair cells in regions where
type 1 cells predominate in the mature sensory epithelium (across the striola of
the maculae and at the crest of the cristae) are born first, while hair cells in
those regions where type 2 cells predominate are born later, indicating that type
1 and type 2 hair cells may be specified separately. An investigation of the
acquisition of ion-channel phenotypes over the period of early postnatal devel-
opment in mice (Riisch et al. 1998) in which, as in the cochlea, the maturation
of the vestibular organs continues after birth, reported the presence of immature
hair cells that morphologically resembled type 2 hair cells but had an ion channel
complement unlike either mature type 1 or mature type 2 hair cells. Cells ap-
peared to acquire ion channel characteristics to become either mature type 1-
like or mature type-2 like but without obvious morphological changes again
suggesting separate, but parallel, differentiation of the two hair-cell types. The
acquisition of the physiological phenotypes and subsequently of the distinct
morphological features of type 1 cells also proceeded in cultured explants devoid
of innervation indicating that hair-cell shape, and other morphological and phys-
iological properties, are all determined by the hair cell autonomously. In ad-
dition to genes that specify a hair cell, there is also likely to be a set of genes
that regulate hair-cell type.
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8. Differentiation of the Lateral Membrane in Mammalian
Cochlear Hair Cells

Cochlear hair cells acquire their particular specializations in a progressive man-
ner that occurs postnatally in altricial animals. In early neonatal mice and ger-
bils, during the period when the OHCs are closely surrounded by adjacent
supporting cells, the lateral membranes of both IHCs and OHCs appear relatively
unspecialized (Forge and Richardson 1993; Souter et al. 1995) and little different
from the equivalent regions of mature vestibular hair cells and avian auditory
hair cells. In gerbils at about P8, the supporting cells begin to separate from
the hair cells along their lateral borders eventually thinning to create the large
extracellular spaces that are present around each OHC in the mature organ of
Corti. At this time, large particles begin to be incorporated into the lateral
membranes of OHCs, and increase in number and density over the next few
days so that they become closely packed over the entire lateral membrane, as
in mature hair cells, by P16. Over an equivalent period in the rat cochlea,
immunohistochemical labeling shows the motor protein prestin becomes incor-
porated into the membrane and to increase in concentration (Belyantseva et al.
2000). The appearance and subsequent progression of development of these
particles and the increase in prestin incorporation coincide temporally with the
first emergence of the electromotile response and its subsequent development in
isolated OHCs (He et al. 1994; Belyantseva et al. 2000). With further devel-
opment additional proteins become incorporated into the lateral plasma
membrane. The glucose transporter Glut-5 can first be detected in hair cells of
the rat at P15 (Belyantseva et al. 2000) at about the onset of auditory function.
At around the time that the mid regions of supporting cells separate from the
lateral membrane of the outer hair cell, a single layer of endoplasmatic cisternal
elements becomes organized parallel to the inner aspect of the OHC’s lateral
membrane. Ca?"-ATPase becomes localized to this region of the cell some days
later (Schulte 1993). Elements of the cortical cytoskeleton that first appear as
the cisternal membranes become organized after the initiation of electromotility
(Souter et al. 1995). The pillar structures that link the plasma membrane pro-
teins to the cortical lattice are seen as the cisternae develop, but they are initially
quite widely separated. They increase in number and become more closely
spaced in line with further development of the cisternae and the lateral plasma
membrane. The appearance of actin in the lateral wall occurs in a similar
temporal pattern (Weaver et al. 1994). It thus appears that there is a sequence
of development of the structures in the lateral wall of the OHC. The motor
proteins are incorporated into the lateral plasma membrane first and electrom-
otility can be initiated. This is followed by the formation of the cortical lattice
and its links to the plasma membrane in parallel with the organization of
the cisternal membranes, but these may undergo further maturation. Function-
ally, the increasing development of the links between the plasma membrane and
the cortical lattice may provide the necessary structural coupling to allow the
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motor to influence cochlear mechanics. This is suggested by the initiation and
growth of otoacoustic emissions, which first appear and grow over a time scale
that corresponds to the organization of the cytoskeletal elements in the lateral
wall (Souter et al. 1995, 1997).

The structural specializations of the lateral membranes of IHCs appear later
than those of the OHC. Organizations of particles in rows (the functional cor-
relate of which is unknown) appear on the lateral membrane of the IHC just
prior to the acquisition of the plaque regions of particles in square array. These
appear at about the time when OHCs have almost reached maturity. The time
of appearance of the plaques coincides with final maturation of the EP (M.
Souter and A. Forge, unpublished observations). This potential is uniquely high
in the mammalian cochlea, creating a large potential difference across the apical
membrane of the hair cells and providing the driving force for the transduction
current. The appearance of plaques at the apical end of the IHC’s lateral
membrane at the time when the EP reaches its mature level suggests that they
have some role in maintaining homeostasis in IHCs during the rapid changes in
ion flux through the cell.

9. Conclusion

From the work presented here it is clear that the development of the hair cell’s
basic morphology is well described. Our understanding of the molecular mech-
anisms that underlie this developmental process is also improving rapidly. This
is largely due to the analysis of mouse mutants, the cloning of human deafness
genes, and from the study of homologous systems in Drosophila. In light of
this review it would seem, however, that many puzzles still remain to be solved.
For example, the process that creates an apical to basal gradient in hair-cell
morphology remains unknown, as does the mechanism responsible for gener-
ating such a wide variety of different hair cell types.
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Developmental Genes Associated with
Human Hearing Loss

RoNNA HERTZANO AND KAREN B. AVRAHAM

1. Introduction

Hearing loss due to genetic mutations affects approximately 60% of persons
with a form of hearing impairment. In most of these cases, a reduction in the
ability to hear is due to a mutation in a single gene. The genes known today
to be involved in deafness encode a large variety of proteins, including tran-
scription factors, ion channels, molecular motors, gap junctions, and proteins
that form the extracellular matrix of the inner ear. Many of these genes are
expressed in the inner ear during development and the mutations leading to
deafness cause a portion of their damage during embryogenesis. In this chapter,
the genes associated with hearing loss and the potential role of each during
inner ear development are reviewed.

Human hearing impairment can be caused by environmental and/or genetic
factors, including exposure to ototoxic drugs, rubella during pregnancy, trauma,
excessive noise, or mutations in one of the 25,000 genes that define our genome.
Even for hearing loss caused by environmental factors, modifying genes may
influence the onset or severity of the hearing impairment.

Hearing loss may be isolated, in the form of nonsyndromic hearing loss
(NSHL), often associated with vestibular dysfunction. NSHL accounts for 70%
of genetic hearing loss. Alternatively, the hearing loss may be one of several
abnormalities including diabetes, peripheral neuropathy, kidney disease, crani-
ofacial abnormalities, dwarfism, or retinitis pigmentosa, to name a few, to define
syndromic hearing loss (SHL). Approximately 30% of genetic hearing loss is
syndromic in nature. More than 500 syndromes have been described with hear-
ing impairment as one of the features (NCBI Online Mendelian Inheritance in
Man, http:/www.ncbi.nlm.nih.gov/Omim) (Petit 2001; Friedman and Griffith
2003).

Genetic hearing loss is most often monogenic, attributable to mutations in
one gene per individual or family. To date, the chromosomal locations for al-
most 90 loci associated with human NSHL are known (Hereditary Hearing Loss
Homepage, http:/http://www.uia.ac.be/dnalab/hhh/). These loci are defined as
DFNA for autosomal dominant inherited deafness, DFNB for autosomal reces-
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sive inherited deafness, or DFN for X-linked loci. Mitochondrial mutations are
also responsible for a small portion, approximately 1%, of hereditary hearing
loss. Recently, two new classes of loci, DFNM for modifiers, genes that influ-
ence the expression or function of other genes (Riazuddin et al. 2000), and OTSC
for otosclerosis, have been added to the nomenclature. Otosclerosis is a com-
mon disorder of the otic capsule of the human temporal bone characterized by
progressive conductive hearing impairment ranging up to 60 dB, which might
develop into mixed or even sensorineural hearing loss (SNHL) (Menger and
Tange 2003). Almost 40 of the DFNA, DFNB, and DFN loci have been cloned
and mutations in these genes leading to different types of hearing loss defined
(Hereditary Hearing Loss Homepage; Deafness Gene Mutation Database, http:/
hearing.harvard.edu/db/genelist.htm).

Onset of hearing loss varies for each form of deafness. Most often there is a cor-
relation between recessive inheritance and early onset of hearing loss. Muta-
tions in genes that lead to recessively inherited congenital hearing loss would be
expected to lead to a defect during inner ear development. There are exceptions,
however; three different myosin IIIA mutations lead to late-onset progressive
hearing loss in recessively inherited DFNB30 (Walsh et al. 2002). Late-onset
progressive hearing loss is usually associated with post-developmental changes,
although these genes may have an important role in development of the inner
ear. For example, late-onset DFNA15 deafness is due to mutations in the
POU4F3 gene, a transcription factor essential for hair-cell development and
survival (Vahava et al. 1998; Xiang et al. 1998).

Most information regarding the role of human deafness genes in development
has come from research with mouse models for deafness. As early as 1907,
Robert M. Yerkes described the “dancing mouse” as a “structural variation or
mutation that occasionally appears in Mus musculus, and causes those peculi-
arities of movement which are known as dancing” (Yerkes 1907). Today we
know that many of these mouse mutants exhibit a circling or waltzing behavior
caused by mutations in genes associated with both vestibular dysfunction and
deafness (Ahituv and Avraham 2002; Anagnostopoulos 2002).

How do we define genes essential for development? The basis for develop-
mental involvement may be whether the pathology is caused during embryonic
development or it is sufficient that the gene is expressed during development,
even if the damage is postnatal (which is often dependent on the type of mu-
tation, rather than the developmental role of a gene). The development of the
inner ear is achieved through a series of highly regulated and complex processes
involving a multitude of intrinsic and extrinsic signaling cascades. Mutations
in early developmental genes will cause severe malformations in the inner ear.
Of the genes known to be involved in otic placode induction or patterning of
the otocyst, only POU3F4 and EYA4 has been found to be involved in human
hearing loss (de Kok et al. 1995; Wayne et al. 2001). However, hair cell and
sensory epithelium development continues in the three weeks after birth, in-
cluding establishment of mechanoelectrical transduction, development of elec-
tromotility, expression of basolateral channels, and synapse formation. All genes
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involved in these pathways may be candidates for human hearing loss. A se-
lection of genes associated with NSHL will be described, grouped according to
protein or functional classification. The present authors chose to summarize
what is known about a significant number of genes associated with hearing loss,
focusing primarily on NSHL. For a list of all genes associated with hearing
loss, refer to the Hereditary Hearing Loss Homepage.

2. Myosins

Myosins were among the first group of proteins found to be associated with
hereditary hearing loss. These motor molecules are divided into 17 classes
based on analysis of their motor and tail domains and numbered in the order in
which they were discovered (Myosin Homepage, http:/www.mrc-lmb.cam.ac.
uk/myosin/myosin.html). The myosins are comprised of a heavy chain with a
conserved approximately 80 kDa catalytic domain (the head or motor domain),
and most are followed by an a-helical light chain-binding region (the neck
region) (Sellars 1999). All myosins contain an actin-binding domain and an
ATP-binding domain in their head region, allowing them to move along actin
filaments. Most myosins contain a C-terminal tail and in some cases, an N-
terminal extension as well. The tail domains diverge from one another between
myosin classes and are believed to confer the function of each different myosin.
Following is a number of myosins that when mutated, were found to compro-
mise both auditory and vestibular function, manifested clinically by various
forms of hearing impairment.

2.1 MYO7A/DFNB3/DFNAT11

Myosin VIIA mutations were first detected in patients with a syndromic form
of HL, USHI1B, associated with retinitis pigmentosa (RP) (Weil et al. 1995).
The shaker 1 (sh/) mouse was instrumental in the elucidation of the human gene
(Gibson et al. 1995). Two years later, mutations associated with NSHL, DFNB?2,
and DFNAII were discovered, although much rarer than those contributing to
USHIB (Liu et al. 1997a, b). DFNB?2 is an autosomal recessive form of NSHL,
identified in Chinese and Tunisian families. The mutation in the Tunisian family
is a G1797A missense, changing a methionine to isoleucine at the end of exon
15, leading to a decrease in splicing efficiency. Affected DFNA11 family mem-
bers from Japan have moderate progressive sensorineural hearing loss, with an
in-frame nine-base-pair deletion that results in the loss of three amino acids
(Tamagawa et al. 2002). This deletion occurs in the coiled-coiled region of the
myosin VIIA tail and thus is predicted to prevent dimerization of myosin VII,
leading to a dominant-negative effect. Most recently, an American family of
English descent was described with a missense mutation in the motor domain
(Street et al. 2004). This evolutionarily conserved glycine is converted to an
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arginine, and may cause a structural change in the protein by disrupting the
hydrophobic pocket formed by amino acid side chains in the converter domain
and relay loop of the myosin head. None of the patients examined with the
recessive or dominant forms of hearing loss have RP.

The mouse model for DFNB3 is the shakerl (sh/) mouse, discovered in the
late 1920s. Ten recessive skl alleles have been discovered over the years, having
arisen spontaneously or generated by radiation. The skl locus lies on mouse
chromosome 7, in the region homologous to human chromosome 11q13.5 con-
taining the DFNB3/A11 and USHI loci. Indeed, the discovery of a myosin VIIa
exon during the shl cloning process lead to the identity of this gene’s involve-
ment in human hearing loss and RP (Gibson et al. 1995). However, the mice
have no visual abnormalities, and while electroretinogram (ERG) amplitudes
were lower, the thresholds were normal. However, no retinal degeneration has
been seen in sh/ mutant mice, despite these electrophysiological abnormalities
(Libby and Steel 2001).

The myosin VIIA gene is expressed in the cochlear and vestibular neuroepi-
thelia of otocyst derived from 7- and 8-week-old human embryos (Weil et al.
1996). In frog, mouse, rat, and guinea pig inner ears, myosin VIIa is expressed
in both the cochlea and vestibular epithelium (Hasson et al. 1997). Myosin VIla
is expressed in the cell bodies, the cuticular plate (the region immediately under
the stereocilia), and along the length of the stereocilia. Myosin VlIa is first seen
in the epithelium of the otic vesicle at embryonic day 9 (E9), as well as in the
statoacoustic ganglion (Sahly et al. 1997; Boeda et al. 2001). During devel-
opment, myosin VIla initiates expression at E13.5 in the otocyst and by E15.5
is strongly expressed in cochlear and vestibular sensory hair cells (Xiang et al.
1998) (Fig. 7.1A). In the zebrafish (Danio rerio), myosin VIla is found in the
otic vesicle 24 h post-fertilization (h.p.f.), expands to the sensory patches and
is then detected in the neuromasts of the anterior and posterior lateral lines
(Ernest et al. 2000) (Fig. 7.1B).

Several proteins have been shown to interact with myosin VIIA, revealed
through the use of yeast two-hybrid screens, including MyRIP, a novel Rab
effector (El-Amraoui et al. 2002); Keapl, a human homolog of the Drosophila
ring canal protein, kelch (Velichkova et al. 2002); the type I alpha regulatory
subunit (RI alpha) of protein kinase A (Kussel-Andermann et al. 2000a); and
vezatin, a novel transmembrane protein that bridges myosin VIIA to the cad-
herin—catenins complex (Kussel-Andermann et al. 2000b). Myosin VIIA is im-
plicated in the development of the hair bundle, revealed by a study of its
expression with several interacting proteins, cadherin 23 and harmonin (Boeda
et al. 2002). These interactions have provided evidence that myosin VIIa is
essential for shaping the hair bundle. Harmonin, which is associated with mu-
tations in USHIC (Bitner-Glindzicz et al. 2000; Verpy et al. 2000), directly
interacts with cadherin 23. These two proteins are expressed together in the
developing stereocilia, but disappear in the adult hair bundle.

In skl mice lacking myosin VIla, the resting tension that is maintained by
the adaptation motor is absent, allowing channels to be open even in the absence
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FIGURE 7.1. Myosin VIla expression in (A) the developing mouse inner ear (adapted
from Xiang et al. 1998) and from (B) zebrafish. In the wild type zebrafish, in situ
hybridization reveals expression in the sensory cells of 24 hpf otic vesicles (adapted from
Ernest et al. 2000). Cri, Crista; hpf, hours post-fertilization; OV, otic vesicle; Utr, utricle.

of stimuli, requiring unphysiologically large bundle deflections to open the trans-
duction channels (Kros et al. 2002). Myo7a missense and nonsense mutations
in mariner larvae lead to defects in mechanotransduction and inhibition of apical
hair-cell endocytosis (Ernest et al. 2000). The mariner mutant is a circling
zebrafish with inner ear hair bundle defects, manifested as splaying of the
stereocilia.

2.2 MYO6/DFNB37/DFNA22

In humans, mutations in myosin VI (MYO6) underlie both syndromic and non-
syndromic hearing loss. The association of myosin VI (Myo6) with hereditary
HL was first reported in Snell’s waltzer mice (Avraham et al. 1995). In sv/sv
mice lacking myosin VI protein, the stereocilia bundles become disorganized
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over time and the stereocilia fuse together, resulting in several giant stereocilia
20 days after birth (Self et al. 1999). In addition, studies of fibroblasts from
sv/sv mice showed a reduction in both secretion and the size of the Golgi net-
work (Warner et al. 2003). Mutations in MYO6 were subsequently found to
underlie NSHL. DFNA22 and DFNB37 (Melchionda et al. 2001; Ahmed et al.
2003a) and SHL (Mohiddin et al. 2004).

Myosin VI functions as both an anchor and a transporter (Miller 2004). It
was first discovered in Drosophila (Kellerman et al. 1992) but since then has
been identified in many other organisms. Myosin VI, like other unconventional
myosins, has a class-conserved head, neck and tail region (Mooseker and Cheney
1995). This motor has a number of defined features in the head region, includ-
ing a an approximately 25-amino-acid insertion at the position of a surface loop
and a conserved threonine residue. In the neck domain, myosin VI has a 53-
amino-acid segment adjacent to its single IQ motif that differs from any known
N-terminal junction of the neck domain of other myosins. The tail domain has
a coiled-coil domain, like a number of other myosins, followed by a globular
domain that is unique and highly conserved between the different organisms’
myosin VI. The presence of a unique domain in the neck region of myosin VI
led to the suspicion that myosin VI moves in the opposite direction along actin
relative to other myosins, toward the “minus” end of actin filaments, which was
validated using in vitro motility assays, where myosin VI was shown to move
toward the pointed (minus) end of actin (Wells et al. 1999).

In mammalian cells, myosin VI is associated with the Golgi complex (Buss
et al. 1998) and is involved in clathrin-coated vesicle formation, as well as in
trafficking of uncoated nascent vesicles (Buss et al. 2001; Biemesderfer et al.
2002; Aschenbrenner et al. 2003). The mammalian myosin VI protein is ex-
pressed in a wide variety of tissues and cells (Hasson and Mooseker 1994;
Avraham et al. 1995); however, in the inner ear, myosin VI is expressed solely
in the sensory hair cells (Hasson et al. 1997; Fig. 7.2A) and is considered to be
one of the earliest hair cell markers (Montcouquiol and Kelley 2003). In the
hair cells, myosin VI is localized to the cuticular plate, pericuticular necklace
and is throughout the cell body (Hasson et al. 1997). Known interacting proteins
of myosin VI from other organ systems include GLUT1CBP (GIPC) (Bunn et
al. 1999), DOC-2/DAB2 (Inoue et al. 2002), and SAP97 (Wu et al. 2002). Re-
cently, myosin VI was discovered between the actin core and the lateral
membrane, alongside the actin paracrystal, suggesting that it might either trans-
locate molecules along the paracrystal or shape and stabilize the tapered base
of the stereocilia (Rzadzinska et al. 2004).

In the zebrafish, myosin VI is duplicated, with one form, myo6a, expressed
ubiquitously during early development and at later stages, with highest expres-
sion in the brain, kidney, and gut (Seiler et al. 2004). The second form, myo6b,
not only is expressed primarily in the sensory epithelium of the ear and lateral
line during development (Fig. 7.2B), but mutations in this gene are responsible
for the satellite phenotype. satellite mutants have irregular and disorganized
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FIGURE 7.2. Myosin VI expression in (A) the E15 and E16 mouse sensory epithelium of
the inner ear, using a myosin VI antibody (provided by Orit Ben-David, Tel Aviv Uni-
versity). (B) In zebrafish, myosin VIb is expressed in first hair cells of the otic placode
at 24 hpf (adapted from Seiler et al. 2004).

stereocilia, eventually leading to fused stereocilia. Zebrafish are thus a suitable
model for studying actin-based interactions of the plasma membrane, since
myo6b is required for maintaining the integrity of the apical surface of hair cells.

2.3 MYO3A/DFNB30

Three mutations in the myosin IIIA (MYO3A) gene are associated with hearing
loss in an Iraqi Israeli family (Walsh et al. 2002). Although the mode of in-
heritance was not clear upon examination of the family pedigree due to consan-
guinity, a genome scan revealed inheritance of two mutant alleles per hearing
impaired individual. Once the critical region for the deafness locus DFNB30
was defined to a 10-Mb region on human chromosome 10, candidates were
examined for mutations segregating with the disorder. One nonsense and two
splice mutations were found in affected members of the family, with either
compound heterozygotes for the nonsense and one of two splice mutations or
homozygotes for the nonsense mutation. The hearing impaired individuals are
born with two defective copies of MYO3A, with a phenotype only appearing in
the second or third decade of life. Since all mutations are predicted to cause a
loss of function of MYO3A, it appears that myosin IIIA is not essential for
development.
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There is little information available regarding the role, or even expression, of
myosin IITA during development. In Drosophila, the myosin IIIA ortholog,
NINAGC, is one of several genes required for rapid deactivation of the photore-
ceptor in the eye following termination of light (Li et al. 1998). Found in the
rhabdomere, NINAC interacts with actin filaments and the PDZ scaffolding pro-
tein INAD. Despite the role of NINAC in the eye, no visual abnormalities were
detected in the family with MYO3A deafness (Walsh et al. 2002).

Expression of myosin IIIA by in situ hybridization has been examined and
found as early as E16 (S. Vreugde and K. Avraham; unpublished observations),
with higher expression at PO, and is found in both the inner and outer hair cells
(Walsh et al. 2002). A mouse model is not yet available.

2.4 MYHO9/DFNA17

The locus for NSHL DFNA17 was localized to the long arm of chromosome
22 containing 163 genes (Lalwani et al. 1999). As several other myosins were
associated with hearing loss, the inner ear expression of one of the genes in the
region encoding the nonmuscle-myosin heavy-chain A (MYH9), was examined
to determine whether it was a relevant candidate. A member of the class II of
myosins, MYH9 is expressed in rat kidney, lung, and cochlea, revealed by
reverse-transcriptase polymerase chain reaction (RT-PCR) (Lalwani et al. 2000).
Further expression analysis by immunodetection demonstrated expression in the
outer hair cells of the organ of Corti, the subcentral region of the spiral ligament,
and Reissner’s membrane. Subsequent mutation analysis of MYH9 revealed a
G to A transposition leading to a missense mutation, R705H. This arginine is
well conserved, suggesting its functional importance in the resultant protein.
Furthermore, this change occurs in a highly conserved linker region containing
two free thiol groups that may play a role in conformational changes that occur
in the myosin motor domain during force generation coupled to ATP hydrolysis.

In situ hybridization studies revealed that mouse Myh9 is expressed within
the epithelial layer of the otic vesicle at E10.5 and in the sensory cells of the
developing cochlea at E16.5. Postnatally, Myh9 is expressed both within sen-
sory hair cells and supporting cells, spiral ligament, and spiral limbus, but was
not detected in the stria vascularis (Mhatre et al. 2004). There is no mouse
model for the MYH9 mutation.

2.5 MYO15A/DFNB3

Mutations in the myosin XVA (MYOI5A) gene are associated with DFNB3 on
chromosome 17p11.2, a recessively inherited form of sensorineural deafness
(Wang et al. 1998). Originally found in a large extended family from Bengala,
Bali, mutations in MYO15A have subsequently been identified in India and Pak-
istan (Liburd et al. 2001). Deaf members of the Balinese family are born with
a profound hearing loss, suggesting that damage to the hair cells already occurs
during embryonic development. Further insights are provided by the DFNB3
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mouse model, shaker 2 (sh2) (Wang et al. 1998). Identification of the sh2 gene
facilitated the search for the DFNB3 locus. Transgenesis of a BAC containing
the Myol5a gene “rescued” the deaf and circling phenotype of a sh2 mutant,
thereby leading to the identification of a mutation in this gene in the sh2 mouse.
As the mouse chromosome 11 region of the mouse is homologous to human
chromosome 17p, MYOI15A became an excellent candidate. Subsequent se-
quencing of the human gene in DFNB3 individuals revealed several mutations
(Wang et al. 1998).

RNA analysis reveals expression in human fetal and adult brain, ovary, testis,
kidney, and pituitary gland. Cochlea derived from 18 to 22-week-old human
fetuses showed expression of MYOI15A by RT-PCR of mRNA. In situ hybrid-
ization demonstrates mouse inner ear expression in the hair cells of the cochlea
and the vestibular system, including the saccule, utricle, and crista ampullaris
(Anderson et al. 2000). Immunodetection with an antibody raised against my-
osin XVA shows cochlear expression only in the hair cells, particularly in the
stereocilia and tip link (Belyantseva et al. 2003). The earliest expression of
myosin XVa was detected at E13.5, at the beginning stage of hair cell maturation
(Fig. 7.3).

Mouse mutants with Myol5a mutations exhibit deafness and circling behavior

FIGURE 7.3. Myosin XVa expression seen by (A) in situ hybridization in the mouse inner
ear at various developmental stages (adapted from Anderson et al. 2000). (2) Immuno-
labeling with a myosin XVa antibody reveals expression in an E18.5 mouse, with staining
prominent in the tips of stereocilia in basal (top) but not found in apical (bottom) turn
(adapted from Belyantseva et al. 2003). Ic, Lateral cristae ampularis; ms, macula sacculi;
mu, macula utriculi; oc, organ of Corti; pc, posterior cristae ampularis.
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indicative of vestibular dysfunction (Wang et al. 1998). The stereocilia of shaker
2 (sh2) mice are shorter than normal, suggesting that their development is com-
promised due to Myol5a mutations. The arrangement of rows of outer and
inner hair cells remains the same, although there are abnormal elongated struc-
tures with an actin core on both inner hair cells and vestibular hair cells. Thus
myosin XVA appears to be essential for actin cytoskeleton organization.

3. Transcriptional Regulators

Transcription factors are key regulators of gene expression that control multiple
developmental and physiological processes. Over two dozen transcription fac-
tors have been found to be essential for proper development of the mouse inner
ear (MRC Institute of Hearing Research Mouse Mutants with Hearing or Bal-
ance Defects, http:/www.sanger.ac.uk/deafmousemutants; Anagnostopoulos
2002) with roles ranging from the regulation of genes required to induce the
development of the entire inner ear (e.g., Hoxal), the semicircular canals and
cochlear duct (e.g., OtxI and Pax2) or specific cell populations (e.g., Mathl).
To date, four transcriptional regulation genes have been associated with human
NSHL (EYA4, POU4F3, POU3F4, and TFCP2L3), and several others with SHL
(EYAI, PAX2, FOX11, MITF, PAX3, and SLUG).

3.1 POU Transcription Factors

The POU-domain family of transcription factors was identified on the basis of
amino acid sequence homology in the DNA binding domain of the transcription
factors PIT1/GHF1, OCT1 and OCT2, and UNC86 (Herr et al. 1988). The POU
domain consists of 147 to 156 amino acids and is comprised of two distinct
DNA binding domains: a 69- to 78-amino-acid POU-specific domain located
amino terminal to a 60-amino-acid POU homeodomain (Rosenfeld 1991). The
two POU domains are separated by a variable linker, a flexible stretch of amino
acids that increases the repertoire of the specific sequences to which these pro-
teins can bind to and improves the kinetics of the binding (reviewed in Phillips
and Luisi 2000).

The class IIT of POU domain genes were identified using PCR and degenerate
oligonucleotides representing codons of the nine conserved amino acids in the
original POU genes (He et al. 1989). All mammalian class III POU domain
transcription factors are broadly expressed within the developing nervous system
and assume more restricted expression patterns in the adult nervous system.
Mouse knockout models for genes in this group reveal both the redundant and
unique functions of these genes.

3.1.1 POU3F4/DFN3

The POU3F4 (BRN4) gene has a clear role in development, manifested clini-
cally, as children born with mutations in this gene suffer from congenital pro-



214 R. Hertzano and K.B. Avraham

found deafness. As described below, not only is the expression strong during
early development of the embryo, but the Pou3f4 mouse mutants have structural
abnormalities in their auditory system during development. Mutations in the
POU3F4 transcription factor are associated with the DFN3 locus on chromo-
some X (de Kok et al. 1995). The DFN3 phenotype is variable, and at the very
least it is characterized by profound sensorineural hearing loss but is also often
associated with conductive hearing loss and with stapes fixation. Furthermore,
as DFN3 maps to chromosome Xq21 in the region containing mental retardation
and choroideremia, some patients with POU3F4 mutations have additional
symptoms due to deletions of larger portions of the chromosome. Both point
mutations in the POU3F4 gene, as well as larger deletions, duplications, and
inversions of the Xq21 region are associated with the DFN3 phenotype. The
deletions account for a little over half of DFN3 mutations and many of them
do not encompass the POU3F4 coding region. A detailed molecular analysis
of the region proximal to the POU3F4 gene revealed small deletions 900 kb
proximal to the gene that is associated with DFN3 deafness (de Kok et al. 1996).
It was suggested that the DNF3 phenotype, without coding region mutations,
could be caused by the loss of the POU3F4 enhancer, repressor, or promoter.

Most of our knowledge regarding the role of POU3F4 during development
comes from expression studies in the mouse, as well as from spontaneous and
gene targeted mutagenesis models. Indeed, the POU3F4 gene has a unique role
in the development of the inner ear. During mouse development, Pou3f4 is first
expressed at E9.5 in the neural tube, and then in the otic capsule, the hindbrain,
and the branchial arch mesenchyme (Phippard et al. 1998) (Fig. 7.4). Notably,
the subcellular localization of this transcription factor shifts to the cytoplasm in
areas of mesenchymal remodeling that will further develop to acellular struc-
tures, demonstrating a potential mechanism for crucial silencing of the gene
during normal otic development.

Several Pou3f4 mouse mutants are available and two of these, the sex-linked
fidget mutation and a targeted null mutation, have both cochlear and temporal
bone abnormalities (Phippard et al. 1999, 2000) (Fig. 7.4). These include a
constricted superior semicircular canal, widening of the internal auditory mea-
tus, thinning of various structures in the temporal bone; a misshaped stapes
footplate; and a shortening of the cochlea, demonstrated as a reduction in the
number of cochlear coils in most of the mutants. In addition, the mice have a
generally hypoplastic cochlea, with widening of the scala tympani, and dysplasia
of fibrocytes in the spiral limbus, that may lead to the hydrops observed in these
animals. Notably, no structural abnormalities are observed in the organ of
Corti. Since the Pou3f4 protein is expressed in mesenchymal tissue (Phippard
et al. 1998), the widened structures may result from disruption of mesenchymal
remodeling, the shortening of the cochlea from disruption of epithelial-
mesenchymal interactions, and the mishaping of the stapes from disruption of
mesenchymal-mesenchymal interactions. This phenotype resembles the tem-
poral bone phenotype of the people suffering from POU3F4 mutations.

Another mouse model created by a targeted deletion of the Pou3f4 gene on
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FIGURE 7.4. Gene-targeted mutagenesis, with the lacZ gene replacing Pou3f4, reveals its
expression during development. (A) Pou3f4 is expressed in most of the neuraxis and in
some mesodermally derived tissues in the head, including the otic capsule. (B) Pou3f4
is expressed in the hindbrain of a 9.5dpc embryo, but is not seen in the mesenchyme
surrounding the otic vesicle. (C) In an E10.5 embryo, Pou3f4 is expressed in the con-
densing mesenchyme of the otic vesicle. (D) Expression patterns of lacZ in a parasagittal
section of a E14.5, Pou3f4 is detected throughout the otic capsule (Phippard et al. 1999).
BA, branchial arches; HB, hindbrain; OV, otic vesicle.

a different genetic background showed no gross temporal or inner ear defect,
nor in the neuroepithelium or cochlear length, while the mice displayed profound
deafness and a reduced endocochlear potential (Minowa 1999). The patholog-
ical effects appeared in the fibrocytes that line the stria vascularis that are hy-
pothesized to be involved in potassium recycling back to the endolymph (Spicer
and Schulte 1996).

3.1.2 POU4F3/DFNA15

A mutation in the POU4F3 (BRN3.1/BRN3C) gene leads to progressive auto-
somal dominant hearing loss in an Israeli kindred (Vahava et al. 1998). While
Pou4f3 has a clear role in development based on the recessive mouse mutant
described below, in humans, there is only a late-onset effect. The DFNA15 locus
was discovered in a linkage project performed to determine the underlying cause
of late-onset hearing loss in a family of Libyan descent, now living in Israel.
Although close to the first autosomal dominant locus defined, DFNAI, on human
chromosome 5q31, DFNAI5 defined a new locus. Examination of the mouse
syntenic region revealed the presence of the Pou4f3 gene, known to cause deaf-
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ness when removed by gene-targeted mutagenesis in the mouse (Erkman et al.
1996; Xiang et al. 1996). Subsequent sequencing of the POU4F3 gene in af-
fected individuals revealed an eight-base-pair deletion in the second coding exon
of the gene, which leads to a frameshift and premature stop codon. As a result,
a bipartite nuclear localization signal is lost, and in a cell culture model of the
mutation, leads to loss of expression in the nucleus (Weiss et al. 2003). The
mutation does not appear to cause a dominant-negative effect, but rather may
be unavailable to bind to its targets at a sufficient and necessary threshold
over time.

In the mouse inner ear, Poudf3 is a hair cell-specific protein (Fig. 7.5). In
the adult mouse, all hair cell nuclei both in the auditory and vestibular systems
express Poudf3 (Erkman et al. 1996; Xiang et al. 1997). Pou4f3 protein can be
detected as early as E12.5 in scattered cells of the developing otocyst (Xiang et
al. 1998). Double staining of inner ear sections from bromodeoxy uridine
(BrdU)-labeled embryos, with anti-BrdU and anti-Pou4f3 antibodies, revealed
that Poudf3 expression is confined to postmitotic cells (Xiang et al. 1998). Real-
time RT-PCR of auditory sensory epithelia indicated that very low levels of
Poudf3 mRNA can be detected as early as E12, and constantly increase
thereafter, up to P3, the latest time point measured (Hertzano et al. 2004).

Mice with a targeted deletion of Pou4f3 suffer from deafness and vestibular
dysfunction, due to a loss of all hair cells by early postnatal days (Erkman et
al. 1996; Xiang et al. 1997). Innervated hair cell-like cells with some
sterociliary-like structures do form in the absence of Pou4f3 and express hair
cell markers such as myosin VI, myosin VIIa, parvalbumin, and calretinin (Xiang
et al. 1998, 2003; Hertzano et al. 2004). However, the patterning of these cells
is markedly disrupted and inner hair cell loss from the base of the cochleae can

FIGURE 7.5. Pou4f3 expression in E13.5 and E16.5 inner ears, demonstrated by immu-
nostaining with a Poudf3 antibody (provided by Ronna Hertzano).
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be detected as early as E16.5, accompanied by an increase in apoptotic cell
death, as detected by a terminal deoxynucleotidyl transferase biotin-dUTP nick
end labeling (TUNEL) assay, as early as E17.5 (Xiang et al. 1998; Hertzano et
al. 2004). Reactive loss of sensory ganglion neurons and sensory epithelia sup-
porting cells is also observed (Erkman et al. 1996; Xiang et al. 1997, 1998,
2003; Hertzano et al. 2004).

The gene encoding growth factor independence 1 (Gfil), a known deafness
gene in the mouse (Wallis et al. 2003), was recently identified as a target gene
of Pou4df3 by using a transcription profiling approach of inner ears from wild
type and Pou4f3 mutant mice (Hertzano et al. 2004). Gfil expression is mark-
edly reduced in the ears of the Pou4f3 mutant mice. A comparison of cochleae
from Pou4f3 and Gfil mutants suggested that outer hair cell loss in the Pou4f3-
deficient cochleae may result from the loss of Gfil expression.

3.2 EYA4/DFNA10

The mammalian Eya gene family consists of four members that function as
transcription coactivators, that share a highly conserved region called the eya-
homologous region in the C-terminus and a less conserved transactivation do-
main at the N-terminus (Borsani et al. 1999). Mutations in the Eyes absent 4
(EYA4) gene are associated with a dominant form of NSHL, DFNA10. Pre-
mature stop codons in the EYA4 protein cause late-onset progressive hearing
loss in Belgian and American families (Wayne et al. 2001).

In situ hybridization results with a digoxigenin labeled RNA probe showed
that at E9.5 Eya4 is expressed in the otic vesicle, as well as in several other
tissues including the nasal placode and a region above the developing forelimb
bud (Borsani et al. 1999) (Fig. 7.6). Further characterization of the inner ear
expression of Eya4 by in situ hybridization with a radiolabeled RNA probe
showed that in the rat inner ear Eya4 is strongly expressed in the inner ear as
early as E14.5, mainly in the upper half of the cochlear duct in cells that will

FIGURE 7.6. Eya4 expression in the developing rat cochlea at E14.5 and E16.5 in the
upper half of the duct, cells that will form the stria vascularis and Reissner’s membrane
(adapted from Wayne et al. 2001). CD, Cochlear duct.
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form the future stria vascularis and Reissner’s membrane. A weak expression
can also be detected in the mesenchyme surrounding the duct. Interestingly,
toward E18.5, the expression of Eya4 shifts toward the lower part of the cochlear
duct, specifically the greater and lesser epithelial ridges and later to cells derived
from the spiral limbus, the organ of Corti, and the spiral prominence. Expres-
sion is also detected in the cells of the ossifying bony capsule of the inner
ear during the first 2 weeks after birth. In the developing vestibular system
expression was reported to be localized mainly to the developing sensory epi-
thelium (Wayne et al. 2001).

3.3 TFCP2L3/DFNA28

A frameshift mutation, leading to a premature translation stop codon in the
transcription factor TFCP2L3 (transcription factor cellular promoter 2-like 3),
causes autosomal dominant progressive NSHL in an extended American family
(Peters et al. 2002). This five-generation family exhibits mild to moderate hear-
ing loss, with the earliest reported onset at 7 years of age. A genome-wide scan
defined a critical region of 1.4 cM on chromosome 8q22. While several can-
didate genes with known function were sequenced, no mutations were found.
However, a previously uncharacterized gene, named FLJI13782, was found to
contain a mutation that segregated with the hearing loss in the family. Thus a
new member of the transcription factor cellular promoter family of genes was
identified and named TFCP2L3.

The TFCP2 family of transcription factors contain a novel DNA-binding do-
main and bind to many promoters, including HIV type 1 and simian virus 40
(Swendeman et al. 1994). TFCP2L2, another member of this family, is related
to Drosophila grainyhead (grh), a gene involved in dorsal/ventral and terminal
patterning of the newly fertilized embryo and later expressed in the central
nervous system and in cuticle-producing tissues. Flies carrying mutations in
grh have an embryonic lethal phenotype with flimsy cuticles, grainy and dis-
continuous head skeletons, and patchy tracheal tubes (reviewed in Wilanowski
et al. 2002).

In situ hybridization results with a radiolabeled RNA probe show that in
mouse inner ear, Tfcp2I3 is expressed as early as E11.5 at the otocyst stage and
later in development in the epithelia that surround the endolymph-containing
compartments of the auditory and vestibular systems (Peters et al. 2002). While
TFCP2L3 is widely expressed in a variety of epithelial tissues, including pros-
tate, thymus, kidney, mammary gland, pancreas, and digestive tract, the only
pathological damage in the American family appears to be in the cochlear ep-
ithelial cells. Functional redundancy between members of the TFCP2 transcrip-
tion factors may protect other epithelial tissues in the family exhibiting hearing
loss only. The progressive nature of the TFCP2L3 mutation suggests that this
transcription factor has a role in epithelial cell maintenance.
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4. Gap Junction Proteins

One of the most dramatic discoveries in the field of hereditary hearing loss in
recent years has been the large number of connexin mutations. Gap junction
proteins encode the connexins, a component of connexons that allow molecules
to pass from cell to cell. Two networks of gap junctions, the epithelial cell
system and the connective tissue cell system, are functional in the cochlea (Ku-
mar and Gilula 1996). Three connexins have been implicated in deafness: con-
nexin 26 (GJB2), accountable for approximately 30% of childhood deafness
(Denoyelle et al. 1997; Cohn et al. 1999); connexin 30 (GJB6) in NSHL (Lerer
et al. 2001; del Castillo et al. 2002); and connexin 31 (GJB3) both in NSHL
(Xia et al. 1998; Liu et al. 2000) and peripheral neuropathy and HL (Lopez-
Bigas et al. 2001).

4.1 GIJB2/DFNBI1

The DFNBI locus, which is located on chromosome 13ql1-12, was the first
deafness recessive locus to be discovered. DFNBI has turned out to the most
prevalent locus, and includes both the GJB2 and GJB6 genes. GJB2 encodes
connexin 26, and mutations in this gene account for 30% to 50% of congenital
hearing loss (Denoyelle et al. 1997; Kelsell et al. 1997; Zelante et al. 1997,
Kelley et al. 1998). More than 60 mutations have been discovered in the GJB2
gene (Connexin-Deafness Homepage; http:/www.crg.es/deafness/). One muta-
tion, 35delG, accounts for the majority of mutant alleles and has been found in
most parts of the world. The 167delT mutation is the second most prevalent
GJB2 mutation, and has been reported in both the Ashkenazi Jewish (Sobe et
al. 1999) and Palestinian populations (Shahin et al. 2002).

Connexin 26 is expressed in the cochlea. At E14.5 in the mouse, connexin
26 is detected by in situ hybridization in the greater epithelial ridge, the region
where Reissner’s membrane and the tectorial membrane are attached (Buniello
et al. 2004) (Fig. 7.7A). In the rat otocyst, connexin 26 was detected by im-
munofluorescence and appeared at E17 (Lautermann et al. 1999). By P3, con-
nexin 26 was detected in the fibrocytes of the spiral limbus, the supporting cells
of the neurosensory epithelium and between the stria vascularis and the spiral
ligament. In a 22-week human embryo, connexin 26 was found in the cochlea.

A classical mouse knockout is available for GJB2, but its lethal phenotype
has rendered it irrelevant for the human deafness phenotype. The mice show a
lethal phenotype, with death at E11 due to a dysfunction of the placenta (Gabriel
et al. 1998). A conditional knockout has played a much more relevant role in
contributing to our understanding of the human pathology. Connexin 26 was
inactivated using the Cre—lox P recombination system in order to remove this
protein from the epithelial gap junction network that contains supporting cells
and flanking epithelial cells (Cohen-Salmon et al. 2002). As a result, supporting
cells of the inner hair cells succumbed to apoptotic cell death.
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FiGURrE 7.7. (A) Connexin 26 expression in the mouse otocyst at E14.5. (B) Connexin
30 expression in the mouse otocyst at E14.5 (adapted from Buniello et al. 2004). sr,
Sensory region. sv, stria vascularis.

4.2 GJB6/DFNB1

Connexin 30 is encoded by the GJ/B6 gene and is located on chromosome 13
in the DFNBI region. A 342-kb deletion that truncates the GJB6 gene,
del(GJB6-D13S1830), leads to autosomal recessive hearing loss (Lerer et al.
2001; del Castillo et al. 2002). However, this mutation is usually found in the
heterozygous state in conjunction with a heterozygote GJ/B2 mutation. A mul-
ticenter study revealed that this mutation is the second most prevalent mutation
in Spain after the GJB2 35delG mutation, and significantly reduced the number
of unexplained GJB2 heterozygotes in Spain, France, and Israel (del Castillo et
al. 2003). Furthermore, haplotype analysis suggests that there may be a common
founder for individuals from countries in Western Europe.

In situ hybridization on E14.5 mice demonstrated that connexin 30 is ex-
pressed in the stria vascularis (Buniello et al. 2004) (Fig. 7.7B). In the rat
otocyst at E17, connexin 30 was detected by immunofluorescence at low levels
in the neurosensory epithelium and gradually increased to higher levels post-
natally in the fibrocytes of the spiral limbus, the supporting cells of the neuro-
sensory epithelium and between the stria vascularis and the spiral ligament. In
a 22-week human embryo, connexin 30 was found in the cochlea (Lautermann
et al. 1999).

The connexin 30 gene-targeted mutation in mice leads to severe hearing im-
pairment, manifesting itself as a loss of the endocochlear potential (Teubner et
al. 2003). Furthermore, the cochlear sensory epithelial cells degenerated by
apoptosis.
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5. Intercellular Adhesion Proteins

5.1 CDH23/DFNB12

Cadherin 23 (Cdh23) was first identified upon the discovery that mutations in
this gene lead to stereocilia disorganization in the waltzer mouse mutant (Di
Palma et al. 2001; Wilson et al. 2001). Both Usher syndrome type 1D and
autosomal recessive DFNB12 are caused by mutations in CDH23 (Bork et al.
2001). Cdh23 encodes a large single-pass transmembrane protein, with 20 cad-
herin repeat (EC) domains.

Expression of Cdh23 is apparent in the PO and P5 hair bundle and in
Reissner’s membrane (Siemens et al. 2004). By P42, expression is still in the
cochlear hair cells, but is confined to the stereociliary tips. Together with the
fact that cadherin 23 forms a complex with myosin lc, a member of the me-
chanotransduction apparatus, suggests that this protein is involved in regulating
the activity of mechanically gated ion channels in hair cells. In the zebrafish,
cadherin 23 affects the tip links in the sensory hair cells, found in the sputnik
mutant (Sollner et al. 2004).

5.2 PCDH15/DFNB23

The protocadherin 15 gene (PCDHI15) encodes a protein that is a member of
the cadherin superfamily of calcium-dependent cell adhesion molecules and is
thought to be involved in neural development, neural circuit formation, and
formation of the synapse (Suzuki 2000). The gene is localized to chromosome
10q11.2—q21. Mutations in PCDHI15 were first identified in Usher syndrome
type 1F patients (Ahmed et al. 2001; Alagramam et al. 2001b). These patients
have congenital profound sensorineural hearing loss, vestibular areflexia, and
retinitis pigmentosa that begins around puberty. The mutations include several
premature stop codons and a splice mutation. PCDHI5 missense mutations
were subsequently found to lead to autosomal recessive DFNB23 as well (Ah-
med et al. 2003b). As in other cases, a mouse mutant was instrumental in the
human gene identification. Pcdhl5 was first identified when it was found to be
the causative gene for the deafness and circling in the Ames waltzer (av) mouse
(Alagramam et al. 2001a). After Pcdhl5 mutations were found in the av mutant,
the human homolog, PCDHI5, became a candidate for USHIF, as a result of
the homology between human chromosome 10q and mouse chromosome 10.
Pcdhl5 mutant mice have inner ear defects in the cochlea and the saccule
(Alagramam et al. 1999; Alagramam et al. 2001a). The stereocilia of both inner
and outer hair cells of P10 mice are disorganized. Protocadherin 15 may play
a role in regulating planar polarity in the sensory epithelium of the inner ear.
Protocadherin 15 is expressed in the neurosensory epithelium in both the eye
and ear, consistent with its association with damage to both organ systems (Al-
agramam et al. 2001b; Ahmed et al. 2003b). Protocadherin 15 was found in
human and monkey photoreceptors of the retina, revealed using an antibody
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specific for this protein. Immunolocalization in the inner ear detected protoca-
dherin 15 in both the mouse organ of Corti and vestibular hair cells. Specifi-
cally, expression was found along the length of the stereocilia, in the cuticular
plate, and diffused in the cytoplasm of both inner and outer hair cells. Proto-
cadherin 15, examined from E16 in the organ of Corti, was seen in the stereocilia
as soon as they become apparent on the apical surface of the hair cells.

6 Miscellaneous

6.1 WEFS1/DFNA6/A14/A38

Mutations in wolframin (WFSI) contribute to Wolfram syndrome defined by
juvenile diabetes mellitus, optic atrophy, and hearing loss, as well as DFNA6/
A14/A38 progressive high-frequency NSHL (Bespalova et al. 2001; Young et
al. 2001). Several different types of mutations are associated with WS, including
stop, frameshift, deletion, and missense mutations (Khanim et al. 2001). Five
different heterozygote missense mutations are associated with NSHL localized
to human chromosome 4. Interestingly, in the DFNA38 family, one individual
is homozygote for the missense mutation and in addition to hearing loss, has
clinical features of WS.

WEFSI encodes an integral endoglycosidase H-sensitive membrane glycopro-
tein with eight to ten predicted transmembrane domains that is speculated to be
involved in membrane trafficking, protein processing and/or calcium homeostasis
(Takeda et al. 2001). The subcellular localization of WFS1 was examined in
cultured cells and in rat brain. WFS1 is expressed in the endoplasmic reticulum
and in neurons in the hippocampus CAl, amygdaloid areas, olfactory tubercle,
and superficial layer of the allocortex. Immunohistochemistry and in situ hy-
bridization analysis in the postnatal inner ear reveals expression in many cell
types, including vestibular hair cells, and in the cochlea; in the inner and outer
hair cells; spiral ganglion; external and inner sulcus cells; marginal cells of the
stria; Hensen, Claudius, Deiter’s and interdental cells; and at lower levels in
Reissner’s membrane and pillar cells (Cryns et al. 2003). The strong expression
at postnatal day 1 suggests that wolframin has a role in inner ear development,
although its persistence (albeit reduced) until and through maturation suggests
that it also has a maintenance role. WFS1 also colocalizes with the ER marker
calreticulin. These data are in accordance with the cellular expression described
above, suggesting that WFS1 may play a role in inner ear ion homeostasis as
maintained by the canalicular reticulum.

6.2 TMC1/DFNB7/B11/A36

Mutations in the gene encoding the transmembrane cochlear 1 (TMC1) protein
are associated both with recessive and dominant inherited hearing loss, DFNB7/
B11 and DFNA36 (Kurima et al. 2002). Fortuitously, mutations in the mouse
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orthologue, Tmcl, are associated with deafness in two mouse mutants, deafness
(dn) and Beethoven (Bth) (Vreugde et al. 2002). Neither of these mice circle,
indicating that Tmcl mutations are associated only with hearing loss and hair
cells of the cochlea.

Tmcl does not appear to have an early developmental role, based on the
mutant mouse phenotypes and expression analysis. Real-time quantitative RT-
PCR analysis demonstrated low levels of expression in temporal bone RNA from
E14-PO, with a rise at P5 that levels off at P10 and is reduced again at P20
(Kurima et al. 2002). In situ hybridization revealed Tmcl expression in both
cochlea and vestibule; specifically, in inner and outer hair cell of the cochlea
and neurosensory epithelia of the vestibular end organs.

6.3 STRC/DFNB16

Mutations in the gene STRC encoding the hair bundle protein stereocilin are
associated with DFNB16 deafness (Verpy et al. 2001). Stereocilin was identified
during a candidate gene approach to identify genes expressed in the inner ear.
Subtracted mouse inner ear cDNA libraries were constructed from whole cochlea
or sensory regions of the vestibule. A clone with homology to human genomic
clones from chromosome 15q15 was identified. Fortuitously, the DFNB16 locus
had already been mapped to this region (Campbell et al. 1997). Two frameshift
mutations and a large deletion were found in families linked to the DFNBI6
locus.

Expression analysis demonstrated that stereocilin is located in the six sensory
areas of the inner ear during the stages tested, from P6 to P20 (Verpy et al.
2001). Based on the expression analysis and amino acid sequence analysis,
stereocilin is predicted to be an integral protein of the stereocilia or a cell surface
protein associated with the hair bundle. As the onset of stereocilin expression
is relatively late, it is unlikely to play a role in the early development of the
inner ear, and rather have a function associated with mature hair bundles.

7. Conclusion

Identification of human deafness genes and elucidation of the function of the
proteins these genes encode has revealed a plethora of details that only begin
to form our understanding of the intricacies of the development of the inner ear.
While the relevant clinical information is derived from the discovery of the
mutations, manifested in genetic counseling for affected families and early de-
tection for habilitation (Greinwald and Hartnick 2002), our understanding of
inner ear function comes primarily from expression in the mouse and analysis
of mutant mice. Eventually, elucidation of the developmental pathways and
mechanisms of auditory function will lead to successful intervention and ther-
apeutics for alleviating hearing loss, including replacement of lost sensory hair
cells (Minoda et al. 2004).
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Actin, cytoskeletal core protein, 177

Actin filament development, density of
packing, 177

Actin-type proteins, 159

Alagille’s syndrome, Notch, 131-132

Ames waltzer mouse, mutant defects in
protocadherin 15, 183

Pcdhls, 221

Amphioxus, 11

Ankle-links, 172

Apoptosis, Notch signaling, 131

Atonal gene, 128

Auditory organ development, Notch
genes, 136ff

Avian embryos, fate mapping, 44

Bdnf, in hair cells, 107
Beethoven mutants, deafness, 223
bHLH genes, formation of sensory neu-
rons, 99-100, 101, 102
inhibitors, 99
neuronal development, 92-93
Bird, formation of otic placode, 48
BMP signaling, 69-70
BMPs, otocyst morphogenesis, 69—-70
Brain, embryogenesis, 46
Bristle-shaft cell polarity, proteins respon-
sible for, 176-177
Bundle links, various types, 171ff

Cadherin, 166
tight junctions, 190

Cadherin 23, cell—cell adhesion, 183
DFNBI12 deafness, 221

hair-bundle development, 207
and harmonin, 185
Calcium channels, OHC, 161
Calmodulin, 165-166
Calretinin, 165-166
Calyx-like afferent ending, type I hair
cell, 160
CDH?23, and DFNB12 deafness, 221
Cell death, molecular basis, 107ff
otic morphogenesis, 73-74
Cell survival, neurotrophins, 107f
Cerebral autosomal dominant arteriopathy
(CADASIL), and Notch, 131-132
Chick, see also Bird
development of basilar papilla, 166—
167
ear morphogenesis, 43ff, 55ff
hair-bundle development, 167
neurulation, 48ff
otic placode, 45
otocyst formation, 45, 54
Claudin proteins, tight junctions, 189—
190
Cochlea, hair cell height gradient, 164
morphogenesis, 57, 68—69
mouse mutants, 68
neuronal guidance, 104, 105
terminal mitosis, 94
Cochlea development, cochlear gradient,
167
Cochlea epithelial cells, TFCP2L3 tran-
scription factor, 218
Cochlea morphogenesis, Eyal, 68—69
Pax2, 68
Cochlear hair cells, ion channels, 160ff
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Cochlear implants, 85
Cochlear neuron development, genes, 85ff
Connexin 26, 5
GJB2 genes, 219
Connexin 30, and GJB6, 220
Connexin genes, hair-cell differentiation,
165
Connexin mutations, gap junctions, 219
Cortical lattice, OHC, 160
Crash mutant mouse, hair-cell disorienta-
tion, 177
Cuticular plate, 159
development, 187-188
Cyclops, zebrafish mutation, 22

Danio rerio, see Zebrafish
Darwin, Charles, 10
Defects, neural tube closure, 52-53
otocyst closure, 52-53
Delta-notch system, hair-cell develop-
ment, 99
Development, see also Morphogenesis
brain, 46, 59ff
hair cells, 122ff
neurosensory, 85ff
otic epithelium, 86
otic placode, 10-11, 86
otic vesicle, 59ff
otocyst, 1-2
role of Fgfrl, 5
sensory cell innervation, 85ff
Developmental genes, hearing loss, 204ff
DEN deafness, x-linked, 204ff
DFNA deafness, 204ff
DFNAI1 deafness, 187
DFNAI11 deafness, 206
DFNAL1S5 deafness, POU4F3 genes, 205
DFNA22 deafness, MYO6 mutations,
209
DFNB deafness, 204ff
DFNB2 deafness, autosomal recessive
deafness, 206-207
DFNB3 deafness, shakerl mouse, 207
DFNB30 deafness, myosin IIIA muta-
tions, 205
DFNB31 deafness, whirlin defect, 186
DFNB37 deafness, MYO6 mutations,
209
DFNM deafness, 205ff

Differentiation, of hair cells, 158ff
DiGeorge syndrome, TBX1 gene, 102
Drosophila melanogaster, notched wing-
tip mutation, 123ff
orientation of bristle-shaft cell, 176

Ear, development overview, 1
hagfish, 97-98
heterogeneity of parts during develop-
ment, 3—4
morphogenesis, 43ff, 55tf
role of neurotrophins in development,
107¢f
signaling pathways in development, 5
stem cells, 93
Ear development, genes, 85ff
Ear morphogenesis, BMP role, 69-70
Oxl, 68
regulatory elements, 91
Ectoderm, origin of otic placode, 13-15
Ectodermal cells, genes controlling differ-
entiation, 98ff
Electromotility, 158
Embryogenesis, brain, 46
Embryonic induction, otic placode, 13ff
Endolymphatic duct, Kreisler mutant, 60
origin, 3—4
otic morphogenesis, 62-63
Endoplasmic reticulum, WFS1, 222
Enhancer of split, gene, 128-129
Epithelial factors, controlling otic mor-
phogenesis, 65ff
Espin, a cytoskeletal core protein, 180—
181
Evolution, inner ear, 11-13
otic placode, 11-13
placodes, 30
Eyal, cochlea development, 68—69
otocyst morphogenesis, 66—67
EYA4, DFNA10 deafness, 217-218
gene, human deafness, 205-206
Eya4 gene, otic vesicle, 91

Fate mapping, avian embryos, 44
Xenopus, 4
Fate specification, neurosensory cells,
98ff
FGF, see Fibroblast growth factor, Fgf3,

Fgf8, Fgfl0, Fgfl9



Fgf genes, zebrafish, 25
Fgf inducing factors, otic placode induc-
tion, 23-24
FGF signaling, otic placode induction,
24ff
Fgf3, otic axis inducement, 55
otic morphogenesis, 60-61
otic placode induction, 24-26
Fgf8, otic placode induction, 25-26
Fgfl0, otic development, 89, 90
otic placode induction, 25
semicircular canals, 70-71
Fgfl9, otic placode induction, 26-27
Fgfrl, role in development, 5
Fiber growth, sensory neurons, 103ff
Fiber guidance, role of hair cell, 106
Fibroblast growth factor, otic morphogen-
esis, 60-61
Fidgetin (Fign), role in semicircular canal
morphogenesis, 71
Fimbrin, a cytoskeletal core protein, 177—
178
Fish, see also Zebrafish
otocyst formation, 44
Fng genes, Notch activation, 132-133,
146-147
Fusion plate formation, 71-73

G1797A missense, deafness, 206
Gallus gallus, see Chick
Gap junction, proteins, 219ff
sensory epithelia, 165
Gastrulation, otic placode, 11
Genes, cochlear neuron development, 85ff
controlling otocyst morphogenesis,
65ff
human deafness, 5
sensory cell development, 85ff
Genetic factors, in hearing loss, 204ff
Gfil gene, and deafness, 217
GJB2, human deafness, 5
GJB2 genes, and DFNB1 deafness, 219
GJB6, and DFNBI1 deafness, 220
Glial fibrillary acidic protein, Notchl,
130
Glycosaminoglycans, semicircular canal
morphogenesis, 72
Golden hamster, hair-bundle development,
167
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Hagfish, ear, 97-98
Hair bundle, first appearance in vestibular
organs, 166-167
rigidity, 169
Hair cell fate, notch function, 122ff
Hair cell length, tonotopic organization,
161
Hair cell mosaic, development, 122ff
Hair cells, antigen, 166
bdnf, 107
development, 122ff
differentiation, 158ff
ion channels, 160ff
morphological polarization, 158-159,
173ff
physiology, 158ff
plaques, 160
potassium transduction current, 158
regeneration, 85-86
relationship to neurons in develop-
ment, 4
role in fiber guidance, 106
types, 160
Hair-bundle development, actin, 178ff
chick, 168ff
IHCs and OHCs, 171
mammals, 170ff
mouse vestibular system, 171
myosin VIIA, 207-208
Hair-bundle differentiation, 166ff
Hair-bundle morphology, vestibular sys-
tem, 163-164
Hair-cell development, genes, 99
role of innervation, 100
Hair-cell differentiation, early, 164ff
loss of basement membrane contact,
165
Hair-cell directionality, mouse mutants,
177
Hair-cell specialization, development, 190—
191
Hairy enhancer of split, gene, 128—-129
Harmonin, 166
and hair-bundle development, 185, 207
Harmonin b, hair-bundle organization,
185
Hearing loss, developmental genes, 204ff
Hedgehog, otic axis formation, 55
Hedgehog signaling, 55
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Hh, see Hedgehog
Hindbrain, development, 59ff
induction of otic placode, 19ff
role in otic vesicle morphogenesis, 59ff
Hmx genes, semicircular canal develop-
ment, 73
Hmx3 mutant, semicircular canal forma-
tion, 59, 60
Hoxal, otocyst morphogenesis, 60, 61
Human deafness, genes, 5
Hyaluronan, semicircular canal morpho-
genesis, 71-72

Induction, end in otic placode develop-
ment, 16-17
otic placode, 10ff, 24ff
start in otic placode development, 15-16
Inhibitors, bHLH, 99
Inner ear, evolution, 11-13
Inner ear of newt, variation in hair-bundle
types, 163
Inner hair cells (IHCs), 160ff
Innervation, role in hair-cell development,
100
Insects, proneural genes, 102
Int-2, see Fgf3
Integrins, actin accumulation, 184
cell surface receptor, 184
hair-cell differentiation, 165
Intercellular junctional complexes, devel-
opment, 188ff
Intracellular adhesion proteins, 221{f
Invagination, otic placode, 50
role of genes, 90-91

Jagl genes, Notch signaling, 143-144

Jagged, Notch ligand, 134ff

Jerker mouse, 186

Jerker mouse mutant, espin-deficient, 180—
181

Junctional complexes, development, 188ff

Kinocilium development, chick, 168-169
in cochlea, 158

Knockout mouse, for GJB2, 219

Kreisler mutant, 60, 61

Late-onset progressive hearing loss, myo-
sin IIIA, 205

Lateral inhibition, contact-mediated, 124
development of hair cells, 122ff
Lateral line, hair-bundle morphology, 163
pathfinding, 105-106
Lateral membrane differentiation, cochlear
hair cells, 192-193
Loop-tail mutant, otocyst morphogenesis,
61-62
Loose bundles, vestibular hair cells, 163—
164
Lunatic fringe, see Fng genes

Mariner mutant, zebrafish ear, 208
Mathl, genes, 128
hair-cell differentiation, 165
Notch signaling, 142, 144ff
Mesenchymal transcription factors, 64—65
Mesoderm, induction of otic placode, 19ff
Mitochondrial mutations, and human
deafness, 205
Molecular markers, otic placode develop-
ment, 10ff
Morphogenesis, see also Development
cochlea, 43ff, 68-69
epithelial genes, 6667
otic vesicle, 55ff, 63-65
periotic mesenchyme, 63—65
semicircular canal duct, 69ff
Morphological variation, of hair cells,
159ff
Motility, of OHCs, 160-161
Mouse, cochlear development, 55ff, 57,
167
Mouse mutants, hair-cell directionality,
177
Mutants, cochlea, 68
zebrafish, 22
Mutations, otic placode marker genes, 27—
29
zebrafish otic placode, 27-29
MYH9, DFENA17 deafness, 211
outer hair cells, 211
MYOI15A, DFNB3 deafness, 211-212
MYO15A mutations, shaker2 mouse,
213
MYO3A, DFNB30 deafness, 210ff
and visual abnormalities, 210
Myosin IIIA mutations, DFNB30, 205
late-onset progressive hearing loss, 205



Myosin VI defect, hair cell marker, 209
molecular motor, 181-182
Snell’s waltzer mouse, 208—-209
zebrafish development, 209-210
Myosin VIIA mutations, USHIB, 206-207
Myosin VIIIA, a molecular motor, 181
Myosin XV, a molecular motor, 182-183
Myosins, defects in hearing loss, 206ff

NCAM, development of otic placode, 47—
48
Neural crest, 51
Neural crest cells, migration, 103
Neural groove, 51-52
Neural plate, bending, 48ff
formation, 4648
relationship to formation of otic pla-
code, 47ff
shaping, 48ff
Neural tube defects, 52-53
Neural tube formation, 46, 51-52
Neurogl mutant, effect on terminal mito-
sis, 100, 101
Neurogenic genes, Notch pathway, 124
Neuronal delamination, 104
Neuronal development, bHLH genes, 92—
93
Neuronal guidance, cochlea, 104, 105
Neuronal pathfinding, genes, 105-106
Neurons, effect on hair-cell develop-
ment, 4
Neurosensory cells, fate specification,
98ff
precursors, 95
Neurosensory development, 85ff
Neurotrophins, cell survival, 107ff
role in ear development, 107ff
Neurulation, 44ff
chick, 48ff
otic placode formation, 4446
otogenesis, 44—46
Nonsyndromic hearing loss (NSHL),
2041f
Notch, cochlear development, 145-146
T-cell leukemia, 131
thyroid tumors, 131
Notch embryology, inner ear develop-
ment, 133ff
Notch function, hair cell fate, 122ff
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Notch gene expression, chronology, 134ff
early delamination, 134
Notch gene nomenclature, across species,
126
Notch mammary tumors, 131
Notch model, mammalian ear, 140ff
sensory epithelium specification, 142ff
Notch molecule, hair cell mosaic, 122ff,
125
receptor protein, 124
Notch pathway, cellular events regulated
by, 129ff
structure and function, 125ff
Notch regulation, by ligands, 132-133
Notch signaling, apoptosis, 131
Notchl, hair-cell development, 99

Occludin proteins, tight junctions, 189—
190
Organ of Corti, development, 123ff
Otic axis, inducement by Fgf3, 55
Otic axis formation, 5355
hedgehog, 55
Sixl1, 55
Otic cup, formation of otocyst, 51-52
origin of semicircular canals and endo-
lymphatic duct, 3—4
Otic development, Fgf10, 89, 90
Otic epithelium, development, 86
morphogenesis, 57-58, 63—-64
Otic morphogenesis, cell death, 73-74
endolymphatic duct, 62-63
epithelial factors, 65ff
Fgf3, 60-61
fibroblast growth factor, 60-61
midline signals. 65
Otic placode, 1, 10ff
cellular formation, 4748
chick, 45
development, 10-11, 86
ectoderm origin, 13-15
evolution, 11-13
experimental studies, 17-19
formation in bird, 48
invagination, 50
molecular induction, 24ff
origin, 43ff
relationship to neural plate, 47ff
shaping, 48ff
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Otic placode induction, 10ff
Fgf inducing factors, 23-24
FGF signaling, 24ff
Fgf3, 24-26
Fgfl0, 25
Fgf19, 26-27
genetic markers, 23
model, 29ff
molecular events, 10ff
molecular markers, 12
neurulation, 44—46
Pax2, 16
Pax2 and Pax8, 26
Pax8, 22
transcriptional regulators, 27-29
Wnt pathway, 27
Otic placode marker genes, mutations, 27—
29
Otic placode morphogenesis, Pax2,
11, 12
Pax8, 11, 12
rhombomeres, 22-23
signaling molecules, 11, 12
transcription factors, 11, 12
Otic placode mutations, zebrafish, 27-29
Otic vesicle morphogenesis, Eya4 gene,
91
morphogenesis, 55ff
periotic mesenchyme, 63—-65
role of the hindbrain, 59ff
transformation to membranous laby-
rinth, 55ff
Otocyst, 1-2
closure of otic cup, 51-52
Otocyst closure, defects, 52-53
Otocyst formation, chick, 45
fish, 44, 52
Otocyst morphogenesis, genes controlling,
65ff
Otogenesis, 43, 44
OTSC deafness, otosclerosis, 205
Otx1, ear morphogenesis, 68
Outer hair cells (OHCs), 160ff
cytoskeletal framework, 161

Pathfinding, lateral line, 105-106
neuronal, 105-106
Pax genes, in various taxa, 90-91

Pax2, cochlea development, 68
induction of otic placode, 16
otic placode development, 11, 12
otic placode marker, 26
otic vesicle morphogenesis, 59
Pax3, otocyst morphogenesis, 61-62
Pax8, otic placode development, 11, 12
otic placode induction, 22
otic placode marker, 26
PCDH15, defects of eye and ear, 221-222
DFNB23 deafness, 221-222
Periotic mesenchyme, otic vesicle mor-
phogenesis, 63—-65
Pirouette mutant, hair cells, 165
Placodes, common origin, 29-31
zebrafish, 30
Plaques, hair cells, 160
Plasma membrane, OHC, 161
POU transcription factors, nervous system
development, 213ff
Pou3f4, DFN3 deafness, 213-214
hair cell patterning, 216-217
hair cell-specific protein, 216
human deafness, 205-206
Pou3f4 mouse mutants, cochlear abnor-
malities, 214
Poudf3, DFNA1S5 deafness, 215-216
Pou4f3 mutants, and Gfil mutants, 217
Prestin, lateral membrane differentiation,
192-193
OHC, 160-161
Primary neurulation, 44
Progenitor divisions, ear development, 96—
97
Progenitors, sensorineural cells, 92ff
Proneural genes, 99, 102, 128-129
Protocadherin 15 (Pcdhl15), 183
Ptprq, cell membrane protein, 184—185

Rat, cochlear development, 167
Regeneration, hair cells, 85-86
Regulatory elements, ear morphogenesis,
91
Reissner’s membrane, and Cdh23, 221
Rho-GTPases, and integrins, 187
Rhombomeres, mutations and otic pla-
code development, 22-23
otic vesicle morphogenesis, 59-60



Saccule defects, development of hair-cell
directionality, 176
Pcdhl5, 221
Sans, and harmonin b, 186
Satellite mutant, zebrafish, 209-210
Secondary neurulation, 44, 52
Semicircular canal duct, morphogenesis,
691f
Semicircular canal morphogenesis, Hmx
genes, 73
hyaluronan, 71-72
role of glycosaminoglycans, 72
Xenopus, 71
Semicircular canals, Fgfl0, 70-71
Hmx3 mutant, 59, 60
influence of BMPs, 69-70
morphogenesis, 57
origin, 3—4
Sensorineural cells, progenitors, 92ff
terminal mitosis, 92ff
Sensory cell, cell death, 107f
development, genes, 85ff
development of innervation, 85ff
Sensory cell survival, molecular basis,
107ff
Sensory differentiation, molecular basis,
85ff
Sensory neuron formation, role of Shh,
89-90
Sensory neurons, bHLH, 99-100, 101,
102
fiber growth, 103ff
formation, 86ff
growth to central targets, 103ff
growth to peripheral targets, 103ff
Shaft connector links, 172
Shakerl, retinitis pigmentosa, 206-207
Shaker1 mouse, adaptation motor defect,
207-208
DFNB3, 207
Shakerl mouse mutant, myosin VIIA—
deficient, 181
Shaker2 mouse, 186
hair cells, 165
myosin XV, 182-183
Shh, 54
role in sensory neuron formation, 89-90
signaling, 90
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Short hair cells, bird, 160
Signaling, BMPs, 69-70
Signaling molecules, otic placode devel-
opment, 11, 12
Signaling pathways, ear development, 5
Signaling systems, endolymphatic duct
formation, 63
SixI, otic axis formation, 55
Snell’s waltzer mouse mutant, and myo-
sin VI, 182, 188
Sonic hedgehog, see Shh
Spin cycle mutant mouse, hair-cell disori-
entation, 177
Stapes fixation, DFN3 deafness, 214
Stem cells, ear, 93
Stereocilia, diversity in morphology,
1611t
extracellular crosslinks, 159
microvilli, 158
STRC gene, 223
STRC, and DFNB16 deafness, 223
Stria vascularis, connexin 30, 220
Eya4, 218
Striola, vestibular epithelium, 160
Supporting cells, sensory epithelium,
159
Survival, sensory cells, 107ff
Syndromic hearing loss (SHL), 204ff

Tall hair cells, birds, 160
TBX1 gene, DiGeorge syndrome, 102
Thx1 mutant, otic morphogenesis, 67-68
Terminal mitosis, cochlea, 94
effect of Neurogl mutant, 100, 101
sensorineural cells, 92ff
TFCP2L3, and DFNA28 deafness, 218
Tight bundles, vestibular hair cells, 163—
164
Tight junction, ear development, 188ff
Tip links, development, 171ff
transduction channels, 159
in various species, 172—-173
TMCI1, deafness, 222-223
Tonotopic organization, hair-cell differen-
tiation, 161
Transcription factors, epithelial, 65ff
mesenchymal, 64—65
otic placode development, 11, 12
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Transcriptional regulators, ear develop-
ment, 213ff
otic placode induction, 27-29
Type 1 hair cell, development, 191
vestibular epithelium, 160ff
Type II hair cell, development, 191
vestibular epithelium, 160ff

USH]1, harmonin, 185

USHIC, harmonin, 207

USHI1D syndrome, cadherins, 183

USHI1F syndrome, Pdchl5 defects, 183

Usher syndrome, mutations in CDH23,
221

Usher syndrome type 1 (USH1), 185

Utricle, development of hair-cell direc-
tionality, 176

Van gogh mutant, otic morphogenesis,
67
Vestibular organ development, 167-168
notch genes, 136ff

WEFS|1, deafness, 222

Whirler mouse mutant, DFNB31, 186

Whirlin, DFNB31, 186

Wnt pathway, otic placode induction, 27

Wolfram syndrome, wolframin, 222

Wolframin mutations, Wolfram syndrome,
222

Xenopus laevis, fate mapping studies, 4

morphogenesis of membranous laby-
rinth, 56ff
semicircular canal morphogenesis, 71

Zebrafish, see also Fish
Fgf genes, 25
morphogenesis of membranous laby-
rinth, 55-56
myosin VIIA, 207
otic placode development, 27-29
otic placode induction, 22
otocyst formation, 52
placodal origin, 30
ThxI mutant, 67
van gogh mutant, 67





