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Abstract

The inner ear is a multifunctional organ required for 
hearing, balance, and proprioception of the head. Each area 
of sensory cells in the ear must develop to be perfectly 
situated to receive specific stimulation. Formally, the 
development of the inner ear can be divided into three 
components: cell fate assignment, morphogenesis, and
proliferation. Cell fate assignment is highly conserved 
throughout evolution and the same genes are utilized for 
this task both in mice and insects. In contrast, 
morphogenesis is poorly conserved evolutionarily, utilizing 
unique genes or unique gene combinations in higher 
organisms.

The insect gene corresponding to the fibroblast growth 
factors (FGFs) does not appear in insect mechanosensor 
development. However, several of the greatly expanded, 24 
member, mammalian FGF family of genes are expressed during 
the development of the inner ear. Therefore, these genes 
are considered to appear late in the evolution of the ear 
and expected to participate in morphogenesis.

FGFs are crucial for branching of the limbs and lungs 
in mice. Expression patterns in the development of these 
structures can be used as a model for expression in
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since many of the same genes are utilized in both budding 
morphogenesis and ear formation.

The expression pattern of FGF3, 8, 9, and 10 were 
analyzed in the inner ear. FGF10 has a very stable 
expression pattern in the sensory epithelia, particularly in 
the canals, and in the VIIIth ganglion. From this data, 
FGF10 involvement is expected in the development of the 
canals and sensory epithelia but its specific activities 
cannot be determined by expression pattern alone.

Amgen produced mice that do not express FGF10, and they 
reported the lack of limbs and lungs in these FGF10 null 
mutants. This lack of budding morphogenesis makes .it 
impossible to evaluate the loss of gene expression on these 
structures. However, the mutants do form ears and the 
malformations in theses ears can be correlated with the 
FGF10 expression in the normal ear. In the inner ear of the 
FGF10 null mutants the canals are truncated and the 
orientation of the canals and the sensory epithelia are 
dramatically altered. Furthermore, the posterior vertical 
canal appears to be missing entirely. These data, in 
addition to FGF10 expression data, imply that E'GFIO is 
critical for defining polarity of the inner ear on both a 
global and local scale.
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introduction
The inner ear is a complexly folded, multifunctional 

organ. It is involved in hearing, balance, and the 
sensation of movement. The inner ear consists of three 
semicircular ducts oriented nearly perpendicular to each 
other, each with a sensory crista. These semicircular ducts 
allow the individual to sense angular acceleration. The 
utricular and saccular maculae with their associated 
otoconia sense gravity and other linear acceleration. The 
cochlea senses auditory stimuli. In the inner ear, each 
patch of sensory cells must be perfectly situated in three 
dimensions to receive stimulation only under specific 
conditions. Encoded sensory information is then sent to the 
brain describing the magnitude and quality of each 
stimulation. A complete inner ear contains not only the 
sensory cells and their corresponding afferent innervation, 
but also an array of supporting and structural cells (non- 
sensory epithelia) as well as some efferent innervation.
The question is 'How is the development of such a complex 
and precise structure accomplished on a molecular level'?
In this study, we expect to discover some of the actions and 
interactions of the genes (gene products) responsible for 
cell induction, differentiation, and migration during the 
formation of the inner ear. With a clearer understanding of
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inner ear development, improved treatments for congenital 
defects and hearing loss can ultimately be developed.

Inner Ear Development
Our understanding of development can be greatly 

enhanced by incorporating what we know of molecular 
evolution of the organ in question. It is theorized that 
minor changes and mutations in the genome of ancient 
organisms eventually gave rise r.o the more complex organisms 
that exist today. We can use a simple organism, such as the 
Drosophila, as a model for ancient organisms; then use that 
model to make comparisons with more complex organisms, in 
this case, the mouse. By comparing gene sequence and 
expression in the Drosophila versus the mouse, we can 
speculate which genes originated early in evolution and 
which genes developed more recently. The implication is 
that new genes, or genes expressed in new locations, are 
important for creating the differences in phenotype between 
simple and complex organisms.

When discussing genetics in evolution and across 
species, there are three terms commonly used to describe the 
relationships among conserved genes. Faralogues are genes 
that are of the same family but not necessarily representing 
the same gene or performing the same function across
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species. Orthologues are genes that, are the most similar in 
sequence, especially in the active region of the protein, 
between species showing the least amount of change through 
evolution. In homologues, the essential coding sequence xs 
conserved across species and the gene can be shown to play 
an identical role in both species to the extent that removal 
of the gene from one species can be rescued by replacement 
with the homologue from another species.

Formally, the development of the inner ear can be 
divided into three components: cell fate assignment,
morphogenesis, and proliferation. Figure 1 (lower right 
corner) shows the location of the four types of cells in the 
inner ear, which are non-sensory cells, supporting cells (in 
blue), sensory hair cells (in red), and sensory neurons (in 
green). The determination of cell type for each individual 
cell is achieved by the interactions of a variety of genes 
expressed early in development. BMP4, GATA3, and others 
represent these early developmental genes in the gray area 
at the top of the hourglass on the right side of figure 1. 
These genes regulate the expression of basic helix-loop- 
helix (bHLH) genes responsible for assigning each of the 
cell type specific fares. In vertebrates, these genes are 
Hesl/5 (blue), Mathl (red), and ngnl (green) for supporting 
cells, sensory hair cells, and sensory neurons respectively
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(see Figure 1, right side). Specific bHLH genes, of which 
there are about 60 in the human genome (Venter et al.,
2001), for the nori-sensory epithelium have not yet been 
identified. The genes involved in inner ear development are 
discussed in more detail below. Cell fate determination 
appears to be highly conserved throughout evolution and the 
same genes (orthoiogues) are involved in this pathway for 
both Drosophila and mice. This is, therefore, a very stable 
and well-established developmental system.

Morphogenesis, determination of the three-dimensional 
structure of the ear, on the other hand, shows great 
variation through evolution. This variation is illustrated 
on the left side of the diagram above and implies that there 
are either new vertebrate genes for ear morphogenesis or 
known genes playing a unique role in the ear. The enlarged 
family of fibroblast growth factors is one such group of 
genes, with 24 members in vertebrates and only one in 
insects (Venter et al., 2001). We will revisit this idea 
with the discussion of fibroblast growth factors below.

Proliferation, the growth and division of cells, 
appears to be mediated by many factors and is easily 
affected by altering genes involved in either cell fate 
determination or morphogenesis as well as those genes 
identified as specific for growth.
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Ear development in mice (and other vertebrates) begins 
as a placodal thickening of the ectoderm in the hindbrain 
region. The normal development of the inner ear has been 
shown to depend on surrounding tissues, including the 
hindbrain, neural crest, mesenchyme, and possibly the 
notochord (Fekete, 1999 for review; Cantos et al., 2000 for 
review). The ectodermal thickening is induced by the 
hindbrain and underlying mesoderm to form the otic placode 
and therefore the positional relationship between the 
hindbrain and the developing ear is critical. The use of 
Kreisler and Raldh2 mutant mice illustrates this by 
disrupting the patterning of rhombomeres 5 and 6 in the 
brain. Both of these mutants cause defects in the 
developing otocyst (Brigande et al., 2000 for review). 
Additionally, it has been shown that ectopic placement of 
either the hindbrain or the mesoderm is able to induce the 
formation of imperfect ear vesicles.

It is still unclear at what point the otocyst gains 
independence from, the surrounding tissues and. is able to 
develop without their influence. However, data show that by 
embryonic day 9.5 (by the time the otocyst closes) it has 
acquired some autonomy but still requires the presence of 
the hindbrain until about embryonic day 10.5. After this 
time, the otocyst, except for the cochlea, is completely
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independent of the hindbrain tissue. By embryonic day 11, 
except for the cochlea, the otocyst can develop without the 
surrounding mesenchyme. This implies that the underlying 
mesenchyme is essential for the formation and coiling of the 
cochlea. The reverse, however, is not necessarily true.
The cartilage development can occur in the periotic 
mesenchyme in absence of the otocyst and in foreign mesoderm 
adjacent to an ectopic otocyst providing a dual mechanism 
for the ear capsule formation (Fritzsch et al., 1998 for 
review).

It is at the otic placode stage that polarization of 
the ear becomes fixed, first along the anteroposterior axis, 
and then along the dorsoventral axis. The otic placode 
invaginates to form the otic pit, and then pinches off to 
form the otocyst. Otocyst morphogenesis begins with the 
segregation of the anterior and posterior aspects followed 
by the subdivision of the cochlear aspect from the ventral 
half of the 11-dav mouse otocyst. The sensory neurons and 
hair cells then begin to proliferate, and the cochlea 
elongates and begins to spiral (Morsli et al., 1999; Cantos 
et al., 2000 for review). It has been proposed that the 
junction of the presumptive saccule and the cochlea is the 
site of cochlear growth and there is a considerable increase 
in distance between the saccule and the first turn of the
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cochlea through development. However, not enough data is 
available to determine if this is the only location of 
cochlear growth (Cantos et al., 2000 for review).

The semicircular ducts originate from bi-layered, 
plate-like outgrowths emerging at about Ell. 5. The anterior 
duct forms first, followed closely by the posterior duct.
The horizontal duct emerges approximately 12 hours later.
The plates then fuse and subsequently disappear leaving a 
closed, tubular duct. After initial formation, each duct 
widens at the base into the ampulla where the sensory cells 
of the crista are located (Hadrys et al., 1998 for review).

As morphogenesis continues, the space between the 
utricle and the saccule gradually narrows, forming the 
utriculosaccular foramen, which is continuous with the 
endolymphatic duct. This foramen gets so small that, for 
all practical purposes, it separates the vestibular system 
from the saccule, and auditory components. Additionally, 
the endolymph of the cochlea and the vestibule have 
different ion concentrations and electric potentials (Cantos 
et al., 2000 for review).

The sensory organs for both hearing and balance use the 
same type of cell (the hair cell) for signal transduction. 
These hair cells convert mechanical input, in the form of 
deflection of their apical bundles of stereocilia, into
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electrochemical output that causes synaptic transmission. 
This mechanical deflection is the result of physical 
stimuli, such as sound waves or acceleration, causing 
movement in the ducts and chambers filled with the K+-rich 
endolymph. The stereocilia extend into the endolymph with 
their tips imbedded into the tectorial membrane, the cupula, 
or the otoconia; in the cochlea, the cristae, or the maculae 
respectively. Resonance-specific vibrations of the 
membranes are set up by the waves in the endolymph causing 
displacement of the corresponding stereocilia and subsequent 
activation of specific sensory neurons (Fekete, 1999 for 
review).

The sensory component of the cochlea, the organ of 
Corti, contains both sensory and supporting cells. This 
organ spirals down the cochlear duct. The organ of Corti is 
tonotopically organized in such a way that the basilar 
membrane and, therefore, the hair cells, respond to 
different frequencies as they progress from apex to base. 
Additionally, the hair cells at the base have Sxhorter cell 
bodies and more stereocilia than those at the apex. The 
width and thickness of the basilar membrane increase towards 
the apex. These features are largely conserved among 
species but vary depending on the frequency range and 
absolute frequency detected by each species (Cantos et al.,
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2000 for review). Furthermore, the development of the organ 
of Corti involves the differentiation of two types of hair 
cells: one row of inner hair cells and three rows of outer
hair cells. Additionally there are four types of supporting 
cells: Deiters, Hansen, Claudius, and pillar cells. Apical
projections of the supporting cells separate the hair cells 
from each other (Zine et al., 2000 for review).

There is evidence that the sensory cells are specified 
before noil-sensory structures. Many mutants lack non- 
sensory structures but have sensory areas, yet there are no 
known mutants with non-sensory structures that lack sensory 
cells. Additionally, experiments in rotation of chick 
otocysts can reverse the orientation of the non-sensory 
structures without disrupting the sensory orientation, 
suggesting a temporal delay in the fate determination of 
sensory vs. non-sensory tissues (Cantos et al., 2000 for 
review).

The primary neurons of the spiral and vestibular VUIth 
cranial nerve ganglia are derived from the epithelium of the 
anteroventral quadrant of the otic placode (Fritzsch et al,, 
1998; Cantos et al., 2000 for review). The two types of 
sensory hair cells, the inner row, and the three outer rows, 
of the adult cochlea are innervated by at least two types of 
afferents (Type I via the radial fiber bundle and Type II
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via the outer spiral fibers respectively) of spiral 
(cochlear) ganglion sensory neurons. It is uncertain 
whether the neuronal phenotype is determined prior to or 
after innervation of the hair cells. The number of synaptic 
contacts varies from base to apex and the number of hair 
cells contacted by each neuron varies with the neuron type. 
These receptor cells and neurons are responsible for the 
perception of sound (Fritzsch et al., 1998; Rubel &
Fritzsch, 2002 for review).

The majority of glial cells and perhaps a small 
population of neurons in the vestibular ganglion appear to 
be neural-crest derived while all otic neuronal cells are 
derived from the otic placode (Fritzsch et al. , 1998 for 
review).

In contrast to the afferent neurons, efferent neurons 
(motoneurons) to the inner ear develop in rhombomere 4 of 
the hindbrain and project their axons to the inner ear 
(Fritzsch and Nichols, 1993; Karis et al., 2001) .
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Genes Involved in Inner Ear Development
The following list of genes and their interactions is 

only partial and reflects our .knowledge and inferences to 
date. These genes, in addition to having a direct effect on 
the ear, regulate other co-expressed or downstream genes and 
are, in turn, regulated by other upstream and co-expressed 
genes. This creates a gene regulation paradigm of infinite 
complexity that we have only begun to explore.

Cel! Fate Determination

The basic helix-loop-helix (bHLH) gene family is 
critical for cell fate assignment. The bHLH proneuronal 
genes are a complex, 60-member, family of sequentially 
activated genes that are essential for neuronal 
differentiation. They are up regulated by GATA, Iroquois 

(iro-c), BMP-4, and Wnt-7 and are down regulated by 
inhibitor of differentiation (Idl-3), and Hes and require e- 
proteins for signaling. Iro-c up-regulates proneuronal bHLH 
genes while Id regulates all bHLH genes by forming a complex 
with e-proteins to block bHLH dimmers. The e-proteins 
(daughterless in Drosophila), on the other hand, are 
required for binding of neuronal bHLH genes by forming 
heterodimers. Id genes disrupt this heterodimer formation.
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In the embryonic-day 9 mouse inner ear the bHLH gene, 
Neurogenin-1 (Ngn-1), is expressed in the anteroventral 
quadrant in delaminating ganglion neuronal precursors both 
inside and outside the otocyst. Null mutants of Ngn-1 show 
loss of all ganglion neurons, and defects in the sensory 
epithelia including hair cell loss, but have normal looking 
hair ceils. The saccule is the most severely affected area 
and the duct of the cochlea is shorter than normal. 
Additionally, the modiolus is missing and the coiling of the 
cochlea is tighter than that of the wild type mice (Ma et 
al. , 2000; Cantos et al., 2000 for review) . There is 
evidence that the absence of Ngn-1 causes deregulation of 
the delta/notch system (Eddison et al., 2000) but the data 
collected to date are inconclusive.

NeuroD, a bHLH transcription factor, is critical for 
the survival of neurons during differentiation. NeuroD null 
mice are completely deaf due to the failure of inner ear 
sensory neuron survival. NeuroD is seen following Ngn-1 
expression in the otocyst and delaminating ganglion (Kim et 
al., 2001). The genes delta and notch are also expressed in 
these cells and are involved in the further selection of the 
proneuronal cells (Rubel & Fritzsch, 2002 for review).

Mammalian atonal homologue (Math)-1 plays a role in 
hair cell development, possibly regulated by GATA3, and the
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Math-1 null mutants never develop hair cells (Berming'nam et 
a 1. , 19 9 9).

Hesl (Hairy in Drosophila) is up regulated by a 
mechanism separate from that of the bHLH genes and is 
expressed prior to bHLH expression. An isoform of Hesl,
Hes5 (enhancer of split (Espl) in Drosophila) mediates only 
the delta/notch induced neuronal bHLH inhibition. Both of 
these genes must be suppressed by suppressor of hairless 
(SuH) in order for the delta/notch activation to occur.

The Notch pathway is an evolutionarily conserved, cell- 
cell signaling system involved in cell fate determination in 
Drosophila, and vertebrates. In mammals there are four 
Notch isoforms (Notchl-4) and three Notch ligands: Jagcedl

(Jagl), Jagged2 (Jag2), and Delta. Notch signaling has been 
shown to play a role in the differentiation of mammalian 
auditory hair cells (Zine et al., 2000 for review). Notch! 

is expressed in the supporting cells below differentiating 
hair cells. Notchl null mice are early lethal. Jagl is 
also expressed in supporting cells in the organ cf Corti. 
Jagl null mice are also early lethal. Jag2 expression is 
restricted to inner and outer developing hair cells. Jag2 

null mice have an increase in the number of inner hair ceils 
and a few extra outer hair cells of the cochlea (Lanford et 
al. , 1999; Zine et al., 2000).
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Morphogenesis

Some of the most important genes involved in early 
inner ear morphogenesis are the homeobox transcription 
factors. One family of homeobox genes (Hox) are organized 
into four separate clusters (Hox A-D in vertebrates), each 
of which are located on a different chromosome and are 
thought to play an important role in the development of 
vertebrate hindbrain, branchial arches, vertebrae, and 
limbs. Hox genes are expressed in specific patterns in the 
rhombomeres and are essential for determining rhombomere 
identity.

HoxA.l (formerly Hox 1.6) is expressed at the boundary 
of rhombomeres 3 and 4 and in the spinal cord. HoxA.l 

appears to act on the otocyst through interactions with the 
hindbrain but is not expressed within the otocyst. The 
primary defect in the HoxA.l null mice appears to be the 
deletion of hindbrain rhombomeres, which normally lie under 
the developing otocyst. In the HoxA.l null mutant, the 
inner ear appears to have stopped developing at an early 
stage and only an epithelial sac is found. Additionally, 
the VUIth cranial nerve ganglion is reduced (Fritzsch et. 
al. , 1998 for review; Cantos et al., 2000 for review) . The 
HoxA.l/B.l null has an amorphic inner ear.
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HoxA.2 is expressed at the rhombomere 1 and 2 boundary 
of the spinal cord and its expression is later up regulated 
in rhcmbomeres 3 and 5. In HoxA.2 nulls, the membranous 
labyrinth appears enlarged and the scala vestibuli is 
lacking or collapsed (Cantos et al., 2000 for review).

Dlx5, a homeobox transcription factor, is expressed in 
the dorsal region of the otic vesicle, the semicircular 
ducts, and the endolymphatic duct. Dlx5 nulls have no 
anterior or posterior ducts, a reduced horizontal duct and 
abnormal endolymphatic and cochlear ducts (Cantos et al., 
2000 for review).

The Hmx (previously Nkx) homeobox gene family is of 
ancient origin and is unrelated to other homeobox genes 
(e.g. Hox, NK, Dlx) (Wang et al., 1998). However, according 
to another source, Hmx is related to NK (Hadrys et al.,
1998). There is only one Hmx gene in the Drosophila but at 
least three (Hmxl, Hmx2, Hmx3) in the mammalian genome.

Hmx2 and Hmx3 (formerly Nkx5.2 and Nkx5.1 respectively) 
are both expressed in the developing inner ear with Hmx2 
having a slightly later onset than Hmx3. Hmx3 is one of the 
earliest developmental markers for the inner ear, being 
expressed in the E8.5 mouse otic epithelium. At E9.5, Hmx3 

is expressed strongly in the posteriolateral wall, ana by 
E13.5 Hmx3 is limited to non-sensory epithelium in the
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vestibular portion of the developing ear (Wang et al., 1998; 
Hadrys et al., 1998; Niederreither et al., 2000). Hmx2 and 
Hmx3 have very similar expression patterns, and strong 
sequence similarities. Additionally they share close 
proximity on the same chromosome, suggesting that they may 
have common regulatory elements and overlapping functions in 
development (Wang et al., 1998). In the Raldh2 null, Hmx3 

expression is greatly increased and more generalized in the 
E9.5 otocyst (Niederreither et al., 2000).

Hmx3 null mice show the classic shaker/waltzer (Stein, 
1960) phenotype of circling and hyperactivity. In the Hmx3 
null mice, the utricle and saccule do not separate - causing 
a common utriculosaccular space. While the anterior and 
posterior ducts and their crista are normal, the horizontal- 
duct and its crista are completely absent in the Hmx3 nulls 
(Wang et al., 1998). In the mutants generated by Hadrys et 
al., however, the most severe phenotype was missing both the 
horizontal and posterior ducts with some abnormalities in 
the anterior duct; the crista were present in all but the 
horizontal duct (Hadrys et al., 1998). No abnormalities 
were found in the maculae sensory hair bundles or in the 
cochlea by either Hadrys or Wang. The expression patterns 
of Hmxl, Hmx2, and GATA3 do not change in the Hmx3 null, 
suggesting that Hmx3 does not directly regulate these genes
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(Wang et al., 1998). Furthermore, Pax2 and Msxl expressions 
are not affected in the Hmx3 nulls (Hadrys et al., 1998).

SOHo-1 and GH6 are chick homeobox-containing genes most 
closely related to Hmx in the mouse. Both are expressed in 
the early otocyst of the chick embryo at stage 19 
(corresponding to about E10 in the mouse) (Brigande et al., 
2 0 0 0).

Msxl is normally expressed in the lateral wall of the 
otocyst around day E9.5. Later in development, Msxl is 
expressed in all of the sensory epithelium of the cristae 
(Hadrys et al., 1998).

Another morphogenic gene that is also involved in local 
patterning, the zinc-finger transcription factor, GATA3 

(pannier in Drosophila), is found in the otocyst and in the 
surrounding periotic mesenchyme in the areas of branching 
for the semicircular canals early in inner ear development. 
By E10.5, GATA3 expression forms a ring around the otocyst 
but is not expressed in the medial and lateral walls or in 
the anteroventral quadrant. By E12, the growing cochlear 
duct shows strong GATA3 expression but the mesenchyme around 
it is void of signal. In addition, there is expression in 
the cristae of the ducts and along the vertical and 
horizontal ducts and in the common duct. The expression in 
the cristae becomes localized to the non-sensory component.
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Expression is also seen in the utricle but not in the 
saccule. It is important to note that this expression is 
confined to areas of future sensory epithelia.

GATA3 null mutants demonstrate varying penetration 
(discussed below) but usually have cystic ears without 
semicircular canals, saccule, or utricle. The cochlea of 
the null mutant is merely a ventral growth lacking the turn 
seen in control animals. The strong, exclusive expression 
of GATA3 in the cochlear ganglion neurons suggests these 
neurons are not neural crest derived (neural crest cells are 
GATA3 negative) and are molecularly distinct from the GA.TA3 
negative neurons in the vestibular ganglion. GATA3 null 
mutants have severe reduction of cochlear sensory neuron 
formation. Additionally, GATA3 is implicated in the 
determination of the path of efferent axons that travel to 
the ear (Karis et. al., 2001). GATA is known to activate 
Nkx2-5 (Hmx) and up-regulate proneuronal bHLH genes. 
Additionally, GATA cooperates with Friends of GATA (FOG) (or 
u-shaped (ush) in Drosophila) to down-regulate Wingless/Wnt 
and achet-scute (ac-sc)/Mash-1.

Eyes absent (Eya) are a family of transcriptional co
activators. Eyal is expressed in the ventromedial aspect of 
the otic vesicle, the VUIth nerve ganglion, the sensory 
regions of the vestibule and cochlea and in the periotic
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mesenchyme. Eyal null mice have cystic ears with either 
malformed or absent endolymphatic ducts and no formation of 
the VUIth nerve ganglion (Cantos et al., 200C for review).

Paired-Box {Pax) transcription factors are also 
involved in inner ear development. In chicle embryos, Pax2 

is expressed in the medial aspect of the early otocyst 
(Brigande et al., 2000; Niederreither et al., 2000) and Pax2 
is expressed in the otic epithelium, endolymphatic duct and 
sac, and cochlea of the mouse (Cantos et al., 2000 for 
review). In the Pax2 null mouse, the vestibular region 
appears to develop properly and it was reported, that the 
cochlea and cochlear ganglia completely fail to form (Torres 
et al., 1996). New evidence suggests, however, that the 
cochlea does form but instead of coiling into its normal 
position, it extrudes through a hole in the otic capsule and 
extends medially into the brain (personal communication with 
Bernd Fritzsch). In the retinaidehyde dehydrogenase 2 
(Raidh2) null, which fails to produce retinoic acid, Pax2 

expression (although not effected in the optic vesicle or 
mesonephros) is not detected in the otocyst suggesting Pax2 
expression in the otocyst may be retinoic acid dependent 
(Niederreither et al., 2000) .

Pa.x3 is expressed in the dorsal half of the mouse 
neural tube. Pax3 nulls have aberrant endolymphatic ducts,

Pauley
7/1/01

24



and misshapen cochlear and vestibular components. PaxS is 
expressed in the otic epithelium of the mouse. No abnormal 
inner ear phenotype has been reported for the PaxS null 
(Cantos et al., 2000 for review).

Otxl and Otx2, paralogues for Drosophila orthodenticle, 
are transcription factors that are important for the 
development of the head and sensory organs. Otx2 is the 
orthologue for otd and both have been shown to substitute 
for Otxl in the brain (Cantos et al., 2000 for review).
Both Otxl and Otx2 are expressed in the developing otocyst 
and are important for cochlear and vestibular development.
At E10.5, Otxl is expressed in the ventrolateral wall of the 
otocyst, the horizontal duct, and ampulla, the lateral wall 
of the saccule and in the cochlea. 0tx2 is expressed in the 
ventral tip of the otocyst., in the lateral wall of the 
saccule and in the cochlea. In Otxl null mice the 
horizontal duct and ampulla are missing (although the other 
two vestibular ducts appear normal), the cochlea and saccule 
are misshapen and the utricle and saccule fail to separate. 
0tx2 null mice die around E10. Otxl null; Otx2 hetero mice 
were shown to have much more severe defects in the saccule 
and cochlea. Cantos concluded that Otxl is essential to 
formation of the horizontal duct and ampulla while Otx2
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saccule (Morsli et al., 1999; Cantos et al., 2000 for 
review).

EphA4 is also found in the early chick otocyst 
overlapping Pax2 expression in the medial aspect of the ear 
and in the areas of the presumptive endolymphatic duct and 
cochlea (Brigande et al., 2000).

EphB2 null mice show circling behavior indicative of 
vestibular defects. Additionally, EphB2 is implicated in 
the production of endolymph (Cowen et al., 2000) .

A major player in both global and local patterning is 
Bone Morphogenetic Protein (BMP)-4 (decapentaplegic (dpp) in 
Drosophila) . The BMPs are members of the transforming 

growth factor beta (TGFP) super-family. They are able to 
induce ectopic bone formation and have been implicated in 
embryonic axis determination and morphological development. 
BMP4 is expressed in the mesenchyme of the limb buds 
(Gerlach et al., 2000 for review).

In the developing chick otocyst, BMP4 is seen in the 
medial rim of the otic pit, then in the anterior and 
posterior parts of the otocyst. Low levels of BMP4 were 
also detected in the periotic mesenchyme posterior to the 
otocyst. BMP-4 expression is seen in the sites of future 
sensory epithelia of the semicircular canals. Exogenous 
BMP4 expression in the periotic mesenchyme appears to have
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no effect on the morphogenesis of the ear. BMP4 nulls are 
early lethal, but EMP4 inhibition experiments, using ectopic 
noggin expression, result in the malformation or absence of 
one or more of the semicircular canals and their 
corresponding sensory epithelia. Ectopic noggin also 
prevented the elongation of the cochlear duct (Gerlach et 
al•, 2000).

The interactions of BMP-4 have been studied in some 
detail and BMP4 is known to regulate and be regulated by the 
FGFs, specifically FGF10. Additionally, BMP-4 up-regulates 
wg, pnr, ush, Msx-1, Id-1, 2, & 3, c-jun and ac-sc; and is 
antagonized by noggin, chordin, and follistatin.

Noggin inhibits BMP signaling by binding BMP to inhibit 
BMP binding to its receptors. Noggin .is expressed in the 
anterior and posterior periotic mesenchyme at the otic pit 
stage but expression is gone by the time the otocyst has 
closed (Gerlach et al., 2000).

Wnt (Drosophila homologue wingless (wg)) is also 
involved in both global and local patterning. Nnt8c has 
been seen in the hindbrain underlying the otic placode in 
chick and is a strong up-regulator of FGF3 (Ladher et al., 
2000). The Wnt receptor, Lunatic fringe (L-fng), is 
expressed in the neurogenic region, and the presumptive
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sensory organs of the cochlea, utricle, and saccule (Cantos 
et al., 2000 for review).

FGF19 in chick embryos is seen in the paraxial mesoderm 
followed by expression in the endoderm and transiently in 
the neural tube. One study shows that FGF19 expressing 
mesoderm could induce otic development only when adjacent to 
neuroectoderm, supporting the idea that otic development 
requires both a mesodermal and neural signal. Additionally, 
FGF19 can induce the expression of Wnt8c and both are 
expressed in the hindbrain of the chick until stage 10 
(Ladher et al. , 2000).

The Kreisler bZIP transcription factor is expressed in 
rhombomeres 5 and 6. The Kreisler null has a misplaced, 
cystic otocyst that is usually lacking an endolymphatic duct 
(Cantos et al., 2000 for review, Brigande et al., 2000 for 
review).

Brain 3.1 (Brn3.1) (also called Pou4£3 or Brn3c) is 
expressed in the cochlear and vestibular post-mitotic hair 
cells of the developing inner ear, Brn3.1 null mice show 
the shaker/waltzer phenotype (Stein et al., 1960) and are 
completely deaf. The inner ear of these nulls shows 
apparently normal morphogenesis but. complete failure of hair 
cells to differentiate. Many of the supporting cells are 
absent, and there is some degeneration of spiral ganglion
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neurons (Fekete, 1999 for review; Wang et al., 1998 for 
review).

Brain 4 (Brn4 also called Pou3f4) is found in the 
periotic mesenchyme and the Brn4 nulls show a shortened 
cochlea (Cantos et al., 2000 for review).

Proliferation

Although very few of the genes that have been studied 
are responsible for proliferation alone, many of the genes 
described above certainly influence proliferation. 
Additionally, the Forkhead genes and Prospero appear to be 
critical for the regulation of proliferation.

The lac-Z reactions in Figure 2 show early GATA3, NT3, 
and BDNF expression patterns in the developing (embryonic 
day 10.5 to 13.5) inner ear. This overview of genetic 
expression in the inner ear, illustrated by these three 
genes but including all of the above mentioned genes with 
their expression patterns and interactions, creates the 
framework in which the FGFs operate. This also allows us to 
compare expression patterns of these genes with those of the 
FGFs to predict expression pattern stability and to 
accurately label early areas of the developing otocyst as 
their presumptive, late-developing components.
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Figure 2. Lac-Z 
expression of 
morphogenetic 
genes in the 
developing inner 
ear, Data from 
Koris e ta l„ 2001..
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FGF Overview
The fibroblast growth factor (FGF) family consists of 

at least twenty-four proteins (Venter et al., 2001} that 
share greater than 35% amino acid identity over a core 
region of approximately 120 base pairs, but have different 
amino and carboxyl termini. These secreted, extracellular 
ligands act as paracrine effectors that interact with four 
fibroblast growth factor receptors (FGFR 1-4).
Additionally, FGFs act as transcription factors for the 
regulation of transcription of other genes. Fibroblast 

growth factors are active in cell proliferation, 
differentiation, migration, and survival. Studies have also 
shown that FGF signaling is required for normal gastrulation 
(the development and invagination of the embryonic germ 
layers) and differentiation of mesoderm, and fundamental 
pattern formation during organogenesis (Crossley and Martin, 
1995). Additionally, in vertebrates, FGF-FGFR interactions 
regulate the budding and branching of limb and lung buds, 
and pancreas development. The responsibilities of FGFs in 
these events are described below.

The Fibroblast Growth Factor family, along with brain- 
derived neurotrophic factor (BDNF) and neurotrophin NT-3, 
plays an important role in the development of the auditory
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neurons. Additionally, both BDNF and Nt-3 are expressed in 
areas of future sensory epithelia, BDNF in the semicircular 
canals and Nt-3 in the saccule and utricle (see Figure 2). 
Neurotrophin BDNF and TrkB, its tyrosine kinase receptor, 
are important factors in the development and survival of 
both the vestibular and spiral ganglion in mice and there is 
some evidence that FGF2 up-regulates TrkB expression 
(Brumwell et al., 2000) . Additionally, FGFs are known to 
up-regulate c-fos, Egr-1 and PV.l when expressed with BMP-4.

The FGF family is particularly important in the study 
of morphogenesis. As mentioned before, morphogenesis 
requires unique genes or unique combinations of genes. 
Although the mouse genome is only about one and a half times 
the size of the Drosophila genome, the FGF ligand family is 
24 times the size in mice than in Drosophila. This makes 
the FGF family prime candidates for mouse morphogenesis. 
Figure 3 illustrates the expansion of the FGF ligand family 
in comparison with the increase of the genome size.

The only Drosophila paralogue of vertebrate FGFs is 
branchless (bill) corresponding most closely to FGF1C 
(branchless and FGF10 are orthologues). FGF1, FGF7, and 
FGF10 show 35%, 33%, and 37% sequence homology, 
respectively, with bnl over a 99-amino acid stretch. While 
the sequence homology alone is not sufficient to determine
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gene homology, the lack of bronchial branching and limb 
formation in the FGF10 null mice and tracheal branching and 
limb formation in the bnl null Drosophila strongly supports 
the theory that bnl and FGF10 are homologues (Sutherland et 
al. , 1996; Min et al., 1998 for review) . One known receptor 
for bnl is Breathless (btl). Drosophila btl nulls show a 
phenotype very similar to bnl nulls (Sutherland et al.,
1996) and btl is most likely homologous to the vertebrate 
FGFR2b, the receptor for FGF10, described below.

Branchless and breathless are not, however, expressed 
in insect mechanosensors. This indicates that FGFs in 
mechanosensors are unique to vertebrates and therefore are 
likely to play a role in morphogenesis because of its non- 
conserved evolutionary nature illustrated previously.

The FGFs that have been described in inner ear 
development include FGF3, 7, 8, 9, 10, and 19. However, a 
quantitative analysis of several FGFs including FGF1, 2, 3, 
7, 8b and 8c, in addition to all the .isoforms of the four 
receptors, shows some expression of each of these gene?; in 
the developing otocyst. Receptor and ligand concentrations 
change over time with, an increase m  'c' isoforms and a 
decrease of the 'Jb' isoforms of FGFR2 and FGFR3, discussed 
below. There is also a trend of increasing and decreasing
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concentrations for the respective ligands for these 
receptors (Pickles et al., 2001).

Because the FGFs are unique to the vertebrate ear, they 
can be viewed as being superimposed on the already well- 
established cell fate determination system described above, 
which is common to insects and vertebrates. With this 
'overlay' of FGFs, come the FGF-associated actions and 
interactions that will have dramatic and long-ranging 
effects on the entire auditory system. For example, FGF10 

is known to interact with BMP4/dpp, which is an established 
gene in the Drosophila mechanosensor. Removal of any one of 
theses FGF genes, as is done in knockout mice, will 
therefore have striking effects caused not only by the 
removal of the direct actions of the gene product as a 
ligand and as a transcription factor, but also caused by the 
changes in the interactions and expression patterns of all 
the genes (such as BMP4) that normally interact with the 
removed FGF.

Furthermore, there is evidence of four receptors in 
Drosophila for the single branchless ligand (Venter et al., 
2001). This observation opens an entirely new evolutionary 
prospective. This would mean that in the early evolution of 
FGFs, there was one ligand for multiple receptors. One 
possible benefit of this arrangement would be the many
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variations in binding affinities for the ligand to each 
receptor, enabling fine-tuning of response to differing 
concentrations of the ligand. Furthermore, this suggests 
that the receptor variants are highly conserved 
evolutionarily. The ligands, on the other hand, are more 
recent and have evolved in an environment containing 
multiple receptors, a 'playground' of binding possibilities. 
The expansion of the FGF ligand family with conservation of 
receptors is illustrated in Figure 3.

The remarkably complex product of 24 known ligands and 
four receptors in the mouse makes for almost infinite fine- 
tuning capabilities, which are only magnified by the 
presence of alternative splice forms. The complexities of 
these binding interactions are poorly understood and may 
make for very interesting studies in the years to come.
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Isoforms

The majority of the fibroblast growth factor genes 
contain three exons that encode a single protein product.
The ligand FGF8 is an example of one member of the FGF 
family that has multiple isoforms. The FGF8 gene is 
approximately 6 kilo-bases long and is located in the distal 
region of the mouse chromosome 19. There are at least four 
exons in FGF8 that correspond to the first exon in other 
FGFs. These four exons are alternately spliced to give rise 
to eight possible isoforms, which differ at their amino 
termini (Crossley and Martin, 1995) . The biological 
significance of these isoforms is unknown, but at least 
three of the isoforms are observed in the developing mouse 
embryo between embryonic days 10.5 and 12.5, and there is 
evidence that these isoforms have different receptor 
interactions (MacArthur et a.1. , 1995).

Figure 4 illustrates the exon configuration of the FGFS 
gene. In the gene schematic at the top of the diagram., red 
squares represent non-coding exons, green squares indicate 
shared signal exons, blue squares indicate alternately 
spliced exons that give rise to the different isoforms, and 
black squares indicate exons that are common to all FGFS
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.isoforms. The subsequent eight diagrams represent the eight 
possible isoforms of FGF8. However, as yet, the FGF8h 
isoform exists only in theory and has not been identified in 
vivo (MacArthur et al. , 1995) .

Amino acid sequences encoded by exon 1A and exons 2 and 
3 are identical in mice and humans and exon 1C has four 
amino acid differences. Exon IB, however, has significant 
differences between human and mouse sequences and the human 
sequence contains two in-frame stop codons, making exon 1B- 
containing isoforms impossible in the human. Therefore, in 
humans only four FGF8 isoforms are possible: FGF8a, FGFSb,
FGF8e, and FGF8f, indicated by asterisks in Figure 4. In 
light of this information, it is theorized that the FGF8 
isoforms utilizing exon IB are unimportant for vertebrate 
development (Gemel et al., 1996).

In addition to their different amino-terminal 
sequences, FGF8 isoforms differ in their ability to be 
glycosylated on asparagine. The FGFSa and FGF8e isoforms 
have no glycosylation sites; FGF8b, FGFSc, FGF8f, and FGFSg 
isoforms have one glycosylation site and FGF8d and FGF8h 
isoforms have two glycosylation sites. Glycosylation sites 
on FGF8b and FGF8c are used, but the biological significance 
of this is unknown (MacArthur et al. , 1995) .
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Isoform b has been located in the first branchial 
arches, nasal pits, and apical ectodermal ridge of the 
forelimbs, tail, midbrain-hindbrain junction, and hind limbs 
in day 10.5 mouse embryos. These findings are similar if 
not identical to those found using probes common to all FGF8 
isoforms. Additionally, RNA analysis of developing limb bud 
tissue indicates that many, if not all, of the FGF8 isoforms 
are present in the developing limbs (MacArthur et al.,
1995).

In contrast, no known splice variants exist for FGF10 
(Min et al., 1998).

The possibility for multiple splice forms of any of the 
other 22 genes in the FGF family hints at the incredible 
complexity and versatility of this gene family.
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Figure 4. The exon configuration of the FGF8 
gene. Red represents non coding exons, 
green indicates shared signal exons, blue 
indicates alternatively spliced exons that give 
rise to the different isoforms, black indicates 
exons that are common to all FGF8 isoforms.
The eight diagrams represent the eight possible 
isoforms of FGF8. The FGF8h isoform is 
theoretical. * indicates possible human isoforms 
(after MacArthur et al,, 1995).
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Receptors

Fibroblast growth factors bind, with varying affinity, 
to a family of four fibroblast growth factor receptors 
(FGFRs). These are membrane-bound tyrosine kinase 
receptors. There are four known receptors (FGFR1-FGFR4). 
Receptors numbered one through three have at least two 
isoforms each. These receptors share common structural 
elements shown in Figure 5 including three extracellular 
immunoglobulin-like (Ig-like) domains (D1-D3), a 
transmembrane helix (*), and an intracellular tyrosine- 
kinase domain (TK). Alternate splicing of the third domain 
of receptors 1 - 3  leads to the selection of one of two 
exons (Illb or IIIc), which code for different forms of the 
3' end of the third Ig-like domain. These splice forms 
exhibit specific ligand-binding affinities (Pellegrini et 
al. , 2000; Colvin et al., 1999; Plotnikov et al., 1999) .

Ligand signaling through these receptors is complex.
Two receptors join to form a dimer, as shown in Figure 5..
The possibility of hetero-dimer formation exists but has not 
been investigated. The receptor dimer then binds two FGF 
ligands and a heparan decasaccharide.

Receptor FGFR1 expression was found in mesenchymal 
regions of the E9.5 to E12.5 mouse limb, face, and gut, and
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in the developing nervous system (MacArthur et al., 1995). 
Mice homozygous for a null FGFR1 allele die in-utero and 
show disordered mesoderm patterning (MacArthur et al.,
1995). However, recent data by Pirvola et al., 2001 using a 
BF-1 line to knockout FGFR1 specifically in the ear, 
suggests a major role for FGFR1 and its ligands in cochlear 
hair cell development.

FGFR2b (also referred to as FGFR2 (IIIB)) mRNA is 
expressed in the otic placode, dorsal and medial walls of 
the otic vesicle and non-sensory epithelium of the inner 
ear. This expression is maintained until postnatal stages. 
FGFR2 (IIIB) null mutant mice show agenesis of the 
cochleovestibular labyrinth by cessation of morphogenesis at 
the otic vesicle stage. They also show rudimentary VUIth 
nerve ganglion and 50% of the mutants lack an endolymphatic 
duct (Pirvola et. al., 2000, Cantos et al., 2000 for 
review).

Furthermore, FGFR2b is highly expressed in the 
respiratory epithelium during early branching morphogenesis 
(Orr-Urtreger et al., 1993); and is detected in the 
developing limb epithelium in mice (Min et al., 1998).
FGFR2b null mice fail to form a functional placenta. It was 
also found that FGFR2-IIIb null, lac-Z mice survive to term 
but show malformations of the kidneys, salivary glands,
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adrenal glands, thymus, pancreas, skin, otic vesicles, 
stomach, and hair follicles; and have agenesis of the lungs, 
anterior pituitary, thyroid, teeth, and limbs. The absence 
of FGFR2-IIIb did not prevent expression of FGF8, FGF10,

Bmp4, and Msxl, but did prevent induction of Sonic hedgehog 
(Shh) and FGF4, indicating that they are downstream targets 
of FGFR2-IIIb activation. Based on this study, FGFR2-Illb 

may not be required for limb bud induction, but is essential 
for maintenance and growth (Revest et al., 2001; Xu et al., 
1998; Min et al., 1998) .

FGFR2c tends to be expressed in the mesenchyme (Xu et 
al., 1998; Colvin et al., 1999). FGFR2c (FGFR2-IIIc), 
however, is restricted to epithelial lineages (Orr-Urtreger 
et al. , 1993). This indicates that tissue-specific 
expression of alternate splice forms can provide FGF 
signaling specificity.

FGFR3 was found in the developing nervous system, bone, 
cartilage, the lens of the eye, and the sensory epithelium 
in the developing cochlea (MacArthur et al., 1995) . FGFR3 
leads to the differentiation of pillar cells and FGFR3 
knockout mice have a malformed organ of Corti and, 
consequently, are deaf (Fekete, 1999 for review).

FGFR4 was found in endodermai and myotome derived 
structures (MacArthur ec al., 1995).
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Figure 5.
Schematic of 2FGFs, 
2FGFRs, and Fleparin 
Binding. D1-D3- 
Extracellular Domains 
1 -3, L- FGF Ligand,
H- Fleparin,
TK- Tyrosine Kinase 
domain, *- Trans
membrane Helix



Interactions

Interactions between the ligands and receptors are 
complex. The table in Figure 6 demonstrates the binding 
complexity between several ligands, and receptors one 
through four and their isoforms. The darker red denotes 
stronger binding affinities while the lighter red indicates 
weaker interactions. Note that ligands bind preferentially 
to different isoforms of each receptor. Additionally, 
different isoforms of the ligands bind with varying 
affinities to each receptor as illustrated below (Colvin et 
al. , 1999; Lu et al., 1999; Mac Arthur et al., 1995). Note 
that FGF3 activates only FGFRlb and FGFR2b, neither of which 
is strongly activated by FGF9. FGF9 preferentially binds 
FGFR2c over the 2b isoform. FGF10 binds with high affinity 
to the FGFR2b receptor (Colvin et al., 1999).

Figure 7 shows binding affinities of FGF8 isoforms to 
different receptor isoforms. Note that binding of FGF1 to 
each of the receptors is used to normalize the data (FGF1 
binding is set at 100%) due to its high affinity for all 
receptor forms. In this figure, yellow represents FGF1, red 
represents FGF8ar black represents FGF8b, and green 
represents FGF8c. Note that FGF8b preferentially binds to 
FGFR2c and that FGF8b and FGFSc preferentially bind to
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FGFR3c and FGFR4. Furthermore, FGF8b activates FGFR3c > 
FGFR4 > FGFR2c and that FGF8c activates FGFR3c > FGFR4. It 
is also possible that FGF8 isoforms and / or FGF receptors 
form neterodimers, which would affect the specificity of 
these interactions (MacArthur et al., 1995).
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FGFR 1b lc  2b 2c 3b 3c 4

Figure 6. FGF Ligand and Receptor Interactions.
Darker red indicates stronger interactions. White indicates no interaction.
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FGF Receptor

Figure 7. Binding affinities of isoforms 
to different receptor isoforms. Binding of FGF1 
to each of the receptors is used to normalize 
the data (FGF1 binding is set at 100%). Yellow 
represents FGF1, red represents FGF8a, black 
represents FGF8b, and green represents 
FGF8c.
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Limb-Bud Model of Expression

In order to hypothesize about the function of FGF 
expression in the inner ear during development, one can 
study branching and development of the limb as a model.

Initiation of limb buds in vertebrate embryos results 
in the outgrowth of the lateral plate mesoderm (LPM). The 
distal ectoderm surrounding the LPM is induced to thicken 
and form the apical ectodermal ridge (AER). Anterior - 
posterior patterning of the limb is directed by the zone of 
polarizing activity (ZPA) located at the posterior margin of 
the limb bud mesenchyme (see Figure 8).

The gene expression patterns for several genes have 
been modeled and are shown in Figure 8. Prior to FGF10 
expression, Wnt8c (which is also expressed in the ear) is 
expressed in the LPM and is thought to induce early FGF10 
expression. At the onset of limb development (stage 12), 
FGF10 expression has a wide distribution in the segmental 
plate, intermediate mesoderm, and the LPM (see Figure 8). 
Wnt8c is also expressed in the LPM at this stage. FGF10 

expression then narrows and becomes more specific in the LPM 
at the site of the expected limb. Another gene, Wnt2b, can 
be detected in the LPM near the presumptive forelimb at this 
time (stage 14). FGF10 appears to induce FGF8 expression in
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the ectoderm, which then initiates limb bud formation. This 
theory of FGF8 induction by FGF10 is further supported by 
the lack of FGF8 expression in the limbs of FGF10 null mice 
produced by Min et al. FGF10 expression persists in the 
mesenchyme under the AER. FGF2, FGF4, and FGF8 are 
expressed in the AER and Sonic Hedgehog is expressed in the 
ZPA. These genes form a complex and poorly understood 
regulation pattern in the limb (Kawakami et al., 2001;
Ohuchi et al., 1997; Min et al., 1998).

Other genes known to play a role in limb bud formation 
are homeobox (Hox), bone morphogenetic protein (Bmp), 

Engrailed-1 (En-1), Wnt-7a, and Lmx-1. Several of these 
genes are also expressed during otic placode formation and 
ear development (Fritzsch et al., 1998 for review; Min et
al., 1998 for review) and are discussed in more detail 
above.

□sing limb bud formation as a model, predictions for 
the presence of FGF8, Wnt, and FGF10 expression in the inner
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Figure 8. A molecular model of the early stages of limb formation.
SO- Somites, SP- Segmental Plate, IM- Intermediate Mesoderm, LPM- 
Lateral Plate Mesoderm, SE- Surface Ectoderm, ZPA - Zone of Polarizing 
Activity.
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Knockouts

Another technique used to analyze the effect of a gene 
is to 'knockout' (remove or critically damage) that gene in 
a strain of mice. Knockout strains have been produced for 
both FGF10 and FGFR2-IIIb. One phenomenon seen in knockout 
mice is partial or differential penetration. This manifests 
as variation in phenotype between knockout littermates and 
can be quite striking. Partial penetration is, in effect, 
an amplification of normal variation in the genome. Because 
of this variation, it is important to evaluate several mice 
when characterizing the null or knockout phenotype.

FGF3 Expression

In order to verify the validity of our results, it is 
important, first, to demonstrate an ability to reproduce the 
findings of others. In these sections, the known expression 
of several FGFs is reviewed and can be used as a basis for 
comparison for our data.

FGF3 expression in the hindbrain (specifically 
rhombomeres 4-6> suggests that FGF3 plays a role in axis 
determination and. endolymphatic duct formation (Mansour et. 
al., 1993). Additionally, FGF3 is expressed in ail the 
neurogenic and sensory components of all canals within the
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inner ear (Colvin et al., 1999, Cantos et al., 2000 for 
review).

There is some indication that FGF3 is involved In the 
invagination of the otic placode to form the otocvst 
(Represa et. al., 1991) . In chick embryos, ectopic FGF3 
expression induces the formation and invagination of 
'distinct circular structures' that express several cranial 
placode markers including c-notch, pax2, HNK-1, cek-8, lmx- 
1, cNkx5-l, and TuJl. Ectopic placodes were localized over 
a large area anterior and posterior to the normal otic 
placode but not in the trunk of the embryo. Upon 
sectioning, ectopic FGF3 was found in the surface ectoderm 
above the ectopic invaginating placodes, suggesting that 
FGF3 acts as a paracrine effector to induce surface ectoderm 
to form placodes. These placodes were then screened for 
Pax6 and Six3. marker genes for developing lens and nose 
(Goulding et al., 1993; Grindley et al., 1995; Bovolenta et 
al. , 1998; Kamachi et al., 1998), which were absent 
(Vendrell et al. , 2000). Additionally, these ectopic 
otocysts showed neuronal marker B-tubulin and sensory 
epithelial marker BMP7 - supporting evidence that these 
ectopic placodes undergo cell fate determination similar to 
that of a developing inner ear (Vendrell et al., 2000) .
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embryo from age E5.7 5 to E6.5, suggesting that. FGF8 in the 
prestreak embryo is localized in the cells that are to first 
pass through streak and form mesoderm and definitive 
endoderm. At the late streak stage, E7.5, expression is 
restricted to the epithelial component of the primitive 
streak and the embryonic ectoderm cells lateral to the 
streak. FGF8 expression is dramatically reduced in these 
regions by E8.0 (Crossley and Martin, 1995).

FGF8 may also play an early role in card.iogenesis.
FGF8 is detected in the heart precursors at E7.75 and E8.0. 
By E9.25, however, no expression remains in the cardiac 
precursors.

FGF8 is important to the development of the brain and 
is seen in two regions of the neural plate between E3.0 and 
E8.5, one at the rostral end and one between the prospective 
midbrain and hindbrain. In the rostral end, expression 
domain expands at E8.75 and continues to be expressed at 
high levels until at least E12.5, expanding caudally to 
include the roof plate. Expression in this domain persists 
until at least E14.5. In the midbrain/hindbrain, by E9.0 to 
E9.5, expression is limited to a sharp band of 
neuroepithelial cells that lie at the midbrain-hindbrain 
junction (see Figure 9). Expression at this point is 
detected until at least E12.5. Additionally, FGF8 is
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expressed in the hypothalamus and posterior pituitary from 
E9.5 until at least E14.5.

In the optic stalk, optic nerves, and chiasmatic 
region, FGF8 expression is seen from E9.5 to at least E14.5, 
and in the ventral thalamus from E9.5 to at least E12.5.

Finally, in the tail bud, FGF8 is expressed from E8.0 
to at least E10.5. Figure 9 shows an in-situ hybridization 
of FGF8 expression in an E9.0 mouse embryo (Crossley and 
Martin, 1995).

FGF8 also plays a role in the pharyngeal region which 
gives rise to the face, ears, and glands of the head and 
neck. Expression in this region is first detected at E8.0. 
FGF8 is later detected in the nasal pit (~E10.5) and the 
olfactory epithelium (E12.5) (Crossley and Martin, 1995).

During limb development, FGF8 is expressed in stage 1 
limb buds and is localized in the ventral ectoderm. By 
stage 2 to 3, FGF8 is restricted to the developing apical 
ectodermal ridge (AER) and is no longer expressed in the 
ventral ectoderm. Once the AER has formed, FGF8 is 
expressed at high levels along its entire length and 
persists until stage 8 (~E12.5), at which point the AER is
regressing. Figure 7 B demonstrates FGF8 expression in the 
developing limbs of an E10.5 mouse embryo (Crossley and 
Martin, 1995) .
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FGF8b is present in the limb bud ectoderm and activates 
FGFR2c, which is present in the mesenchyme of the developing 
limb bud. It is therefore theorized that this FGF8b/FGFR2c 
interaction causes the initiation and elongation of the 
distal-proximal limb axis and the induction of the sonic 
hedgehog gene expression in the zone of polarizing activity 
during early limb bud formation as described above.
Although FGF1, FGF2, and FGF4 can also induce ectopic limb 
formation by implanting protein-coated beads, only FGF8 and 
FGFR2 are detected in the earliest stages of limb 
development. This same FGF8/FGFR2 interaction may also be 
important in craniofacial development as FGF8 is present in 
the surface ectoderm of the branchial arches and nasal pits 
and FGFR2 is present in the mesenchyme of the branchial 
arches and in the developing frontal bones. Furthermore, 
FGFR2b and FGFR2c are both found in the cochlear endothelium 
of E14.5 mouse embryos, suggesting that the FGF8/FGFR2 
interaction is also important for the development of the 
inner ear. Similarly, FGF8/FGFR4 interactions may play a 
role in renal development (MacArthur et al., 1995).
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Figure 9. in-situ hybridization of FGF8 expression in an E9.0 
(A) and E10.5 (B) mouse embryo, mx- maxillary component, 
ma- mandibular component of the first pharyngeal arch, 
ht- heart, tb- tailbud, fl- forlimb, hi- hindlimb, Fb/hb - forebrain/ 
hindbrain boundary, AER- apical ectodermal ridge.
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FGF8 Null Mutant Phenotype

FGF8 null mice die around embryonic day 8.5, before 
significant development of the inner ear begins.

FGF9 Expression

FGF9 is expressed at low levels in the adult rat brain 
and kidney. In the mouse, FGF9 was detected in the surface 
ectoderm and mesoderm at E8.5. From E9.5 to E12.5, FGF9 

continues to be expressed in the mesoderm of the tail bud. 
Additionally, FGF9 is seen in most or all skeletal myoblast 
groups of the head and trunk at E12.5. FGF9 was also found 
in the presumptive motor neurons of the spinal cord from 
El0.5 to El4.5.

FGF9 signal spans the entire anterioposterior length of 
the apical ectodermal ridge (AER) at E10.5 and has extended 
into the hand and foot plates of the limbs in the surface 
mesenchyme by E12.5.

FGF9 expression in the heart begins around E9.5 with 
strong expression from E10.5 to E12.5 and is down-regulated 
by E14.5. In the lung buds, FGF9 is seen from E9.5 t.c 
E12.5. FGF9 is also involved in the development of the 
digestive system from E10.5 to E14.5. The FGF9 gene is also 
expressed in the retina from E10.5 to E16.5 (Colvin et al.,
1999).
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The otic vesicle shows weak FGF9 expression shortly 
after invagination (E9.5), and by E10.5, expression is 
strong in the otic vesicle and the VUIth ganglion complex. 
FGF9 is expressed in the semicircular canals, the saccule, 
and the cochlea at E14.5. Expression persists in the VUIth 
cranial nerve ganglion at E14.5 (Colvin et. al. , 1999) .

FGF10 Expression

Fibroblast Growth Factor 10 has been isolated from the 
rat, mouse, and human and found to have a highly conserved 
amino acid sequence (>90% homology) with no alternate 
splicing in any species. Exon 1 is known to encode for the 
translation start site, the signal peptide, and the receptor 
binding region of the protein (Min et al. , 1998) .

As described in the limb-bud model above, FGF10 plays a 
critical role in limb formation. FGF10 expression 
progresses from broad expression in the early mesoderm to 
restricted expression in the prospective limb mesoderm.
FGF10 expression precedes FGFS expression in the future limb 
ectoderm and may induce FGFS. Furthermore, ectopic 
expression of FGF10 caused the formation of ectopic limbs in 
the flank of both rats and chicks suggesting that FGF1.0 
plays a role in the initial outgrowth of prospective limb 
mesoderm (Ohuchi et al., 1997).
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Additionally, FGF10 is clearly involved in the budding 
and branching of the lungs. FGF Receptors 2, 3 and 4 are 
expressed in the epithelium of the lung. At E10, FGF10 is 
already expressed around the two lung buds growing from the 
ventral foregut and by E10.5, expression is restricted to 
the distal mesenchyme of the two main bronchi. At E12.5 
FGF10 is also detected in the mesenchyme between lung buds. 
As the buds grow out into the lateral mesenchyme the level 
and expression domain of FGF10 increases to overlie the 
region where the next bud will form. This implies up- 
regulation of FGF10 by the growing endoderm. This 
expression appears to be down-regulated by Shh in the 
developing lungs (Bellusci et al., 1997).

FGF10 is expressed in the periocular mesenchyme on the 
nasal and temporal sides of the eye adjacent to the budding 
of the lacrimal and nasal glands. Furthermore, FGF10 (and 
FGF7) ectopic expression can induce ectopic lacrimal bud 
formation. Additional experiments suggest that FGF10 
signaling through FGFR2-IIIb is critical for the induction 
of the lacrimal bud (Makarenkova et al., 2000).

It has been shown that FGFR-2 Illb and its ligands 
FGF1, FGF7, and FGF10 are expressed throughout pancreatic 
development, along with Ngn-1, NeuroD, and NRx6.1, and that 
mesenchyme-free cultures of embryonic pancreatic epithelium
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containing FGF'l, FGF7, and FGF10 stimulate the 
differentiation, growth, and morphogenesis, of the exocrine 
cells of the pancreas. Furthermore, inhibition of FGFR-2 
Illb signaling results in a 2-fold reduction of the 
development of the exocrine cells, demonstrating that FGFs 
signaling through FGFR-2 Illb play an important role in the 
development of the exocrine pancreas (Miralles et al.,
1999).

FGF10 expression is also seen in the developing brain 
and sense organs (Ohuchi et al., 1997).

FGF10 Null Mutant Phenotype

FGF10 knockouts developed by Min et al. show a near 
1:2:1 recessive Mendelian ratio at birth suggesting that 
FGF10 null mice survive gestation and die at birth. Crown- 
rump lengths of E17.5 FGF10 nulls were about 12% shorter 
than wild-type littermates and although FGF10 transcript 
levels were lower in FGF10 heterozygotes, the embryos 
developed normally Min et al., 1998).

FGF10 knockouts do not form primary bronchi and the 
trachea terminates as a blind sac. FGF1G null mice show 
normal tracheal development including cartilage, mucosal 
epithelium and mucus-secreting goblet cells but the trachea 
ends at the level of the thymus with no main-stem bronchi,
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bronchioles or alveoli (Min et al. , 1998; Colvin et al.,
1999 for review).

Additionally, FGF10 knockouts completely lack limbs. 
Bone structure analysis of the E18.5 FGF10 null show a 
normal scapula but no fcrelimb development. The pelvic 
region shows only a rudimentary cartilaginous pelvic girdle 
with no evidence of hindlimb growth. FGFR2b was expressed 
in the presumptive limb regions in the null mice but no FGF8 
expression was seen in the presumptive limbi ectoderm of E9.5 
FGF10 null embryos; however, FGF8 expression in the brain 
and pharyngeal epithelium appears normal (Min et al., 1998).

FGF10 null mice have apparently normal kidneys at Ell.5 
(Min et al., 1998).
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Overview of Project

The majority of published FGF in-situ data for the 
inner ear has been presented as tissue sections. While 
sectioning can give a clear picture of gene expression at. a 
specific location, it does not give a complete picture for 
the entire ear and can sometimes be misleading. For this 
reason, an in-situ protocol has been developed for whole- 
mount tissue. This has enabled us not only to identify 
where gene expression is located, but also to compare 
intensity of expression from one area to another in addition 
to giving a clear overview of expression patterns. Using 
this technique, we have mapped FGF expression in the placode 
and otocyst of the embryonic day 9.5 to 11.5 mouse using 
FGF3, FGF8, FGF9, and FGF10 probes.

In addition to FGF3, FGF8, FGF9 and FGF10 expression 
descriptions, we have characterized the phenotype of the 
only existing FGF10 null mice using scanning electron 
microscopy to evaluate the three-dimensional structure and 
sensory epithelium malformations in the FGF10 knockout inner 
ear.
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Methods

Care and Handling of Mice
Mice (Mus musculus) are commonly used in research due 

to their rapid reproductive rate, ease of care, and high 
homology to humans. There are over 100 strains of inbred 
mice recorded with seven or eight of these strains being 
commonly used in research including BALB/c, C3H, C57/BL, and 
DBA/2. Commonly used out bred strains include CF1, ICR, S, 
and SW. In this project, the out bred strain CF1 mice were 
used due to their docile nature, lack of pigment and high 
fecundity. In any mouse colony, it is important to watch 
for fighting among the males and barbering of non-dominant 
mice by the dominant ones.

Temporary identification of mice was done with a 
marking pen applied at the base of the tail. For long-term, 
permanent marking, ear punching was used. The following 
diagram illustrates the ear-punch numbering system, whxch 
can be used to label up to 299 mice. Additionally, each 
cage containing mice was labeled with the strain, gender, 
age / birth date, source, and animal numbers. The ano
genital distance can be used to determine gender of the
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mouse. This distance is longer in tide males than in the 
females.

Mice reach sexual maturity at 40 to 60 days, depending 
on strain, season, growth rate, litter size, and nutrition 
level. Female mice are polyestrous and come into estrus or 
heat every four or five days and within 24 hours after 
parturition. Females in estrus can be identified by redness 
and swelling around the vaginal opening that lasts 
approximately 24 hours. The gestation period for mice 
averages 20 to 21 days. Newborn mice are pink, hairless, 
and helpless. Their eyelids are closed and their external 
ears are not yet fully developed. Mice are weaned around 2.1 
days.

Timed pregnancies are set up to generate embryos at 
certain ages. To set up timed pregnancies, females in 
estrus are placed together in a cage. One or two males 
should be added around 11pm. At 6 am (or seven hours 
later), the male(s) should be removed and female mice should 
be checked for a sperm plug. Sperm plugs appear near the 
opening of the vagina and are a good (although not 
completely fail-safe) indication that a female mouse has 
been impregnated. Often sperm plugs are reabsorbed or drop 
out of the female. Because of this, it is best to keep 
careful records of which dates each female was with the

Pauley
7/1/01

66



Pauley
7/1/01

male. For female mice that have never had a litter, 
evidence of pregnancy (weight gain) can be seen around 
embryonic day 9 or 10 (E9 or E10). In older animals or 
those that have had previous pregnancies, ft may be more 
difficult to see weight gain. By E1.3 to E14, the developing 
embryos can be paipared in the flanks of the mother mouse. 
Embryonic age is determined by counting noon of the day on 
which the sperm-plug is found as embryonic day 0.5 (E0.5).

Fixing and Perfusing
On the day the embryos have reached the desired age, 

fresh 4% paraformaldehyde (PFA) is mixed, filtered, and 
chilled. The female mouse should be killed by cervical 
dislocation. The uterine horns containing the embryos are 
carefully removed and immediately placed in a petri dish 
containing cold, RNase-Free PBS. Embryos are freed from the 
uterine horns by gently tearing a small hole in each sack. 
E9.5 embryos are sucked up in a pipette tip as they are too 
fragile to pick up with forceps. Older embryos can be 
picked up with forceps, being careful not to damage the ear. 
Embryos are placed in 4% PFA and store from two hours to 

four days at 4°. Embryos are then dehydrated using 
increasing solutions of methanol starting at 25%, going to
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50%, and finishing with 70% ethanol. They can then be 

stored in 70% ethanol at -20° indefinitely.
Alternatively, perfusion of the blood vessels may be 

required, as is generally the case in older animals (El6 to 
P21). To prepare for perfusion, about lOOmL 4% PFA is 
prepared and a system is set up to pump PFA through a 21 
gauge needle. Animals are picked up by the back of the neck 
with the thumb and index finger. The pinky finger is 
wrapped around the base of the tail to immobilize the mouse. 
Anesthetic should be injected into the peritoneal cavity, 
avoiding any organs. Generally, pentobarbital is used as 
the anesthetic at 50mg/kg (approximately 0.02ml). Within a 
few minutes, the mouse should lose motor control. Depth of 
anesthesia can be determined by eye-touch reflex. Once 
reflexes are lost, pin down the feet to a dissection tray. 
Wet belly and chest of mouse with 70% ethanol and grab a 
fold of skin with forceps. Cut the skin from the belly area 
to the base of the neck then cut along the sides of the rib 
cage, being careful not to cut the heart. Cut along the top 
of ribcage, freeing it from the animal and exposing the 
heart. The heart should still be beating. Pierce the left 
ventricle of the heart with the 21 gauge needle and poke a 
hole in the right atrium by pinching with forceps. Turn on 
pump. PFA should flow through the circulatory system and
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out of the right atrium. As the animal is perfused, muscle 
spasms may occur and the animal should turn very white, A 
well-perfused animal is quite white and very stiff. The 
animal is decapitated and the body disposed of.

Dissection of the embryos is done under a light 
stereoscope with fine dissection tools. No dissection is 
required for E8.5 to E9 embryos. For E9.5 to Ell.5, the 
embryos are sectioned at the level of the upper limbs then 
hemi-sected. Brain tissue is removed from the older 
animals. For embryos older than Ell.5, the entire otic 
capsule is removed and pierced with a tiny pin to assure 
adequate probe penetration (discussed below).

Genotyping
HoxA.l knockout mice and primer sequences were a gift 

from Suzan Mansour, Ph.D. FGF10 knockout mice were created 
by Amgen/Simmonet and donated by David Ornitz, Ph.D. along 
with Neo primer sequences.

A final primer concentration of 0.4nmoles is desired. 
Resuspend pellet in 50ul water and measure the DNA 
concentration by spectrophotometry as described below.

The DNA collection follows the protocol in the DNA 
Isolation Kit - Animal Tissue Protocol from Puregene.
About 2 hours before beginning the procedure, set water
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baths at 55° and 37° and double check temperatures before 
beginning. Prepare bench top with DNA-OFF. Mark the’ white 
area of each slide with dots 1cm apart; one slide for each 
mouse. Set out one razor blade for each pair of mice and 
label each side (i.e. one and two for first two mice). 
Prepare ice bucket for tails. Label 1.5 ml tubes with the 
same numbers as the mice - mice will be labeled by ear 

punches. Place 600|il cell lysis solution (Puregene) in each 
tube and place the tubes on ice.

An intraperitoneai injection of Avertin (a bromine 
compound dissolved in alcohol) is used to anesthetize the 
mice. Use just enough to make the mouse sleepy, being 
careful not to kill it (~3/10 ml for large mouse, ~-2/10 ml 
for small mouse). Cut off 1cm from the end of tail and 
punch ears. Cut 3 small slices from this tail piece and 
place them in the lysis solution. When chilled, the cell 
lysis solution may form a whitish precipitate. This is OK. 

Once all tails are collected, add 6p.l of 10mg/ml proteinase 

K to each tube and mix well. Incubate overnight at 55°.

Add 3pl BNase A solution (4mg/ml and >80U/mg) and 

incubate at 31° for 30 minutes. While the DNA is 

incubating, label a second set of 1.5ml tubes and add 600ui 
100% Isopropanol to each tube. Cool the samples to room
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temperature and add 200p.l protein precipitation solution. 
Vortex the samples for 20 seconds then spin them at 13,000 
to 16,000 RCF for 3 minutes. Pour the supernatant 
containing the DNA into isopropanol tubes and invert 50 
times. You may be able to see the DNA threads at this 
time. Spin for 1 min at 14,000 rpm, pour off supernatant, 
and drain well. The pellet sticks to the tube pretty well 
at this point. Wash with 70% ethanol and spin for another 
minute at 14,000 rpm. Carefully pour out ethanol to avoid 
losing pellet. Dry the samples in the hood for ~15 
minutes. Add lOOul DNA Hydration Solution (TE) and 

rehydrate overnight at room temperature, then store at 4°.
When taking the spectrophotometer reading, remember 

that the Cuvetts hold 70ul. Dilute DNA 1:10 by mixing 72ul 
TE with 8ul DNA and remember to take a blank with TE. The 
setup on the spectrophotometer in room 408 should read:
10mm, dilution factor =10, dsDNA. Note that a ratio above 
2 indicates high RNA content and a ratio below 1.6 
indicates a high protein content. Record the DNA 
concentration.

For the PCR reaction, use 5ul Buffer 1 (Perkin-Elmer) 
(Mg concentration is .important (~1.5mM), stored at 4 deg).
Do not use Buffer II as it lacks Mg, Add 4ul dNTP (stored 
at -20 deg. Use dry ice to refreeze), primers (stored at
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4°, labeled SLM 16-18) . Dilute 1:10, 2. Sul Taq Gold (PE) : 
Dilute 4ul concentrated Taq with 28ul water (or 3 & 21).
Taq gold requires an activation step of 94 deg for 10 
minutes (Stored at -20). Use 0.5 - 1.3 ul of template DNA 
(~100ng). Add water to 50ul. It is best to calculate and 
add water first, followed by Buffer, dNTP, Taq, Primers, 
then template. Use filtered pipette tips for PCR reaction 
to avoid cross-contamination.

Use the following setup for running PCR: Hoxa.1: 94
deg for 10 minutes, / 94 deg for 30 sec, 68 deg for 30 sec, 
72 deg for 3:30, / Repeat 35 times, 72 deg for 7 minutes, 4 
deg hold.

Analyze the samples using gel electrophoresis. The 
gel base is filled with glycerol and kept in the fridge. 
Place the gel mold in shell and level it. The 12-l.ane comb 
fits in with comb toward bottom of gel. For one 2% agarose 
gel, you need 28 ml water (to the top of 'EMAX' on- 
graduated cylinder) and 560ul of 50x TAE buffer. Mix in a 
flask. On weigh paper, measure 0.56g agarose. Bring
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solution to a boil in the microwave: 45 sec, swirl
sec, swirl, 10 sec, and swirl. These times ar0

approximate Watch carefully to make sure it does
over. Add 5.6 ul ethidium bromide solution (from fridge) 
and mix immediately. Caution must be used when working
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with ethidium bromide, as it is a likely carcinogen. Rinse 
pipette tip with water being careful to avoid exposure with 
the EtBr because of its ability to insert itself into DNA. 
After cooling for a few minutes, pour the solution into the 
gel mold. The cooler the solution, the fewer bubbJ.es you 
will have. Rinse flask immediately with warm water.
Running buffer is 4.4ml 5Ox TAE in 220 ml total volume.
Step Ladder (load 13 ul): lul stock (Gibco), 3ul loading
dye, 2ul lOOmM NaCl, 7ul 1420. Mix 14ul of each sample with 
2ul dye. Load ~15ul of the sample into each well. Attach 
the negative electrode (black) at the top and the positive 
(red) electrode at the bottom and run the gel at 120V for 
20 to 40 minutes, watching tracking dyes. Image in the 
darkroom (4tn floor) using the commands: file, new, save, 
and print.

Probe Preparation
The FGF8 probe was obtained from Dr. Ulla Pirvola in 

plasmid form. The FGF10 probe came from Dr. Ornitz. The 
FGF8 was inserted into pBK-CMV (kanarnycin resistant) and the 
FGF.10 was inserted into pKSII+ (Ampicillin resistant) . 

Approximately 10r|g of this plasmid DNA was transformed into 
SEC chemically competent cells following the procedure 
outlined by GibcoBRL Form No. 18057 (steps 5 and 12, for

Pauley
7/1/01



determining transformation efficiency, were skipped). After 
expression, the cells were spun at 2000rpms for 8-10 

minutes, and then resuspended in 100|ll SOC. This 10Cj.il 
solution of cells was grown on the agar plates (with 10-50 

jug/mL kanamycin or 100 jug/mL Ampicillin, 50 pi X-gal and ImM 
IPTG can be added for blue/wnite selection and increased 
cell growth respectively) overnight at 37deg. One white 
colony for each probe was chosen and grown overnight in LB 

containing Kanamycin (25 pg/ml) or Ampicillin (50 f-tg/ml) .
The blue colonies (on X-gal plates) have an untransformed 
vector, which still produces lacZ that reacts with the X-ga.1. 
to form a blue precipitate.

Maxi preparations were performed using Qiagen's Maxi 
Prep protocol in which cells are grown, concentrated, and 
lysed. For the maxi preps, one colony of cells is selected 
from the plate using a pipette tip or toothpick and placed 
in LB broth with the appropriate antibiotic. The working 

concentration for Ampicillin is 100pg/ml and for Kanamycin 

is 50|.ig/ml. The culture is then grown overnight at; 37° and 
225 rpxns. The plasmid DNA is collected in a gravity-drained 
column, eluted in TE, and precipitated with Ethanol. Clean 

plasmid DNA is then resuspended in 200j.il TE.
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Ten pig of the plasmid was then digested with 30 - 50 
units of enzyme (Hind III for FGF8, BamHI for FGF10) and 

corresponding buffer in a 100 (il reaction. When cutting 
plasmid, it is important to cut at the 5' end for anti-sense 
probes. Enzyme was removed from the solution by doing a 
phenol / chloroform extraction (phenol /chloroform step done 
twice to ensure clean DNA) and ethanol precipitation 
(described below). Resulting cut plasmid DNA was 

resuspended in lOOul lOmM Tris (pH8.0-8.3) . One pi 1 of the 
plasmid was run on a 1.2% agarose gel to check purity and 
concentration.

Phenol/chloroform extraction is used to clean proteins 
out of the DNA. The solution volume should be brought to 

lOOpil with distilled, deionized water (don't use TE or other 
salt buffers as the salt may cause the DNA to precipitate). 

Add lOOpil phenol and mix by flicking or inversion.
Centrifuge at 12,000 rpm for 5 minutes at room temperature. 
Pipette off the top, aqueous layer, containing the DNA. Add 

50pil phenol and 5 0pil chloroform and mix by flicking or 
inversion. Centrifuge at 12,000 rpm for 3 minutes. Keep 

the lOOpil aqueous layer, and repeat with 50|il phenol, and 

5Opil chloroform, centrifuging for 3 minutes. Keep the 

100(il aqueous (top) layer. Add 100(11 chloroform, mix, and



centrifuge for 2 minutes. The chloroform step may be 
repeated to remove all traces of phenol.

For ethanol precipitation, bring the DNA solution to 

lOOpl using TE or other salt solution. Add lOpl 3M sodium 

acetate (NaAc) and 2 pi glycogen (optional for large amounts 

of DNA). Add 250pl, -20° ethanol. Mix well and place on 

dry ice or at -80° for at least 1 hour. Centrifuge for 30 

minutes at 4°. Remove the supernatant and rinse with -20°, 

70% ethanol. Centrifuge for 5 minutes at 12,000 rpm and 4°. 
Remove supernatant and allow sample to dry (over-drying may 
make pellet more difficult to resuspend). Resuspend in 
appropriate solution (such as TE).

The digoxigenin (DIG) transcription reaction was run 

using lpg plasmid DNA in a total of 14pi water, 2pi 10X 

Transcription Buffer, 2pl 10X Labeling Mix, lpl RNase 

Inhibitor, and lpl RNA Polymerase for a 20pl total volume 

reaction. Mix gently and incubate at 37° for one hour. Run 

0.5pl on a 1.2% agarose gel to check size and concentration 
of probe. Probe band should be about 10 times brighter than 

DNA band on the gel. If band is not sufficient, add lpl 

Labeling Mix, lpl Transcription Buffer, lpl Polymerase, and 

7pl water to bring reaction volume to 30pl total. React for
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another hour and check again on gel. An optional DNA 

digestion can be run using 3p.l DNase (RNase free) for 15 

minutes. Add lf.il of tRNA (lOfig/fil) , lf.il of RNase Inhibitor 

and TE to lOOjil. Probe should be divided into 5-lOfJ.l 

aliquots and stored at -20°.

In-Situ Hybridization
This technique is a four day process that allows for 

the binding of a synthesized, digoxigenin-labeled ri.boprobe 
that is complementary to the mRNA of the gene of interest, 
to bind to the mRNA in the tissue. An alkaline phosphatase- 
containing antibody to the digoxigenin (DIG) is then bound 
to the DIG-labeled probe. BM Purple, which contains a 
substrate for alkaline phosphatase, is then added. The 
reaction produces a blue precipitate that indicates the 
location of gene expression in the tissue. Figure 10 is a 
schematic illustrating this process. Below is the complete 
protocol for in-situ hybridization.

It is critical that all solutions used below (with 
exception of the blocking buffer and BM Purple) be filtered 
and kept very clean. Any piece of lint or dust in the 
solutions will adhere to the tissue and turn dark upon 
detection. The embryos should be removed, fixed in PFA, and 
dehydrated as described. Prior to use, bleach the embryos
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in 5:1, methanol: 30% hydrogen peroxide, for 5-6 hours at 
room temperature, followed by several washes in 100% 
methanol. The embryos can then be stored in methanol at - 
20C indefinitely.

On the day you are ready to begin the in-situ process, 
rehydrate the embryos through graded methanol series of 75% 
methanol for 5 minutes, 50% methanol for 5 minutes, 25% 
methanol for 15 minutes or until embryos sink. The embryos 
may still float after 15 minutes of rehydration in 25% 
methanol due to air trapped in the tissue. If this is the 
case, carefully transfer the embryos to a petri dish filled 
with 25% methanol and gently release the trapped air bubbles 
with forceps.

Any necessary dissection can be done at this point or 
before the initial dehydration. Embryos at day 9 and 10 
should have the brain region opened. Embryos older than 10 
days should be cut transversely below the level of the front 
limbs, and then sliced through the mid-sagital plane.
Remove any brain tissue covering the inner ear, or remove 
the entire capsule from older embryos.

Place the embryos in a 2ml eppendorf tube (RNase, DNase 
free micro centrifuge tube). Wash the embryos in phosphate 
buffered saline and 0.1% Tween-20 (PBT) three times for five
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minutes. All methanol solutions and the PBT solution should 

be at 4°. All washes should be done on an inverter mixer.

Digest the tissue with a final concentration of 10fJ.g/ml 
of proteinase K in PBT at room temperature. The best 
proteinase K digestion time depends on the age of the 
embryo; the following list gives an estimate for digestion 
times: E8.5 for 6 minutes, E9.5 for 10 minutes, E10.5 for
13 minutes, Ell.5 for 15 minutes, E12.5 for 37 minutes,
El4.5 for 2 0 minutes, El6.5 for 30 minutes. This digestion 
is a critical step and digestion times are important. 
Under-digestion will result in incomplete probe penetration 
and therefore a misleading signal gradient in the tissue, 
while over-digestion will result in a loss of structural 
integrity of the embryo. To stop the proteinase K reaction, 
discard the solution and replace with 2ml of 2mg/ml glycine/ 
0.1% Tween 20. Wash with this solution for 10 minutes at 

4°. Wash the embryos in 4° PBT four times; the first wash 
should be for 1 minute and the remaining three washes for 5 
minutes each. The next step is to refix embryos in 4% PFA 

for 15 minutes at 4°; then wash again in 4° PBT four times 
(as above). Discard wash solution, discarding as much PBT 
as possible. Invert the microfuge tube and carefully blot



the edge with a kimwipe. Do not allow embryos to touch the 
kimwipe.

Add 1.795 ml of pre-hybridization mix and allow the 

samples to incubate at 52° in a rotating hybridization oven 

for at least 1 hour. As one hour approaches, denature 200(4.1 

per sample of salmon sperm ssDNA at 90° for 10 minutes then 
place on ice until ready to use. After at least 1 hour of 

prehybridization, add 2 00(4.1 of denatured ssDNA to each 

sample, and lOOrig riboprobe to each sample. Hybridize 

overnight at 52°.
After hybridizing for 12 to 16 hours, carefully remove 

hybridization mix and replace with 2.0 ml 2X SSC (SSC =
150mM NaCl, 15mM sodium citrate, pH 7.4). Wash the embryos 

three times for 10 minutes each at 52°. Then wash twice 

with 2X SSC for 30 minutes each at 70°, inverting 

occasionally. These washes at 70° kill any endogenous 
alkaline pnosphotases, significantly reducing background. 

Breaking the 70° wash into two, 30-minute segments minimizes 
damage to the tissue.

For the RNase digestion, replace the SSC with 2.0 ml 
RNase A Buffer (0.01M Tris, 0.5M NaCl) and wash for 5 
minutes at room temperature. Discard the buffer and replace 

with 1,98 ml RNase A Buffer and 2.0(4.! RNase A Enzyme.
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Digest for 60 minutes at 37°. To stop the reaction, replace 

RNase solution with 2.0ml of 4°, 0.5X SSC/0.'1%SD5 (SDS = 
Sodium Doaecyl Sulfate), and wash for 10 minutes. Follow 
with four washes of IX wash buffer (by Boehringer Mannheim) 
or TBST (TBST = 8g NaCl, 0.2g KC1, 25ml 1M TrisHCl, lml 
Tween-20 in one liter of water). The first two washes are 
for 10 minutes at room temperature, the second two washes 

are for 30 minutes at 70°.
Incubate the embryos in 2.0ml block buffer (Boehringer 

Mannheim block buffer and maleic acid) on inverter for 2 

hours at 4°. During this incubation, prepare 2.0ml of block 
buffer per sample and add Anti-digoxigenin antibody 

(Boehringer Mannheim) at a ratio of 1:2000 (Ipl/sample) to 

this master mix, invert two or three times and set at 4° 
until use. After 2 hours, discard the block buffer and 
replace with 2.0ml of the above block buffer and antibody 

mix. Incubate the embryos overnight at 4° on an inverter.
The next day (day 3), replace the antibody solution 

with IX wash buffer or TBST. Wash a minimum of five times 
for one hour each at room temperature on an inverter. At 
the end of the day, mix a solution of 0.5mg/ml (2mM) 
levamisole in IX wash buffer and wash samples overnight at 
4°.
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For detection, rinse the samples with detection buffer
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(lOOmM TrisHCl, lOOmM NaCl, 50mM MgC12; or Boehringer 
Mannheim's buffer) for 10 minutes at room temperature. 
Replace detection buffer with room temperature BM Purple 
(Boehringer Mannheim) and place in the dark, checking every 
30 minutes to one hour until desired signal strength is 
achieved. The reaction can be stopped by placing samples in 

4% PFA at 4°. For best results, acquire data as soon as 
possible.
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Transmission Electron Microscopy
Tissue to be used for electron microscopy should be 

fixed in 4% PFA at least overnight but may be fixed much 
longer. The samples should then be rinsed in phosphate 
buffered saline (PBS) and post-fixed in 1% osmium tetroxide 
in phosphate buffer for 1 hr. Tissue is then rinsed in PBS 
and dehydrated thorough a series of 70%-100% ethyl alcohol 
washes. Samples are then soaked in propylene oxide three 
times for 15 minutes each. Infiltration is begun by 
soaking samples in a 1:1 solution of propylene oxide to 
embedding media (embed 812 from EMS) overnight. The 
following day, samples are rinsed in 100% embed 812 for a 
minimum of 1 hour, then placed in 100% embed 812 in flat 

embedding molds to polymerize overnight at 60°.
After polymerization, samples are thick-sectioned on an 

ultramicrotome to produce 2|rm thick sections for light 
microscopy. Sections are stained with toiuidine blue stain 

then thin sectioned at 70-100 T]m for the electron 
microscope. Samples are placed on copper mesh grids and 
heavy metal stained using uranyl acetate and lead citrate. 
Samples were viewed and photographed on a Philips CM-10 
Transmission Electron Microscope.
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Scanning Electron Microscopy
Tissue to be used for electron microscopy should be 

fixed in 4% PFA at least overnight. The samples should 
then be rinsed in phosphate buffered saline (PBS) and post- 
fixed in 1% osmium tetroxide in phosphate buffer for 1 hr. 
Tissue is then rinsed in PBS and dehydrated through a 
series of 70%-100% ethyl alcohol washes. The samples are 
then dried using critical point drying with liquid carbon 
dioxide. Samples are mounted on aluminum stubs and sputter 
coated with gold palladium. Samples were viewed and 
photographed on a Joel - 840 Scanning Electron Microscope.

Dil
Dil strips were created by soaking filter strips in Dil 

dissolved in dimethylformamide. The strips were then air 
dried and cut into appropriate sizes.

The mice to be used were perfused using 4% PFA, then 
fixed in 4% PFA at least overnight. Embryos or neonates 
were dissected in PBS and Dil was implanted into the desired 
location. The samples were incubated for 1 to 3 days at 

37°. Samples were then dissected in PBS and mounted on flat 
slides. Dil diffusion was viewed and photographed using a 
confocal microscope.
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Acetylated Tubulin Immuno-Histochemistry
Before running the acetylated tubulin reaction, tissue 

is defatted through a series of alcohol washes: 50%
Methanol for 5-10 minutes, 100% Methanol for 10-20 .minutes, 
Xylene for 5 minutes, Xylene for 10 - 20 minutes, 100% 
methanol for 10-20 minutes and PBS for 10-20 minutes.

The tubulin reaction is then begun by blocking the 
tissue in 5% normal serum in PBS for 30-60 minutes minimum, 
with shaking. Goat serum is commonly used. The primary 
antibody solution is prepared using 5% normal goat serum,
1% Triton X-100, PBS, and 1:400 Anti-acetylated tubulin 
(1:300 to 1:500). Incubate the tissue in primary antibody 
solution at 4°C for 48-72 hr. One may place tissue on 
shaker at RT for 1 hour prior to refrigeration if desired. 
After incubation, rinse tissue 2-3 times in PBS over a 60- 
90 minute period or overnight. Prepare the secondary 
antibody using 5% normal serum, 1% Triton X-100, and 1:500 
Goat anti-mouse IgG in PBS. Incubate tissue in secondary 
antibody solution at 4°C for 2-48 hours. After incubation, 
rinse tissue 2-3 times in PBS over a 60-90 minute period.

For the DAB protocol, dissolve 1 tablet (10 mg) of DAB 
in 4.9 ml of distilled or de-ionized water and 0.1 ml of 
Triton X-100. After fully dissolved, add 5 ml. of 0.2M PB, 
pH 5.2. The final solution may need to be filtered. Add
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the DAB solution to the tissue and allow it to incubate for 
5-20 minutes. Add 0.3% H2O2 drop-by-drop to the tissue in 
DAB and swirl. Reaction should be visible in 2-5 minutes, 
intensifying over time until the nerve fibers can be seen 
throughout the tissue. When the reaction is done (no 
further specific staining increase is seen, and an increase 
in background staining is observed), the reaction can be 
stopped by removing DAB and adding methanol or by washing 
several times with PBS so that the DAB and H2O2 are 
sufficiently removed. All remaining DAB solution and 
washes must be placed in DAB waste jug for hazardous waste 
disposal. Treatment with bleach is not necessary. DAB may 
not be poured down the drain.
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Results

FG F3  Expression
At E8.5, FGF’3 expression is seen in the rhombomeres of 

the hindbrain, supporting the findings reported by Mansour 
et al. , 1993. At E9.5, persistent FGF3 expression in the 
hindbrain is strong. Additional expression is seen in the 
branchial arches. By E10.5, expression in the hindbrain is 
much weaker (data not shown).

In the developing otocyst, from embryonic day 9.5 to 
10.5, there is obvious expression of FGF3 in the anterior 
aspect of the otocyst and a slight expression in the VUIth 
ganglion. Figure 11 shows the expression pattern of FGF3 in 
the developing otocyst for E10 and E10.5. This data was 
obtained using in-situ hybridization ana is consistent with 
the data seen by Pirvola et al., 2000 and Mansour et al.,
19 93.

In-situ hybridization run on earlier stages (E9) and 
later stages (Ell.5) showed very faint, generalized FGF3 
signal in the otocyst (data not shown).

Pauley
7/1/01

88



FGF3 in-situhybridization in the El 0 to El 0.5 
developing otocyst.

Figure 11 89



In-situ hybridization using the FGF8 probe shows 
striking expression in the ectoderm of the limb buds, light 
expression in the tail, strong expression in the midbrain / 
hindbrain region and in the pituitary at E10.5. This data 
correlates well with expression seen by Crossley and Martin 
in 1995, and gives us confidence in our ability to generate 
reproducible, reliable data using in-situ hybridization.

In the ear, FGF8 shows early, generalized expression, 
which is clearly seen in the otocyst. At E10.5 there is an 
obvious dorsal to ventral gradient, shown in figure 12, 
implicating that FGF8 is involved in the development of the 
semicircular canals. This is supported by the observation, 
by Crossley and Martin in 1995, that FGF8 is seen in the 
vestibular portion of the ear at E14.5, but the specific 
role of FGF8 in the inner ear is still unclear, except for 
the late expression in inner hair cells. This signal may be 
responsible for the FGFR3 mediated Pillar cell 
differentiation (Colvin et al., 1996; Pirvola et. ai., 2000) .
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Figure 12. FGF8 in-situ 
hybridization in the  
El 0.5 deve lop ing otocyst.
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FGF9 expression is seen in the developing limbs, heart, 
and tail at E10.5. Although the expression in the limbs was 
much more generalized than that of FGF8 at the same time, 
our work supports the findings of Colvin et al„, 1999.

The FGF9 expression in the E10 otocyst (shown in figure 
13) is similar to FGF8 expression in that it is very 
generalized, this time with a slight anterior to posterior 
gradient. Additionally, there is a hint of expression in 
the developing ganglion in the anteroventral wail. Earlier 
(E9.5) and later (Ell.5) in-situ staining is faint or non
existent (data not shown).

At E14.5, Colvin et al describe FGF9 expression in the 
semicircular canals, saccule, and cochlea, implying FGF9 
activity in later stages of development.

FGF9 Expression
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Figure 13. FGF9 in-situ 
hybridization in the El 0 
develop ing otocyst.



The most striking expression of FGF10 was seen in the 
mesoderm of the limb buds at E10.5. Expression was also 
seen in the nose and whisker pats of Ell.5 mouse embryos 
(data not shown).

In the inner ear, at embryonic day 9.5, FGF10 
expression is seen throughout the otocyst with the strongest 
expression appearing in the anteroventral quadrant. Figure 
14 shows in-situ hybridization of the E9.5 inner. Notice 
the intense staining in the ear in contrast with the white 
body and branchial arches; implying our technique has little 
to no background staining.

By E10.5, the expression is still seen strongly in the 
anterior portion and in the developing ganglion as well as 
in a small patch on the posterior wall of the otocyst, the 
presumptive posterior vertical canal (Figure 15). The 
dorsal and ventral walls of the otocyst, the sites of the 
future endolymphatic duct and cochlea respectively, show 
little signal. This 'division' of the FGF10 expression in 
the dorsal and ventral regions is probably not migration of 
FGF10 expression, but separation of FGF10 expressing regions 
by differential growth of the endolymphatic duct and the 
cochlea.
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FGF10 Expression
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The most striking expression of FGF10 in the inner ear
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is seen at embryonic day 11.5 (Figure 16). This in-situ 
hybridization image shows very strong FGF10 expression in 
both the vestibular and cochlear ganglia. Additionally, 
sensory epithelium of each of the semicircular canals is 
strongly labeled, as is the tip of the spiraling cochlea. 
Signal in the utricle is evident but faint. Notice the 
horizontal plane defined by FGF10 through the presumptive 
sensory epithelia of the canals in Figure 16.

the

95



10Q um ^  |Dorsal 10 um

Figure 14. FGF10 Dorsal
* Posterior

Anterior
in-situ hybridization
in the E9.5 developing 
otocyst.

rn c Ventral Ventral

Figure 15. FGF10 
in-situ hybridization 
in the E10.5 developing 
otocyst.

96



E ll ,  FGFIO in situ

AVC
#

PVC

Cochlea

E ll,  FGF10 in situ E ll ,  FGFIO in situ

AVC ^  
i L # HC m

PVC

Cochlea

Utricle
] 0 urn

Figure 16. FGFIO expression in the El 1 developing otocyst. 
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FG F 10  Null Phenotype
The FGF10 knockout mice have severe mutations in the 

semicircular canals. The entire polarity of the growing 
canals is disrupted so that the canals grew out from the 
utricle in odd directions. In addition, the canals are 
blind-ending. Sections through the otocyst of an E18, FGF10 
null mutant, shows the anterior vertical duct aberrantly 
oriented in the horizontal plane whereas the horizontal duct 
is oriented in a vertical plane (Figure 17, A).
Additionally, there is no separation between the sensory 
epithelium of the utricle and the anterior vertical canal 
(Figure 17, B & C; Figure 18). Furthermore, this continuous 
sensory epithelia appears to include the sensory part of the 
posterior vertical duct in some mutants and is evident as a 
bulge in the sensory epithelia of the utricle in Figure 17, 
D. Relatively normal cupula over the sensory epithelia of 
the ducts are present.

Figure 18 shows FGF10 expression in the wild type, 
embryonic day 11 inner ear. The horizontal section in the 
upper right-hand corner demonstrates the very specific, 
intense expression in the presumptive sensory epithelium of 
the vestibular canals. The scanning electron micrographs in 
the lower half of the figure show the FGF10 null compared to
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the wild type at embryonic day 18. Here we can see the 
blind ends of the anterior vertical and horizontal canals. 
Also notice that the orientation of the entire sensory 
epithelium, of both the canals and the utricle is rotated 90 
degrees. Furthermore, the sensory epithelium of the 
anterior vertical canal is continuous with that of the 
utricle in the FGF10 mutant, and the epithelium, of the 
canal, which is normally divided by a non-sensory ridge, is 
undivided in the null (Figure 18). In the FGF10 null, the 
utriculosaccular foramen is elongated and the endolymphatic 
duct forms from a bulge in the saccule (data not shown).

Based on scanning electron microscopy, the sensory hair 
cells of the FGF10 null fail to produce stereocilia or any 
other cell surface markers. The smooth surface of the 
cochlear hair cells is shown in comparison to those of uhe 
wild type cochlea at two magnifications in figure 19. 
Cochlear growth is stunted and the cochlea fails to coil in 
the knockouts.

Figure 20 shows sections of the FGF10 null through the 
saccule and cochlea at the level of the ductus reuniens.
The vestibular ganglion is in its proper location outside 
the otic vesicle. The spiral ganglion is not, however, seen 
below the cochlea as expected. Instead, we see the small 
neuronal cells characteristic of the spiral ganglion next
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to, and merging with, the 
see a normal saccule with 
tectorial membrane.
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Figure 17. Horizontal sections through the FGF10 null inner ear. 
AVC- Anterior Vertical Canal, HC- Horizontal Canal, PVC- possible 
location of the Posterior Vertical Canal, U- Utricle. 101



Figure 18. In-situ 
hybridization whole- 
mount and section 
through presumptive 
sensory epithelia of 
the vestibular canals. 
Scanning electron 
micrographs of null 
and wild-type inner 
ears at E18.5.
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Figure 19. Scanning electron micrographs of FGF10 null and wild type 
cochlear hair cells at 2000 and 7000 times magnification. IHC- Inner 
Hair Cells, OHC- Outer Hair Cells. 103
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FGFR2-H!b Null Innervation

When an acetylated tubulin reaction is run on the 
sensory neurons entering the inner ear of the FGFR2--IIIb 
null mutant, as shown in Figure 21, it is clear that both 
the sensory neurons that innervate the cochlea and those 
that innervate the posterior vertical canal have normal 
migration patterns despite the severely altered 
morphogenesis of the ear. This supports the theory that 
cell fate determination is conserved through evolution as
discussed in 'inner ear development' above.



Figure 21. Acefylated tubulin tracing of sensory neurons in the wild type (left) 
and FGFR2-lllb m utant (right), demonstrating normal m igration patterns in the  
m utant inner ear. PVC- Posterior Vertical Canal, AC - Anterior Canal, HC- 
Horizontal Canal, OHC - Outer Hair Cell, ED- Endolymphatic duct.



Discussion

Although data was collected for several FGFs (3,8,9, 
and 10), the most interesting expression pattern and 
therefore the one that will be discussed in detail here is 
FGF1 0.

As mentioned above, the change of expression pattern in 
FGF10 from embryonic day 9.5 to 10.5 is most likely not 
change of FGF10 expression, but separation of FGF10 
expressing regions by differential growth of the 
endolymphatic duct dorsally and the cochlea ventrally. This 
presumption could be verified by running FGF10 in-situ on 
HoxA.l mutant mice, which never develop a cochlea. One 
would expect FGF10 expression in the ventral half of the 
embryonic day 10.5 to 11.5 HoxA.l mutant mouse inner ear to 
resemble FGF10 expression in the same area of the embryonic 
day 9.5 wild type mouse. We are currently breeding them to 
verify this hypothesis.

The FGF10 expression pattern appears to be very stable, 
getting more specific as the embryo ages. By embryonic day 
11.5 expression in the ganglia and presumptive canals as 
well as in the cochlea is very strong and highly specific. 
Furthermore, the expression in the presumptive sensory 
epithelia of the canals defines a horizontal plane in the
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developing ear. Failure of this plane to be defined, as in 
the FGF10 knockout, results in the inability of the ear to 
define normal polarity on both a macroscopic and microscopic 
scale. This lack of polarity is demonstrated by the 
complete disorientation of the canals and the abnormal 
organization of the sensory epithelia.

The lack of stereocilia on the sensory hair cells poses 
an interesting problem. Polarity of the hair cells is 
determined by the direction of the stereocilia with respect 
to the kinocilium; and the hair cells normally have a 
polarity perpendicular to that of the entire sensory 
epithelia. Using scanning electron microscopy however, we 
have no way of determining polarity of the hair cells in 
relation to the sensory epithelia. Further analysis can be 
made by sectioning through the hair cells, perpendicular to 
the expected stereocilia, and viewing these sections through 
a transmission electron microscope. This would reveal any 
rudimentary stereociliary structures inside the hair cell 
and allow us to determine hair cell polarity.

Additionally, we see an abnormality in the migration of 
the neurons of the spiral ganglion. To date, this 
observation is unexplained, but further studies using 
acetylated tubuin and Oil are expected to shed some light in 
this area.
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The overlapping expression of FGF3 and FGF10 is 
supported by other's data and both FGF3 and FGF1J are known 
to signal through FGF Receptor 2 - III b that is expressed 
in the non-sensory epithelia of the canals and the 
endolymphatic duct (Pirvola, 2000).

There is evidence that the FGF family and FGF10 in 
particular play a critical role in inner ear development.
We have shown that FGF10 plays a critical role in defining 
the three-dimensional polarity of the inner ear, not at the 
otic placode or otic pit stage, but later in development at 
the otocyst stage (see figure 19, left side).

FGF10 Interactions with BMP4

Expression patterns for FGF10 and BMP4 
(decapentaplegic in Drosophila) in the developing lungs of 
the mouse are well documented. FGF10 is expressed in the 
mesenchyme of the early lung bud and has convincingly been 
shown to induce BMP4 expression in the adjacent endoderm.
Due to the time delay between FGF10 expression and BMP4 up- 
regulation, it is speculated that induction of BMP4 is 
considerably down-stream of FGF10 signaling. Furthermore, 
BMP4 does not appear to be critical for initial outgrowth 
of lung endoderm based on in vitro studies (Weaver et al.,
2000).
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In the inner ear, FGF10 and BMP4 have strikingly 
similar expression patterns. In the mouse, BMP4 expression 
is seen as early as E9 in the posterior region of the 
invaginating otocyst. At E9.5, diffused BMP4 expression 
continues in the posterior aspect of the otocyst. At 
E10.25, BMP4 expression is restricted in the posterior 
aspect and a new area of expression is seen in the 
anterolateral part. At Ell, the anterolateral expression 
remains unchanged while the posterior expression expands 
ventrally. Additionally, the posterior expression splits 
into a dorsal spot and a ventral streak corresponding to 
the presumptive posterior vertical canal crista and the 
cochlear duct. At E12, the anterior expression area 
divides into an anterior and a lateral focus at the sites 
of the presumptive anterior vertical and horizontal canals. 
The posterior expression patch remains while the cochlear 
expression winds around the greater curvature of the 
coiling cochlea. At El6, BMP4 is seen in the supporting- 
cells of the cristae and in the supporting cells of the 
utricular and saccular maculae. By PI, BMP4 expression in 
the cochlea can be localized to the presumptive Hansen's 
and Claudius' cells and in the mesenchyme surrounding the 
cochlea (Morsli et al., 1998) .
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When comparing these expression data with our FGF10 
in-situ results, it is clear that FGF10 and BMP4 have very 
similar expression patterns. Furthermore, based on the 
times reported by Morsli et al., it appears that FGF10 
expression could precede BMP4 expression. This implies 
that FGF10 may be inducing BMP4 expression in the ear as is 
seen in the lungs. Additionally, BMP4 appears to be 
expressed primarily in presumptive supporting cells while 
FGF10 expression is predicted in the presumptive sensory 
cells, based on abnormalities seen in the sensory cells of 
the FGF10 null. This expression in adjacent cells 
parallels the mesenchyme-endoderm expression pattern seen 
in the developing lungs.

In order to test this FGF10/BMP4 interaction model in 
the inner ear, two-color in-situ hybridization could be run 
using FGF10 and BMP4 probes simultaneously at several time 
points throughout development. This would give the precise 
temporal correlation between FGF10 and BMP4 expressions. 
Additionally, we could then determine whether FGF10 and 
BMP4 expression appears in adjacent cells or is 
overlapping.

Although the BMP4 null mouse is early-lethal, loss-of- 
function conditions for BMP4 can be approximated using 
ectopic expression of the known BMP4 antagonist, Noggin
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(Zimmerman et al., 1996). In vitro studies using Noggin 
suggest that a lack of BMP4 causes increased budding and 
outgrowth in the developing lung (Weaver et al., 2000). 
Although Noggin is not observed in the ear, in-situ 
hybridization studies on chick embryos show Noggin 
expression in the anterior and posterior periotic 
mesenchyme at the otic pit stage. Expression in the 
posterior aspect was stronger and expressed for a greater 
length of time than that in the anterior region. In the 
chick inner ear, noggin inhibition of BMP4 results in the 
partial to complete lack of development of the semicircular 
canals at any stage. Additionally, in Noggin treated ears, 
when Noggin inhibited the morphogenesis of sensory tissue 
containing structures (i.e. ampulla and cristae), the 
differentiated hair cells were also eliminated. These data 
suggest a role for BMP4 in the development of the 
semicircular canals and perhaps the corresponding sensory 
epithelia (Gerlach et al., 2000). Furthermore, according 
to a presentation given for the Association for Research in 
Otolaryngology by Brigande et al., 2001, BMP4 over 
expression in the chick inner ear causes elongated, ribbon
like canals.

The data discussed above suggest a role for FGF10 in 
up-regulating BMP4, and a role for BMP4 in the proper
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development of the semicircular canals. This canal 
development model is supported by the data collected on the 
FGF10 null mice. As described previously, FGF10 null mice 
have malformed anterior vertical and horizontal canals and 
appear to completely lack the posterior vertical canal. 
Additionally, FGF10 null mice show disruption of the 
sensory epithelia on a global, and local level. If the lung 
bud model can be applied to the inner ear, the lack of 
FGF10 expression in the null would mean that BMP4 is never 
up regulated and the canal development, which has been 
shown to be BMP4-dependant, does not proceed normally.

To determine whether the malformation of the 
semicircular canals can be attributed to the lack of up- 
regulation of BMP4, in-situ hybridization using a BMP4 
probe should be run on FGF10 null embryos at about Ell.5.
If BMP4 up-regulation in the ear requires FGF10, no signal 
should be seen. FGF10 heterozygous or wild type 
littermates should be run as controls, and should show 
normal BMP4 expression. It is possible, especially given 
the evidence that FGF10 indirectly up-regulates BMP4, that 
another FGF family member can activate the up-regulation of 
BMP4, causing a partial rescue of BMP4 expression in the 
FGF10 null. Although the FGF10 null survives until birth, 
the BMP4 null is early lethal implying that FGF10 is not
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the only mechanism through which BMP4 is up regulated, at 
least in other systems.

In addition to BMP4, Sonic Hedgehog (Shh, Hedgehog in 
Drosophila) is seen during budding of both the limbs and 
the lungs. Although not observed in the developing ear,
Shh is expressed in the floor plate and is a long-range 
diffusion molecule that could produce a mediolateral 
gradient in the developing otocyst. Shh has been shown to 
inhibit BMP4 and may down-regulate FGF10 (Beilusci et al. , 
1997). However, this conflicts with data published by 
Ohuchi et al., 1997 that show Shh up-regulating FGF10, 
which in turn maintains Shh expression in limb buds. Shh 
is one gene in a family of three and is inhibited by 
Patched. The Patched null, however, is early-lethal even 
in heterozygotes. Hedgehog is responsible for segment 
polarity in Drosophila but segmentation in vertebrates is 
not dependent on Shh, suggesting Shh activity has changed 
with evolution; its role in polarity definition, however, 
may be conserved. The role of Shh in inner ear development 
and polarity definition requires further investigation.

Comparison of the FGF10 Null with the FGFR2-!llb Nuli

Knockout mice lacking FGFR2-IIIb, the main receptor 
for FGF10, are viable until birth and show severe defects
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in the limbs, lungs, anterior pituitary, salivary glands, 
teeth, and skin, and minor defects in skull formation. In 
the limbs there appeared to be rudimentary bone structures. 
Embryos examined at E10.5 had the beginning of limb bud 
initiation but no thickening of the epithelium to form the 
apical endodermal ridge. These data suggest FGFR2-IIIb is 
not required for limb induction but is necessary for 
continued limb growth (De Moerlooze et al., 2000). The 
FGF10 null, in contrast, shows no rudimentary limb buds at 
birth. This implies that FGF10 activity in the early limb 
bud development is independent of FGFR2-IIIb expression and 
is signaling through another receptor, likely acting as a 
transcription factor for the regulation of other gene 
expression.

Additionally, the lungs of FGFR2-IIIb null mice show 
lack of tracheal bifurcation at E10.5 (De Moerlooze et al. ,
2000). This corresponds with the lack of bifurcation in 
the FGF10 nulls and suggests that all FGF10 activity in the 
lungs requires signaling through FGFR2-IIIb.

In the developing mouse ear, weak FGFR2-IIIb 
expression is seen in the E8 otic placode. By E9, FGFR2-- 
Illb expression is localized in the dorsal region of the 
otocyst and in the dorsal and medial walls by E10. At Ell, 
expression persists in the dorsal half and medial wall of
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the otocyst. At later stages, FGFR2-IIIb is expressed in 
the cochlear hair cells and presumptive stria vascularis 
and Reissner's membrane and in very low levels in the 
mesenchyme. Additionally, expression is seen in the 
endolymphatic and semicircular ducts and in the non-sensory 
epithelium of the utricle and saccule. In the postnatal 
ear, FGFR2-IIIb is seen in the inner and outer sulcus, 
spiral limbus, and stria vascularis.

In FGFR2-IIIb null mice, the ears are cystic and there 
is no sign of sensory organ formation. Migration of 
neuronal precursors appears normal at early stages. These 
data suggest that induction of the ear is not FGFR2-IIIb 
dependent, but normal morphogenesis is.

When comparing the FGE’10 null with the FGFR2-IIIb 
null, we see similarities in the lack of morphogenesis. 
However, the FGFR2-IIIb phenotype appears to be much more 
severe with complete lack of semicircular canals and 
sensory organs. Other genes known to signal through FGFR2- 
Illb include FGF1, FGF3, and FGF7. FGF7 expression has 
been reported in the inner ear and we have shown FGF3 
expression in early otocyst development. This comparison 
supports the FGF10/FGFR2-IIIb signaling model while also 
suggesting important roles for FGF3, FGF7, and, perhaps 
FGF1 in inner ear morphogenesis. Figure 20 illustrates
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expression patterns for several of these genes in the 
developing limb, lung and ear.

Polarity Definition

Previously we have discussed the issue of sensory 
organ orientation and polarity. An important question 
raised by this study is whether the development of properly 
oriented sensory epithelia is depended upon or linked to 
properly oriented canals. Although there are several other 
knockouts that demonstrate abnormal canal morphogenesis 
none of these studies have reported on sensory epithelia 
orientation. The best way to answer this question would be 
to study those nulls using electron microscopy to determine 
sensory organ development and orientation with respect to 
the canals.

Development of the FGF10 Null

Based on a model of normal canal development, we 
propose a model for development of the FGF10 null .inner- 
ear. During normal development, each of the canals begin 
growth as bi-layered 'plates' that eventually fuse in the 
center and the cells from the centers are reabsorbed into 
the canal epithelium. Knowing that the FGF10 null does not

Pauley
7/1/01

develop a posterior vertical canal, we propose that the



posterior canal plate never forms. In early canal 
morphogenesis, the canal plates are initially continuous 
with each other. With no posterior portion of these canal 
plates, not only would the mutant lack a posterior canal, 
but also, as the plates fuse, the places where the anterior 
and horizontal canals would normally join the posterior 
canal, there is no canal to join. Thus, when the plates 
fuse in the center of the horizontal and anterior plates, 
this’fusion causes only part of the canals to be formed 
with the elimination of posterior portion of each canal.
The blind ending anterior and horizontal canals seen in the 
null support this model. The question of why there is no 
posterior canal while the anterior and horizontal canals do 
form remains unanswered. The most likely explanation is 
that there are different genes expressed in the mesenchyme 
surrounding the posterior canal than around the anterior 
and horizontal canals, perhaps a diffusion molecule forms a 
gradient around the ear. Another possibility is rescue of 
the anterior and horizontal canals by another FGF such as 
FGF3 or FGE’9 (both expressed in the anterior part of the 
early otocyst). The quickest way to test this model would 
be to inject paint at day E13, the point of canal plate 
formation. We would expect to see only two of the three 
canal-plates forming. Explaining the lack of posterior
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canal growth is a bit more complicated and would require 
running in-situ hybridization on FGF10 null mice with 
probes for the suspected rescue genes or mesenchymal 
factors.

The Role of FGF1Q T h r o u g h o u t  E v o lu t io n

The role of FGF10 in horizontal polarity organization 
may have a long evolutionary history in vertebrates.
Evidence of this is seen when comparing the simple hagfish 
ear to that of the mouse or human as has been done in Figure 
22 (right side). The hagfish, a jawless vertebrate, has a 
two-duct inner ear (lacking a horizontal duct), which is 
thought to be the precursor to the three-duct, jawed 
vertebrate ear. In the inner ear of the mouse, there is a 
clear horizontal band of sensory epithelia, separated by a 
non-sensory portion, in the cristae. In the hagfish, a 
similar band of sensory epithelia is present, this time in a 
ring around each of the two ducts. It is interesting to 
speculate that perhaps this ring, and the three-dimensional 
organization in the hagfish inner ear are also defined by 
expression of the hagfish homologue to FGF10.
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