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Establishment of a proneural field in the inner ear
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ABSTRACT Hair-cells, supporting cells and sensory neurons are the main specialized cell-types
responsible for mechanotransduction in the inner ear. They derive from precursors expressing
proneural genes and recent data has underlined the importance of SoxB17 genes as upstream
activators of proneural genes during cranial placode development. Here we review the steps of
establishing a proneural field and propose several models for how early otic regionalization into

a proneural territory is achieved.
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Introduction

Sensory organs provide key and species-specific information
that allows animals to effectively forage, find mates and avoid
predators. The inner ear is one of the main sensory organs of the
head and responsible for the perception of sound and balance. In
adults, the organ is arranged in a highly complex three-dimen-
sional structure, named the membranous labyrinth, composed of
ducts, recesses and six to eight sensory epithelia. The latter are
composed of hair-cells - the mechanotransducers - and support-
ing cells arranged in a cellular mosaic. Mechanosensory informa-
tion is then transmitted to the brainstem by afferent bipolar
sensory neurons. Albeit the structural complexity of the adult
inner ear, it derives from a simple anlage, the otic placode (Torres
and Giraldez, 1998, Baker and Bronner-Fraser, 2001, Fritzsch
and Beisel, 2001, Riley and Phillips, 2003). Cranial placodes are
specialized areas of ectoderm outside the neural plate that
contribute to all the cranial paired sensory organs and most of the
sensory neurons from the peripheral nervous system of the head.
The currentview is that placodes share acommon developmental
origin, the preplacodal region (PPR), a horseshoe band encircling
the neural plate from which individual placodes emerge (Jacobson,
1963, Torres and Giraldez, 1998, Streit, 2004, Schlosser, 2006).
Except the adenohypophyseal and the lens placode, the rest of
placodes (olfactory, profundal and trigeminal, otic, lateral line,
epibranchial) are neurogenic, this means that they give rise to
sensory neurons among other specialized cell-types (Adam et al.,
1998, Ma etal., 2000, Schlosser and Northcutt, 2000, Andermann
et al., 2002, Begbie et al., 2002).

During inner ear development, sensory neurons and hair-cells
derive from otic precursors in which proneural genes are acti-

vated. Despite the knowledge of proneural function and a general
view of placodes as lateral neurogenic domains, little is known
about how and when proneural competence is acquired in the otic
placode. The aim of this review is to summarize the data concern-
ing the mechanisms of proneural activation in the inner ear. Which
proneural genes are functional during otic development in the
different species? When and where are they activated? Which is
the origin of proneural otic competence? The regulation of pro-
neural function is tightly linked to Notch signaling activity. The
second part of the review intends to highlight the function of Notch
pathway in proneurosensory development.

Activation of proneural genes in the inner ear

After otic placode formation, the otic tissue invaginates and
initiates its autonomous program of development. The most
obvious change, apart from its continuous modulation of shape,
is its progressive generation of specialized cells in precise loca-
tions. Once the placode invaginates, some epithelial cells identi-
fied as neuroblasts loose connectivity and delaminate into the
mesenchymal space where they remain as a group forming the
cochleo-vestibular ganglion (D’Amico-Martel, 1982, Hemond and
Morest, 1991, Adam et al., 1998). There neuroblasts suffer a
series of transit-amplifying rounds of division (Alsina et al., 2003,
Camarero et al., 2003), to then enter into differentiation, extend
their axons and innervate the epithelial regions near where they
have been generated (Fritzsch et al., 2002). In the past decade,
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many genes implicated in the process of neurosensory develop-
ment have been identified both in invertebrates and vertebrates
(Ghysen and Richelle, 1979, Torres and Giraldez, 1998, Baker
and Bronner-Fraser, 2001). Now it is clear that the early steps of
cell fate specification in the different sense organs are controlled
by proneural genes, which were first identified in Drosophila
mutants lacking the ability to develop external sense organs and
bristles (Ghysen and Richelle, 1979). Proneural genes encode for
transcription factors of the basic Helix-Loop-Helix (bHLH) class
that bind to a common DNA sequence called the E-box sequence
(Bertrand et al., 2002). In Drosophila, two major proneural gene
families control neuronal development of the PNS, the achaete-
scute (asc) and the atonal (ato) gene family (Simpson, 1990). Asc
genes in Drosophila specify external sense organs, while ato
gene specifies the photoreceptors and chordotonal organs, among
them the specialized Johnston’s organ (Ghysen and Dambly-
Chaudiere, 1989, Treisman, 2004). The latter, located in the fly
antenna, appears to be the homologous hearing organ in Droso-
phila given its capacity of sound evoked potentials (reviewed in
Caldwelland Eberl, 2002, Boekhoff-Falk, 2005;Eberl and Boekhoff-
Falk in this issue). In vertebrates, in addition to the achaete-scute
homologues (ash) and the atonal homologues (atoh), other new
related proneural families are encoded in the genome: the E
proteins, Olig, NeuroD, Neurogenin and Nscl protein families
(Bertrand et al., 2002), with some of them having been recruited
for the peripheral sensory developmental program in craniates. It
has been postulated that the appearance of new proneural genes
in vertebrates allowed the ancestral functions of
mechanotransduction and electrical propagation performed by a
single cell to be segregated and performed by two different cells:
the hair-cell specified by atoh and, the neuron, specified by
Neurogenin (Neurog, also—named Ngn) (see Fritzsch and Beisel,
2001).

In Drosophila chordotonal organs, as a result of the activation
of the Notch pathway, the sense organ precursor (SOP) is singled
out from a group of equivalent cells expressing the ato proneural
gene. After the selection of the SOP, proliferation initiates giving
rise to the main cell types. Contrary to external bristles, in some
chordotonal organs secondary precursors are recruited by exter-
nal signals, such as EGFR signaling (zur Lage et al., 2004)
(Figure 1). In amniote vertebrates, a proneural field expressing
Neurog1 is distinguished in an anterior subdomain of the otic
placode. In this domain, scattered cells with increased levels of
Neurogl and Deltal appear in the otic cup in mouse and chick
(Adam et al., 1998, Ma et al., 2000, Alsina et al., 2004). Similar to
the chordotonal organs, several signaling molecules (in this case
from the FGF family: FGF3, FGF8, FGF10) are expressed in the
proneural field in zebrafish, chick and mice, their function prob-
ably also related to the recruitment of cells into the neurosensory
lineage (Leger and Brand, 2002, Pirvola et al., 2002, Alsina et al.,
2004). Following Neurog1 expression, other genes of the proneu-
ral bHLH family (i.e. NeuroD and NeuroM) switch on, the expres-
sion detected in epithelial and delaminated neuroblasts (Figure
1). Functional analysis of Neurogl and NeuroDsuggests thatthey
are necessary and sufficient for neurogenesis. Overexpression of
Neurog1 drives formation of ectopic neurons (Perron et al., 1999,
Kim et al., 2001), while targeted inactivation of Neurog1 results in
loss of proximal cranial sensory ganglia (Ma et al., 2000). Disrup-
tion of NeuroD function also results in a severe loss of sensory

neurons associated with the inner ear (Kim et al., 2001). The
sequence of activation of Neurog1, followed by NeuroD/NeuroM
expression plus the phenotypes observed supports the notion
that Neurog genes have conserved the neuronal determination
functions of the atonal Drosophila counterparts, whereas the
NeuroD/NeuroM bHLH transcription factors exhibit neuronal dif-
ferentiation and survival functions.

Hair-cell specification lags neuronal cell specification by ap-
proximately two days in amniotes. Few scattered cells expressing
Atohl are detected in the prosensory patches in chick E3.5 otic
vesicles (Pujades et al., 2006) and the sensory epithelia of E11-
E12 mice embryos (Shailam et al., 1999; Matei et al., 2005). By
contrast, in zebrafish, sensory and neuronal precursors are
specified almost about the same time (Andermann et al., 2002).
Low expression of atohlb in zebrafish precedes the appearance
of individual atohla-positive hair-cells in a broad sensory field of
equivalent cells. The initial development of this domain is regu-
lated by Notch signaling like in Drosophila, suggesting a classical
proneural role of atohl1b in zebrafish (Millimaki et al., 2007). In
mammals, this role is less clear due to the appearance of Atoh1
mainly in post-mitotic cells and restricted to the cells that will
differentiate into hair-cells (Chen et al., 2002), although in mice
expression has been detected before the appearance of defined
sensory patches by RT-PCR (Matei et al., 2005). In amniotes,
neuronal and hair-cell determination events are segregated in
time, with gross morphogenetic changes during this period. Thus,
it is yet not resolved if Neurogl1 and Atohl proneural activation
occurs inacommon proneurosensory domain or from segregated
or partially overlapping neural (neuronal) and sensory domains.
Lineage studies have determined that the macula utriculae con-
tains progenitors with shared neuro-sensory lineage in chick and
Neurogl mice mutants display also loss of hair-cells, indicating
that at least in some areas exist common progenitors for both cell
lineages (Satoh and Fekete, 2005). However, as Neurogl and
Atohl genes are expressed broadly at nearly undetectable levels
and only enhanced at determined cells, analysis of the distribution
of Sox proteins may constitute better readouts of proneurosensory
committed territory/ies. In neural development, Sox genes are
expressed before proneural genes (see below) and Sox2mutants
present severe defects in sensory organ development, lacking
also Atohl expression (Kiernan et al., 2005). Sox3 and Sox2
proteins are both present in the anterior ventral otic cup but later
on, exclusively Sox2 map in the sensory patches (Neves et al.,
2007).

Inducing neural competence in the otic placode

During early development of the embryo, the Fibroblast Growth
Factor (FGF), Wingless/int-2 (WNT) and Bone Morphogenetic
Protein (BMP) signaling pathways repeatedly converge to induce
ectodermal tissue to a neural fate as shown for neural plate and
neural crest inductions. The current view on this process is that
FGF and/or WNT signals are required to inhibit BMP signaling, the
earliest pathway described to potentiate epidermal fate over
neural fate (Stern, 2005). Two key recent reports begin to eluci-
date how FGF and BMP signaling pathways converge intracellu-
larly during early embryogenesis. The first, reports a direct
phosphorylation of MAPK on smad1l to inhibit BMP signaling
(Pera et al., 2003) and the second, the finding that Sip1, a



Smad-interacting protein 1, is regulated by Churchill, a
gene isolated after neural induction mediated by FGF
(Sheng et al., 2003). The relationship of FGF signaling
and proneural activation comes from studies in the
emerging caudal CNS, where Cash4 is activated by
FGF (Henrique et al., 1997). However, in most cases
switch on of proneural genes is delayed to neural
induction and their activation is mediated by early in-
duced pan-neural genes (Sox, ENRI, Zic) that then
regulate proneural activity.

Sox proteins form a family of HMG-box transcription
factors related to SRY, the mammalian testis determin-
ing factor. On the basis of sequence similarity, both in
the DNA-binding domain and in other, group-specific
conserved motifs, Sox proteins have been divided into
at least seven subgroups (A-G). Throughout evolution,
the expression of the SoxB1 genes (Sox1, Sox2 and
Sox3), directly correlates first, with ectodermal cells
that are competent to acquire a neural fate and second,
with the commitment of cells to a neural fate (Rex et al.,
1997, Pevny and Placzek, 2005). The Drosophila
SoxNeuro, a putative ortholog of the vertebrate Sox1-3
proteins, is one of the earliest transcription factors to be
expressed pan-neuroectodermally (Cremazy et al.,
2000) and it acts upstream and in parallel with the
achaete-scute genes. Interestingly in Drosophila,
SoxNeuro is only involved in CNS but not in PNS
development, being suggested that recruitment of Sox
proteins into placode development is a novelty of crani-
ates to expand the ectodermal anlage rapidly (Fritzsch
et al., 2006b). Direct evidence for the involvement of
SoxB1 genes in neural commitment comes from in vitro
stem cell studies, where it was shown that the Sox1
gene can induce neural fate in competent ectodermal
cells (Pevny et al., 1998). Consistent with SOXB1 fac-
tors marking ectodermal cells with neural potential their
expression is modified by neural inducing signals (Streit
et al., 2000). Moreover, strong evidence of the link
between neural inducing signals and Sox activation is
derived from the identification of FGF and Wntresponse
binding domains in the same enhancer region of the
Sox2 locus (Takemoto et al., 2006).

The induction of the preplacodal region from which
sensory cranial placodes emerge is mediated by the
same signaling pathways. In this case, the activation of
the FGF pathway, together with WNT and BMP antago-
nists specifies the preplacodal field (Ahrens and
Schlosser, 2005, Litsiou et al., 2005). After the forma-
tion of the preplacodal region, a second wave of induc-
tion in particular locations, promotes a series of
subdomains. Although, at the end in amniotes six pla-
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Fig. 1. Steps of proneural gene activation in vertebrate and invertebrate
sensory organs. (A) Schematic drawing of three chordotonal sensilla of Droso-
phila (modified from Yager, 1999) and sequential steps of insect sensory devel-
opment. i) a neurosensory field is specified by atonal proneural gene, ii) a SOP is
singled out by the N-DI pathway, iii) EGF recruits secondary precursors and iv)
sensory neuron and accessory cells are generated. at, attachment cell; sc,
scolopale cell; gl, glial cell; sn, sensory neuron. (B) Sensory patch of the vertebrate
inner ear (Fettiplace and Hackney, 2006) and outline of major steps of sensory
development. i) A proneural field is specified by Neurogenin, ii) neuronal precur-
sors are singled out by the N-DI pathway, iii) NeuroD is switched on, v) neuroblasts
delaminate and differentiate, vi) atoh starts to be expressed in a prosensory field,
vii) sensory precursors are singled out, viii) hair-cells and supporting cells are
determined by the activity of Notch pathway. sn, sensory neuron, he, hair cell; su,
supporting cell.

codes develop (adenohypophyseal, lens, olfactory, trigeminal,
epibranchial and otic), an intermediate step of placodal devel-
opment is identified by the appearance of three broad domains
of Pax gene family expression: an anterior domain Pax6 posi-
tive, a second domain Pax3-postive next to the midbrain-
hindbrain boundary, plus a caudal region expressing Pax2
(Bhattacharyya and Bronner-Fraser, 2004). In the Pax6 do-
main, precursors of the adenohypophyseal, lens and olfactory

are initially intermingled and then sort out to different regions
(Bhattacharyya et al., 2004). The Pax3 and the Pax2 domain
contain precursors for the trigeminal placode and the
epibranchial/otic precursors respectively (Baker and Bronner-
Fraser, 2000, Schlosser and Ahrens, 2004). At the end, indi-
vidual placodes will be identified by a combination of Pax, Six/
Eya, Foxiand Soxtranscription factors. Six proteins are usually
expressed from the initial preplacodal field to the late individual
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placodes. In some vertebrate species, the expression of Sox2
and Sox3in the ectoderm arises in two waves; initially they are
expressed at low levels in the preplacodal region, then expres-
sion is transiently shut off from the presumptive placode do-
mains and finally it resumes when individual placodes are
specified and express Pax genes (Abu-Elmagd et al., 2001,
Schlosser and Ahrens, 2004, Sun et al., 2007). For example in
the lens field, Sox2 expression is enhanced once the lens
contacts the optic vesicle (Kamachi et al., 1998). All cranial
placodes, neurogenic and non-neurogenic, except the trigemi-
nal placode, express SoxB1 transcription factors. In Xenopus
Neurogl expression is initiated in the entire preplacodal ecto-
derm but subsequently is shut off in lens, suggesting that all
placodes in fact have an initial neural bias (Schlosser and
Ahrens, 2004).

In chick, the otic proneural territory expressing Neurogl
emerges as a triangle in the anterior half of the flat otic placode.
Initially the proneural domain is the anterior-medial aspect of
the otic placode to end up, after invagination, in an anterior-
medial and ventral position of the otic vesicle (Alsina et al.,
2004). Before the otic placode is morphologically visible, Sox3
is expressed in a broad band that encompasses the otic and
epibranchial territory to get restricted to the proneural region of
the otic placode (Sun et al., 2007; G.A and B.A, unpublished
observations). Two main questions arise when analyzing Sox
function during otic development. First, does the process of
placodal induction, by default, involve proneural induction or,
alternatively, do successive induction events lead first to placodal
and subsequently to neural fate? Secondly, is neural compe-
tence only acquired in a subdomain of the otic fated cells or is
repression of neural fate required in the non-neural competent
region? We propose several models on how the proneural
domain may be established (Figure 2) by using the Sox3
expression as the earliest marker of neural induction and Pax2
as markers of placode induction.

Model A: Single induction and repression of neural fate
This model suggests that the competence of neural fate is
conditioned by the acquisition of a placodal identity (Figure 2A).
The factthat FGF signaling is required both for otic/epibranchial
induction, as well as for Sox1-3 gene expression in the otic/
epibranchial field in zebrafish (Sun et al., 2007) suggest that
both events could, in fact, be part of the same process. In
addition, Sox2 is able to regulate the expression of a typical
placodal marker such as Pax6 in lens and nasal placodes
(Donner etal., 2007) and in Medaka ectopic expression of Sox3
induces ectopic otic and lens placodes expressing Pax2 and
Pax6 respectively (Koster et al.,, 2000). In the posterior
preplacodal region Six1 and Sox3 expression correlate in a
higher degree but not in the anterior preplacodal field of Xeno-
pus (Schlosserand Ahrens, 2004). Again at the otic-epibranchial
field, Pax2 and Sox3 are also co-expressed in zebrafish and
chick, although in the latter the appearance of Sox3 expression
is delayed to Pax2 (Groves and Bronner-Fraser, 2000, Abu-
Elmagd et al., 2001, Sun et al., 2007). Altogether, Sox2-3
expression and placodal marker expression such as Pax and
Six are strongly paralleled. However, albeit some data may
suggest that placode and neural fate could be linked, there is
little functional evidence supporting this model. In this model,

as in model c, proneural fate is inhibited in the posterior otic
territory after broad placodal induction (see below).

Model B: Successive inductions and restricted neural in-
duction

This model postulates that placodal and neural induction are
successive events (Figure 2B). Graft experiments at different
axial levels performed by Noden and Van De Water, (1986)
revealed that presumptive otic placode ectoderm could ectopi-
cally generate otic vesicles without the ability to form neurons.
Again, Groves and Bronner-Fraser (2000) observed that quail
anterior epiblast grafted in the presumptive otic region of host of
3-10 somites could start to express Pax2 and Sox3, while grafts
performed at 11-21 somites, only expressed Sox3 but not Pax2,
suggesting that PaxZ2-inducing signals are lost before Sox3-
inducing signals. Thus, depending on the lenght of exposure of
signals the appearance of some molecular markers, such as Pax2
and Sox3, can be dissociated. Inhibition of FGF signaling in
zebrafish indicates that induction of Sox3and Pax2requires FGF
signaling at the otic-epibranchial region but not in an interdepen-
dent manner (Groves and Bronner-Fraser, 2000, Nikaido et al.,
2007, Sun et al., 2007). Consistent with a view of a multi-step
inductive process for full otic development, it is well established
thatinduction of the otic placode demands first the induction of the
preplacodal ectoderm, biasing the ectoderm for receiving a sec-
ond wave of induction (Litsiou et al., 2005, Martin and Groves,
2006).

This model also hypothesizes for a restricted source of neural
inducers in the anterior otic field. So far, requirement of FGF
signaling has been mainly associated with otic induction, but as
reported recently this process probably also involves epibranchial
induction (Hans et al., 2007, Nikaido et al., 2007, Sun et al., 2007,
Nechiporuk et al., 2007). Several FGFs are expressed in sur-
rounding tissues at the time of otic and Sox3 induction. Several
laboratories have addressed the issue concerning the identifica-
tion of the signals involved in otic induction. The current view is
that FGF8 from the endoderm, FGF19/ FGF10 from the meso-
derm and FGF3/FGF8/FGF10 from the hindbrain are involved
sequentially and sometimes synergistically to induce the already
biased ectoderm to develop the inner ear (for review see Groves,
2005; Groves, Schimmang in this issue). FGF molecules (22 in
mammals) regulate a wide variety of functions such as cell fate,
patterning, proliferation, differentiation, survival and morphogen-
esis. During inner ear development, FGF also regulate some of
these later events, such as patterning and growth (Wright and
Mansour, 2003). Single mutants for FGF3 or hindbrain patterning
genes like kreisler, in which FGF3 levels in the posterior hindbrain
are reduced/lost show otic patterning defects such as expansion
of the cochlea and absence of endolymphatic duct (Mansour et
al., 1993, McKay et al., 1996, Choo et al., 2006). In zebrafish, the
valentino mutant (zebrafish orthologue of kreisler) displays an
expansion of the anterior otic domain and overproduction of hair-
cells, probably due to the posterior expansion of FGF3 expression
within the hindbrain (Kwak et al., 2002). Likewise, the vHNF1
mutant embryos, also displaying an anteriorization of the hind-
brain, again shows a caudal expansion of neurogenic and sen-
sory domains at the expense of posterior and dorsal markers
(Lecaudey et al., 2007). Some of these effects can be also
mediated by WNT molecules that act synergistically with FGFs to



promote neural character. However, one should bear in mind that
some of the inner ear phenotypes affecting expansion and/or
reduction of neuronal or sensory territories have been analyzed
at otic vesicle stage when major morphogenesis and cell growth
also occurs, with some of these pathways participating also in the
mentioned processes. In summary, many FGFs and WNT mol-
ecules are locally expressed around the presumptive otic field in
different time periods, therefore it is reasonable to believe that i)
type, ii) time and, iii) space activation of these signals may
differentially regulate placode and otic neural induction. In chick,
FGF2 was able toinduce a vast array but not all early otic markers
(i.e. Pax2, EphA4, Nkx5.1, SOHo1, but not BMP7, DIx5), while
FGF8 had some but little inducing properties (Adamska et al.,
2001, Martin and Groves, 2006). Altogether, in this moment, a
detail study on the roles of different FGFs on activating specific
early otic genes is needed for drawing the full picture.

Model C: Successive inductions and repression of neural
fate

This model predicts on successive inductions, as in model b,
but unrestricted neural inducing signals activate Sox genes in a
broad otic/epibranchial field. Broad proneural competence is
subsequently restricted to the anterior otic region by an inhibitory
signal from the posterior region (Figure 2C). To date, Tbx1, a
transcription factor belonging to the T-box gene family, is the only
factor that clearly has been demonstrated to inhibit neurogenesis
function in the posterior inner ear (Vitelli et al., 2003, Raft et al.,
2004, Xu et al., 2007). In mice, Tbx1 is expressed in pharyngeal
arches, head mesenchyme, the secondary heart field, the poste-
rior otocyst and sclerotome (Chapman et al., 1996). Homozygous
mutation of Thx1 gene in mouse causes birth defects derived from
developmental abnormalities of the embryonic pharyngeal sys-
tem. The otocyst also presents major defects,
being small and sensory organs do not form
(Vitelli et al., 2003). Interestingly, Tbx1 is
expressed in the nonneural otic vesicle re-
gion, complementary to NeuroD positive do-
main. Loss of Thx1 gene causes the expan-
sion and duplication of the neural region while
neural determination is suppressed in Thx1
gain-of-function otocysts, suggesting that its
function is required to inhibit neuronal fate
(Raft et al., 2004). This has been further
demonstrated by fate mapping; Tbx1 positive
cells identify a population of cells that give
rise to most of the otocyst, excluding the
neurogenic and endolymphatic duct regions
(Xu etal., 2007). In chick, two complementary
domains are detected at early otic cup stage:
a proneural region expressing LFng, FGF10/
FGF3, Deltal and Hes5 and a non-neural
region expressing Lmx1, Irx1, Thx1, Hairyl
and Serratel (Alsina et al., 2004, Abello et al.,
2007).

Hairy another bHLH gene is in Drosophila
expressed in broad areas in which proneural
function is repressed (Orenic et al., 1993).
The legs of the Drosophila melanogasteradult
are covered with bristles in a periodic pattern.

A
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It has been shown that hairy controls the pattern of sensory organ
formation by repressing achaete-scute (Orenic etal., 1993). Inthe
zebrafish midbrain-hindbrain boundary, mouse olfactory placode
and the inter-proneural stripes of Xenopus, Hairy and Enhancer
of Split homologues (Hes/Her) repress neural fate (Cau et al.,
2000, Geling et al., 2003, Bae et al., 2005). In chick otic cups,
Hairy1 (Hes1in mammals)is expressedrestricted inthe nonneural
domain, disclosing a putative role in repressing proneural fate in
the posterior region (Abellé et al., 2007). This links us to the
following section in which the role of Notch pathway in defining
sensory and neural domains are discussed.

Inall three models, proneural function is probably enhanced by
local otic FGF signals. For example, FGF3, FGF10 and FGF8
expressions are distinguished in the proneural territory in various
species with reported neurogenic functions for some of them.

Notch signaling during early otic development

Principles of the Notch signaling pathway

Notch signaling pathway is involved in almost every develop-
mental decision and process and together with the FGF, WNT,
TGFB and HH family proteins constitute one of the five main
pathways required for metazoan development. The first identifi-
cation of the Notch receptor arose in laboratories working on the
fruit fly, Drosophila melanogaster, when a series of mutants that
generated a Notched (indented) wing phenotype plus an overpro-
duction of neural cell-types at the expense of nonneural cells were
isolated. The core signaling pathway consists of the Notch recep-
tor, with a large extracellular domain with 36 tandem epidermal
growth factor (EGF)-like repeats and three cysteine-rich Notch/
LIN-12 repeats. Six tandem ankyrin repeats, a glutamine-rich
domain (opa) and a PEST sequence are found within the intrac-
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Fig. 2. Proposed models for neural induction in the otic/epibranchial field. Dorsal views of
the cranial ectoderm at the level of the hindbrain. o/ep, otic-epibranchial placode; ep, epibranchial
placode; op, otic placode.
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ellular domain (reviewed in Artavanis-Tsakonas et al., 1999). The
ligands that bind to the Notch receptor are two single-pass
proteins, Delta and Serrate (Jagged in mammals). As a result of
receptor activation, Notch receptor suffers a series of proteolytic
cleavages thatfrees the intracellular domain of the Notch receptor
(NICD) into the cytoplasm. The NICD then translocates to the
nucleus, recruits the transcription factor Suppressor of Hairless
[Su(H)] (CBF1/RJBk in mammals, LAG-1 in C. elegans) and
mastermind co-factor protein, to form a complex that activates
downstream target genes; the Enhancer of split (E(spl) genes in
Drosophila and the HES or HESR in vertebrates as the main
primary targets. This general picture of Notch signaling is a mere
cartoon of the pathway further complicated with the isolation of
many modulators of the Notch pathway(Artavanis-Tsakonas et
al., 1999, Schweisguth, 2004, Louvi and Artavanis-Tsakonas,
2006).

Notch pathway regulates a long list of different biological
processes: cell fate decisions, proliferation, apoptosis, cell differ-
entiation, patterning and asymmetric divisions. Notch functions
might differ by the modulation on the amount of the receptor or the
ligand on the cell surface, by feedback loops that potentiate or
shut off the signal, or by tissue specific co-factors (Schweisguth,
2004). The most obvious role of Notch pathway is its ability to
influence its neighbouring cells, by one cell promoting one state
and the adjacent cell adopting the antagonist state. Notch plays
an indisputable role in neurogenesis, in which the Delta-positive

TABLE 1
ORTHOLOGUES OF NOTCH PATHWAY COMPONENTS

fruit fly mouse chick zebrafish
Notch Notchl * Notchl * Notchla, Notchlb *
Notch2 nd Notch2 - Notch2 (Notch6) "
Notch3 nd Notch3 (Notch5s) "
Notch4 nd
Delta Delta 1 * Deltal * DeltaA *
Delta3 " DeltaB *
Delta4 " Delta4 " Delta4 "
DeltaC -
Delta-like1 " nd DeltaD *
Serrate Jaggedl * Serratel * Jaggedla -, Jagged 1b *
Jagged2 * Serrate2 * Jagged 2 *
Fringe Lunatic Fringe * Lunatic Fringe * Lunatic Fringe *
Manic Fringe * Manic Fringe - Manic Fringe *
Radical Fringe - Radical Fringe - Radical Fringe -
Hairy Hesl * Hairy2 * her6 (Hes14) "d
Hairyl1 * herg nd
E(spl) Hes2 nd nd her10 d
Hes3 nd nd her3 nd
Hes5 * Hes5 * her2 nd
her4 nd
her12 nd
her15 d
Hes6 * Hes6 * her6(Her13) "
herg nd
Hes7 nd her1 nd
her7 nd
her11 nd
Hey (YRPW) Hey1 nd Hey1 nd Hey1 nd
Hey2 nd Hey2 nd Hey2 nd
HeyL nd HeyL nd HeyL (Hey3) nd

List of Notch pathway genes across species. Genes in brackets indicate alternative nomencla-
tures found in the literature. Data extracted mainly from ENSEMBL database, Sieger et al., 2004
and Landford and Kelley 2005. Super index lettering indicate presence (+), absence (-) or not
determined (nd) expression in the developing inner ear.

cell promotes neuronal fate and the Notch-activated cell re-
presses neuronal fate (reviewed in Lewis, 1998). This phenom-
enon, in which Notch activity generates a negative feed-back loop
by repressing its ligands, is referred as lateral inhibition. Gener-
ally, in those cases, the Notch activated cell remains as an
undifferentiated progenitor cell and represses proneural gene
activity, while the Delta-positive cell enters into differentiation.
However, recent data also suggests that Notch pathway can
promote differentiation, i.e. in glial differentiation. In Table 1 is
listed the mouse, chick and zebrafish orthologues of Drosophila
members of the Notch pathway.

Notch pathway also has the ability to segregate specific cell
lineages from fields of developmentally equivalent cells; com-
monly, in this mechanism Notch operates by inducing its ligands,
thus referred to as lateral induction. During neural vertebrate
development, it has been reported to be essential for the segmen-
tation of the hindbrain and the formation of the zona limitans
intrathalamica (Lewis, 1998, Pasini and Wilkinson, 2002, Kiecker
and Lumsden, 2005). Although the exact mechanism by which
adjacent regional domains acquire distinct properties in verte-
brates is less clear, the underlying model extracted from Droso-
phila predicts that Notch pathway is differentially activated by the
different expression of Delta and Serrate ligands and the modu-
lator Fringe in adjacent territories. Drosophila Fringe (Fng) and
the vertebrate homologues Lunatic fng, Manic fng and Radical fng
are glycosyl-transferases that glycosylate Notch EGF repeats,
resulting in a bias of Notch receptor activation by Delta versus
Serrate ligand (Rampal et al., 2005).

Expression patterns and roles of Notch in the inner ear

Mostly, Notch role in inner ear development has focused on
sensory development due to the stunning phenotype on hair-cell
production when Notch signaling is disrupted. A picture of the role
of Notch pathway in inner ear development is emerging with the
aid of a long list of mouse mutants and reported lines, comple-
mented by genetic analysis in zebrafish (Lewis, 1998, Eddison et
al., 2000, Landford and Kelley, 2005). Here we will briefly summa-
rize the expression patterns of Notch elements and roles during
sensory development to focus then on the earliest role of Notch
on the regulation of the proneural domain based on our studies in
chick.

Notch function in sensory epithelia

It has been reported that in mice, by E12, Notchl, Jagl and
LFng expression start to be concentrated in the entire epithelium
of the six sensory epithelia (Morrison et al., 1999). Simulta-
neously, DIl1 (DI1in non mammalian vertebrates) is expressed in
scattered cells, presumably the nascent hair-cells of the vestibu-
lar epithelia (differentiates before the auditory epithelium). Later
on, in E14-E15, DII1 and Jagged2 (Jag2) appear to be expressed
alsointhe cochlea epithelium, again restricted to the cells that will
become hair-cells (Morsli et al., 1998, Morrison et al., 1999),
starting in the basal end of the cochlea to progressively extend to
the apex. Hes1 and Hes5 transcripts have been detected only by
RT-PCR at these stages (Shailam et al., 1999, Lanford et al.,
2000). AtE15, Hes5expressionis detected by in situhybridization
at the base of the cochlea and by E17, when most cells have
stopped dividing, LFng, Jaggedl (Jagl) and Hes5 expression



restrict to supporting cells in the cochlea, while Jag2 and DIl1
expressions are restricted to hair-cells (see revision in Landford
and Kelley, 2005). Similar expression patterns are found in other
species such as chick and zebrafish, where it has mostly been
studied (Adam et al., 1998, Haddon et al., 1998, Eddison et al.,
2000).

Defective Notch signaling in zebrafish or mammals (mutants
for Jag2, Hes5, DII1, mind bomb) results in overproduction of hair-
cells at the expense of supporting cells, indicating that Notch
signaling regulates sensory cell fate specification by a mecha-
nism of lateral inhibition (Haddon et al., 1998, Lanford et al., 1999,
Zine et al., 2000, Kiernan et al., 2001). Thus, Jag2/DII1 ligands
lead to the activation of Notch pathway and Hes5in adjacent cells
that blocks hair-cell determination. Similar phenotypes of extra
hair-cells are present in Foxgl null mice, suggesting possible
interactions of Hes proteins with forkhead box G1 proteins bal-
ancing cell proliferation and cell fate determinationin the inner ear
(Pauley et al., 2006, Fritzsch et al., 2006a). On the other hand,
Jag1 is broadly expressed in the entire prosensory patches and
different Jag1 mice mutants resultin total or partial loss of sensory
epithelium, indicating that Jag1 is required for the specification of
the prosensory patch (Tsai et al., 2001, Daudet and Lewis, 2005,
Brooker et al., 2006, Kiernan et al., 2006). Moreover, Jag1 is also
required for maintenance of cells into a sensory progenitor state
(Kiernan et al., 2006). The prevailing view is that in addition to
regulate hair-cell specification, Notch-Jag1l signaling initially speci-
fies sensory versus nonsensory epithelium within the ear, placing
the limits by a lateral inductive mechanism (Adam et al., 1998,
Lewis, 1998, Eddison et al., 2000, Landford and Kelley, 2005).

HH13

HH15 HH17

Hes5, Hes6
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One of the possible models suggests that Notch activity in the
nonsensory epithelium driven by Jag1 binding from the sensory
epithelium represses sensory fate. Consistent with this hypoth-
esis, Notch inactivation in zebrafish leads to an expansion of
sensory fate and similar results where obtained in the cochlea of
conditional mutants for Notch1 (Kiernan etal., 2001). However, as
mentioned, conditional Jagl deletion in the otocyst does not
phenocopy the results of Notch1 inactivation but rather suggests
that Notch pathway is activated in the sensory epithelium. More-
over, in chick overexpression of NICD causes the induction of
extra sensory patches (Daudet and Lewis, 2005). Altogether, it
has been proposed that Notch activity is required for sensory
development to first, make cells competent to form a prosensory
patch conferring them a prosensory character and, subsequently,
inhibit hair-cell differentiation and establish a mosaic cellular
pattern (Daudet and Lewis, 2005).

Notch function in the proneural domain

Before the appearance of the sensory patches, when an early
proneural domain establishes, most members of Notch pathway
are already expressed in the otic placode/cup. In chick, Notch1is
expressed in the entire otic epithelium from 11 somites to late
otocyst stage (Groves and Bronner-Fraser, 2000). LFng is ex-
pressed throughout the proneural domain, while DI1 is detected
in a salt and pepper pattern (Adam et al., 1998, Cole et al., 2000,
Alsina et al., 2004). In the same domain, Hes5 is expressed in
cells adjacent to D/1-positive cells as a consequence of the N-DI
lateral inhibition process (Fig. 3) (Abell6 et al., 2007). Hes6in the
neural tube is expressed both in precursor and differentiated

HH11 HH13 HH15 HH17

N (7 ()
TG
Yf‘ﬁ‘)

nonneural proneural
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Fig. 3. Schematic lateral views of developing chick inner ears from otic placode (HH11) to otic vesicle stage (HH17) with expression profiles
of members of the Notch pathway. Dotted pattern represents mRNA expression in scattered or clusters of cells. Dorsal up and anterior to the right.



490 G. Abell6 and B. Alsina

neurons (Fior and Henrique, 2005) and in the chick inner ear
shows a mosaic pattern in the proneural domain (G.A and B.A
unpublished observations). In the sensory patches, Hes6 expres-
sion is very similar to Afoh1 (Qian et al., 2006). Therefore, LFng,
Hes5, DI1 and Hes6 domains of expression extend from otic cup
to late otocyst, as a common toolkit mechanism for the selection
offirst, neuronal and, second, sensory cells. As expected from the
lateral inhibition model, disruption of Notch signaling in the mind
bomb mutant zebrafish or in chick by inhibiting Notch intracellular
cleavage leads to the production of excess neuronal precursors
in the inner ear concomitant to the suppression of Hes5 activation
(Haddon et al., 1998, Abell6 et al., 2007). Altogether, Notch
signaling is required in otic neurogenesis to regulate the number
of neural committed cells that enter into neuronal differentiation.

Interestingly, Serl (or Jagl) is also expressed already at early
otic cup stage, well before the appearance of prosensory patches.
In this case, Ser1 appears broadly in a domain complementary to
the proneural domain. Later on, Ser1 also is distinguished in the
proneural domain together with Ser2 in a scattered manner.
About the same initial stage, Hesl1 is also restricted in the
nonneural region, initially with a broad posterior expression to
progressively increase the levels in a narrow lateral band adja-
cent to the proneural domain. In summary, the nonneural region
is initially characterized by a domain with Notch, Jag1 and Hes1
and devoid of LFng and DI1 (Fig. 3). The early complementary
expressions of Ser1/Hes1 and DI1/LFng/Hes5 may reflect a role
of Notch in distinguishing a proneural domain from a nonneural
domain. During the stabilization of the proneural domain, one can
propose that Notch activity through Ser1 binding in the nonneural
domain, may result in Hes1 activation to inhibit there proneural
activity. However, blockade of Notch activity in chick before the
appearance of Hes1 expression does not expand the proneural
domain, albeit Hes1 is downregulated (Abell6 et al., 2007). This
indicates that either other factors, such as Tbx1, may repress
proneural fate in the nonneural region or that Notch activity is not
required to suppress neural fate. This is in accordance with the
results in chick previously mentioned in which Notch activity
promotes sensory fate rather that inhibiting it. In mice, NICD is
only detected in the proneural domain at otic vesicle stage (Xu et
al., 2007). Detail mapping of NICD and Hes1 expressions from
otic placode/cup stage to otic vesicle stage is required in mam-
mals and chick. Early blockade of Notch at 6-9 somites, does not
hamper the development of proneural domain but affects the
restricted expression of nonneural genes such as Lmx1 (Abell6 et
al., 2007). In agreement with this idea, in embryonic stem cells
Notch activity promotes neural competence, synchronizes cells
with Sox1 and promotes neural character by inhibiting nonneural
fates (Lowell et al., 2006).

Summary

The early development of the inner ear is tightly linked to the
emergence of a proneural domain with neurogenic capacity
expressing the proneural gene Neurogeninl. Preceding the es-
tablishment of the proneural domain, SoxB1 genes distinguish a
broad otic and epibranchial field foreshadowing the neural com-
petent domain. Several models have been proposed for how
neural competence is acquired. Yet, lacking many functional
studies we envisage a multi-inductive process in which first, a

placodal induction is followed by a neural induction. Restricted
anterior proneural function would result of a combination of i)
inhibitory factors acting in the posterior region plus ii) anterior
enhancement of proneural activity by local otic FGFs. Notch
activity in the proneural field is not required for the establishment
of the proneural field but to maintain a pool of progenitors with
proneural character.
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