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Abstract

The vertebrate inner ear develops from an ectodermal placode adjacent to thombomeres 4 to 6 of the segmented hindbrain. The placode then
transforms into a vesicle and becomes regionalised along its anteroposterior, dorsoventral and mediolateral axes. To investigate the role of
hindbrain signals in instructing otic vesicle regionalisation, we analysed ear development in zebrafish mutants for vinfI, a gene expressed in the
caudal hindbrain during otic induction and regionalisation. We show that, in vinfl homozygous embryos, the patterning of the otic vesicle is
affected along both the anteroposterior and dorsoventral axes. First, anterior gene expression domains are either expanded along the whole
anteroposterior axis of the vesicle or duplicated in the posterior region. Second, the dorsal domain is severely reduced, and cell groups normally
located ventrally are shifted dorsally, sometimes forming a single dorsal patch along the whole AP extent of the otic vesicle. Third, and probably
as a consequence, the size and organization of the sensory and neurogenic epithelia are disturbed. These results demonstrate that, in zebrafish,
signals from the hindbrain control the patterning of the otic vesicle, not only along the anteroposterior axis, but also, as in amniotes, along the
dorsoventral axis. They suggest that, despite the evolution of inner ear structure and function, some of the mechanisms underlying the

regionalisation of the otic vesicle in fish and amniotes have been conserved.

© 2006 Elsevier Inc. All rights reserved.
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Introduction

The inner ear of vertebrates is a complex sensory organ
responsible for hearing, balance and sensing acceleration. It
derives from the otic placode, an ectodermal thickening that
forms lateral to the hindbrain. In zebrafish, the otic placode can
first be recognised morphologically at about the 9—10 somites
stage (13.5-14 hours post-fertilization, hpf), as an oval
grouping of cells within the ectoderm. Then, by 18 hpf, the
placode cavitates to form a hollow vesicle that develops into the
inner ear (Haddon and Lewis, 1996).

The two sensory cell types of the inner ear — the hair cells of
the sensory patches and the sensory neurons of the statoacoustic
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ganglion (SAG) — originate from specific regions of the otic
vesicle. The sensory neurons derive from neuroblasts that
originate within the anteroventral region of the otic epithelium,
and delaminate to form the SAG close beneath (Andermann et
al., 2002; Haddon and Lewis, 1996). The sensory patches are
thickened regions of the otic epithelium, consisting of arrays of
hair cells and supporting cells generated by lateral inhibition
mediated by Notch signalling (Haddon et al., 1998a). The
utricular and saccular maculae are the first sensory patches to
develop, in the anteroventral and posteromedial regions of the
otic vesicle, respectively. Each is overlain by an otolith (Haddon
and Lewis, 1996; Whitfield et al., 2002). Beneath each otolith
and apparently attached to their tips are the first sensory hair
cells, called tether cells. The three cristae, the sensory patches
for each of the three semicircular canals, differentiate later,
around 72 hpf, within the lateral wall of the vesicle.
Development of the inner ear requires interaction with the
adjacent hindbrain tissue. Many studies have shown that
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hindbrain signals induce the otic placode in the adjacent surface
ectoderm, within a domain that extends from the posterior end of
rhombomere 4 down to rhombomere 6 (Whitfield et al., 2002;
Torres and Giraldez, 1998). In addition to otic placode induction,
the hindbrain was proposed to provide signals that specify
positional information within the otic vesicle (Brigande et al.,
2000; Fekete, 1999). However, the axes and structures specified
seem to be different depending on the species. Several lines of
evidence, ranging from early transplantation experiments in
chick (Giraldez, 1998) to gene inactivation studies in mice
(Chang et al., 2004; Riccomagno et al., 2002, 2005; Bok et al.,
2005) indicate that in amniotes, hindbrain signals are required to
specify structures along the dorsoventral (DV) axis of the inner
ear. Shh signalling from the notochord and floor plate is required
for the formation of the cochlea, a ventral otocyst-derived
structure, while Wnt signals from the dorsal neural tube are
essential for the morphogenesis of the vestibular apparatus, a
dorsal otocyst-derived structure (Riccomagno et al., 2002,
2005). The MafB gene, expressed in rhombomeres 5 and 6, is
also involved in DV patterning of the ear. In the kreisler mouse
mutant, in which expression of the MafB gene in the caudal
hindbrain is abolished, the cochlea is expanded and dorsal
structures such as the endolymphatic duct are absent (Choo et al.,
2000). In fish, however, signals from the neural tube have been
shown to be involved in anteroposterior (AP) patterning of the
otic vesicle. Zebrafish embryos in which the valentino gene (val,
the zebrafish orthologue of MafB/kreisler) is inactivated show
defects in AP patterning of the otic vesicle (Kwak et al., 2002).
These defects are due, at least in part, to an expansion of Fgf3
signalling within the hindbrain. These data suggests that, in
addition to being necessary for its induction (Leger and Brand,
2002), Fgfs from the hindbrain are also involved in the AP
patterning of the zebrafish otic placode (Kwak et al., 2002; Leger
and Brand, 2002). Surprisingly, in zebrafish as well, Hedgehog
(Hh) signalling is involved in AP patterning of the otic vesicle,
rather than in DV or mediolateral (ML) patterning as predicted
by the mouse studies (Hammond et al., 2003).

The recent isolation of mutant alleles of the vinfI gene in the
zebrafish provides an additional model in which to study the role
of hindbrain signals in otic vesicle development (Sun and
Hopkins, 2001). vAinf1 codes for a homeodomain transcription
factor and is involved in caudal hindbrain patterning in zebrafish
embryos. This gene is expressed from the end of gastrulation
onwards, in a caudal domain of the neural tube with an anterior
limit that coincides with the prospective r4/r5 boundary
(Lecaudey et al., 2004; Sun and Hopkins, 2001; Wiellette and
Sive, 2003). The analysis of vAnfl mutant embryos has
demonstrated that this transcription factor acts in synergy with
Fgf signals from prospective r4, to activate the expression of val
inr5 and r6, and of k7x20 in 15 (Hernandez et al., 2004; Maves et
al., 2002; Sun and Hopkins, 2001; Walshe et al., 2002; Wiellette
and Sive, 2003). In addition, vAnfI represses the expression of
hoxbla, the functional homologue of mouse Hoxb!, indepen-
dently of Fgf signals, thereby limiting its expression to
prospective r4 (Hernandez et al., 2004; Wiellette and Sive,
2003). Although vinfI is not expressed in the inner ear, vinf1
mutants display otic vesicles that are small and malformed.

To further examine the importance of hindbrain signals in
instructing otic vesicle development, we have investigated otic
vesicle patterning in vAnf1"?’%° mutants (Sun and Hopkins,
2001). Our results support a model in which vinfI expression
within the posterior neural tube (up to r5) promotes posterior
and dorsal fates in the otic vesicle, at the expense of anterior and
ventral fates. Thereby, in zebrafish, hindbrain signals are
involved in both AP and DV patterning of the inner ear.

Materials and methods

Zebrafish lines, maintenance and genotyping

Zebrafish (Danio rerio) were raised and staged as previously described
(Kimmel etal., 1995). The vAnfI"?!%’ mutant line has been described previously
(Sun and Hopkins, 2001). Embryos were genotyped either by PCR on tail clips
(Sun and Hopkins, 2001) or by in situ hybridisation, using krx20 or frb35 as r5
markers. Sun and Hopkins (2001) have shown that r5 is strongly reduced in
vhnf1"?1%° homozygous embryos. In order to validate 5 size as a readout of the
genotype of vinfl embryos, we genotyped by PCR 14 and 24 hpf embryos from
crosses of vinfI heterozygous parents and measured the surface area of r3 and of
15 on dorsal views of these embryos. We then calculated the ratio of rS over r3
surface area (r3 is not affected in vinfI mutant embryos). At 14 hpf, the surface
area ratio was: for wt embryos, 1.13+0.16 (n=38), for heterozygous embryos,
1.134+0.12 (n=16), and for homozygous embryos, 0.30+£0.09 (n=24). At
24 hpf, the ratio was, for wt embryos, 1.56+0.13 (n=2), for heterozygous
embryos, 1.31+0.15 (n=3), and for homozygous embryos, 0.29+0.08 (n=38).
Therefore, all vinfl homozygous embryos present a reduction of the rS5 surface
area of about 4 to 5 fold as compared to control (wt and heterozygous) embryos.

Quantitative analysis of the phenotype

For each experiment the ratio of affected embryos was expressed as x/y,
where x is the number of affected embryos and y is the total number of
homozygous mutant embryos. Mutant phenotypes were sometimes unilateral.
When ratios were expressed in number of ears instead of number of embryos,
this is clearly stated in the text.

Viewing live embryos with Differential Interference Contrast (DIC)

For direct observation, embryos were anaesthetised in tricaine (10 mg/ml)
and mounted on methyl cellulose in embryo medium (Westerfield, 1995).
Analysis was carried out using a Nikon Eclipse E800 microscope.

Whole mount in situ hybridisation and immunostaining

Whole-mount in situ hybridisation was carried out as described previously
(Hauptmann and Gerster, 1994). The following probes were used: dlx3b
(Akimenko et al., 1994), deltad (Haddon et al., 1998b), deltaD (Haddon et al.,
1998b), eyal (Sahly et al., 1999), fgf8 (Reifers et al., 1998), follistatin (Bauer
and Goetz, 1998), firb35 (Sun et al., 2002), krx20 (Oxtoby and Jowett, 1993),
msxC (Ekker et al., 1997), ngnl and neuroD (Blader et al., 1997), nkx5.1
(Adamska et al., 2000), pax2a (Krauss et al., 1991), pax5 (Pfeffer et al., 1998),
serrateB (Haddon et al., 1998a), wntl (Molven et al., 1991), wnt3a (Krauss et
al., 1992) and zath! (Itoh and Chitnis, 2001). Immunostainings were performed
as described previously (Westerfield, 1995) using the monoclonal antibodies
against acetylated tubulin (Sigma T-6793, 1:500) and Isletl (DSHB 39.4D5,
1:30). Images were taken under a Nikon Eclipse E800 microscope, except
for acetylated tubulin immunofluorescence images, which were taken under
a Leica DM IRBE confocal microscope.

Phalloidin staining

Embryos were fixed in 4% PFA in PBS at 4 °C and rinsed in PBS containing
2% Triton X100 to permeabilise the tissue. Specimens were left to soak for 1 or
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2 days until the calcareous otoliths had disappeared. Embryos were stained with
FITC-labelled phalloidin (Sigma P5282) according to Haddon and Lewis
(1996). Images were taken on a Leica DM IRBE scanning confocal microscope.

Results
The morphology of the inner ear is abnormal in vhnfl mutants

During zebrafish development, the otic placode first
becomes visible around 13.5-14 hpf as a thickening of the
ectoderm lateral to r4—r6. The placode then cavitates to generate
the otic vesicle, which contains two otoliths in stereotyped
locations at opposite ends of the vesicle (Haddon and Lewis,
1996). It has previously been reported that the otic vesicles of
vhnfl homozygous mutant embryos at 22 hpf are smaller than
those of wild type embryos (Sun and Hopkins, 2001). However,
the morphological and molecular aspects of this defect have not
been investigated so far. We analysed in detail the morphoge-
netic defects of the inner ear in vhnfl mutants at later stages of
embryonic development. In mutant embryos at 28 hpf, the otic
vesicle was rounded in shape when compared with the ovoid
shape of the wild type ear (Figs. la—c). This change of
morphology correlated with a reduction in the AP length of the
vesicle (101£6 pm in homozygous embryos (n=15) versus
125+£8 pm in control embryos (n=9), p<0.005), combined
with a slight expansion of its DV length (75£8 pm in
homozygous embryos (n=15) versus 64+10 um in control
embryos (n=9) p<0.01). In all the mutants (n=12) two otoliths
formed but their size and distribution varied considerably, and
usually the caudal otolith had an irregular shape (8/12). In wild
type embryos, the three protrusions of the walls of the otic

vhnf1hi2169

vesicle that will form the semi-circular canals were detected at
52 hpf (Fig. 1d), and by 72 hpf they were fused in the middle
(Fig. 1g) (Haddon and Lewis, 1996). In vinfI mutant embryos
at 52 hpf, canal protrusions also formed, but with abnormal
number and shape (Figs. le, f). Morphogenetic defects of the
semicircular canals were observed in all homozygous mutant
embryos at 72 hpf (Figs. 1h, 4i) (6/6).

Previous studies have implicated hindbrain signals in otic
placode induction (Whitfield et al., 2002). Hence, the reduction
in size of the otic vesicle in vAinfl mutants could be due to
impaired placode induction. In order to investigate this
possibility, we performed in situ hybridisation experiments
with the placodal marker eyal at 14 hpf, a stage when the otic
placode is well individualised. As shown in Figs. 1j, k, the size
of the otic placodes was not significantly different between
vhnfl homozygous mutant (n=4) and control embryos (n=4).
Accordingly, similar results were obtained with pax2a, an early
marker of the presumptive otic placode (Hans et al., 2004)
(Figs. 11, m). The size of the otic pax2a-positive domain was
similar in wild type (98413 pm, n=5) and homozygous mutant
(96+9 pm, n=8) embryos. Although pax2a has not been
formally demonstrated to be a specific otic placode marker at
this stage, our results strongly suggest that the reduction in size
of the otic vesicles in vinfI mutants is not due to an early defect
in otic induction.

Anteroposterior (AP) patterning of the otic vesicle is altered in
vhnfl mutants

We then investigated whether the abnormal morphology of
the otocysts of vanfl mutant embryos may result from defects in

vhnf1hi2169

eyal krx20

pax2a kix20

Fig. 1. Morphology of the inner ear in vinfI""?/%° mutants. (a—i) DIC images of developing inner ears of wild type (a, d, g) and vinf1"2!%’ (b, c, e, f, h, i) homozygous
live embryos at different developmental stages (as indicated). Lateral views (anterior to the left, dorsal to the top). (j—m) Whole mount double in situ hybridisation in
14 hpf wild type (j, 1) and vinf1"?7%° (k, m) embryos with probes for eyal (j, k) or pax2a (1, m) in blue, and krx20 in red. krx20 staining was used to position r5 and to
measure the extent of r5 loss. Dorsal views (anterior to the left). Arrows in (d) indicate the epithelial protusions that will form the semicircular canals. Arrows in (g, h)

indicate the otoliths.
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otic patterning. Since the otic vesicles of vinf] mutant embryos
appeared shorter along the AP axis, we first analysed genes
expressed in restricted AP domains of the otic vesicle. nkx5.1 is
the earliest known marker of an asymmetry along the AP axis of
the otic placode (Adamska et al., 2000; Hammond et al., 2002;
Pfeffer et al., 1998). Already at 14 hpf, nkx5.1 expression was
restricted to the anterior aspect of the otic placode (Fig. 2a). In
vhnfl mutant embryos, the nkx5./ expression domain was
dramatically expanded as early as the 14 hpf'stage (Fig. 2b). This
expansion persisted in the otic vesicle until at least 30 hpf (Figs.
2c—f). The phenotypes ranged from the duplication of the
anterior nkx5./ expression domain in the posterior part of the
vesicle (9/42), to an expansion of this expression domain to the
whole AP extent of the vesicle (33/42) (Figs. 2a—f). Two other
genes, fgf8 and pax5, are expressed in the anterior region of the
otic vesicle at 24 hpf (Figs. 2g, j) (Hammond et al., 2003). In
vhnfl mutants, the expression domains of both genes were
always affected (Figs. 2h, i, k, 1). Some of the mutant embryos
displayed a duplication of the fgf8- (7/13) or pax5-positive do-
main (12/24) in the posterior part of the otic vesicle (Figs. 2h, k).
Interestingly, the expression domains of fgf8 and pax5 in vhnfl
mutant embryos had also significantly extended dorsally
compared to the wild type situation. The most affected embryos
even presented a single dorsal expression domain (Figs. 2i, 1;
6/13 for fgf8 and 12/24 for pax5) (see below for further details).

In order to determine whether the anterior region of the otic
vesicle in vinfl mutants was expanded at the expense of
posterior territories, we analysed the expression of the posterior
marker follistatin. In wild type embryos, follistatin was
expressed in the most posterior part of the otic vesicle at
26 hpf (Fig. 2m) (Hammond et al., 2003). In some vhnfl
embryos, follistatin expression was reduced or absent (Fig. 2n)

vhnf1hi2169

nkx5.1 krx20

nkx5.1
pax5 frb35

wt vhnf1hi2169

(4/14). Interestingly, in many mutant embryos, the follistatin-
expression domain was still present but located at a more dorsal
position within the otic vesicle (Fig. 20) (9/14).

Altogether, vinfl mutants show a strong anteriorisation of
the entire otic vesicle by the time AP asymmetry first arises in
wild type embryos. This is consistent with the hypothesis that
factors locally expressed in the hindbrain regulate anteroposter-
ior fates in the medial wall of the otic vesicle, and that such
factors are misregulated in vinfI mutants.

Otic patterning along the dorsoventral (DV) axis is affected in
vhnfl mutant

During the analysis of otic AP patterning, we observed that
the expression domains of fgf8 and pax5 were also modified
along the DV axis. The expression of these genes is normally
restricted not only to the anterior but also to the ventral aspect of
the otic vesicle (Figs. 2g, j). In vinfI mutants, the expression of
f2f8 and pax5 was always shifted dorsally (Figs. 2h, i, k, 1). In
the most affected embryos, a unique dorsal expression domain
was observed (Figs. 2i, 1), suggesting that the duplicated gene
expression domains had fused dorsally.

In order to confirm these data, we analysed the expression of
the proneural gene zathl. zathl is expressed at 27 hpf in the
two anteroventral and posteroventral domains of the otic vesicle.
These domains are adjacent to r4 and r6 and prefigure the
utricular and saccular maculae, respectively (Fig. 3a) (Whitfield
et al.,, 2002). In vAnfl mutants, cells expressing zathl were
found in the dorsal region of the otic vesicle (8/8) (Figs. 3b, c).
Again, in several cases the zathl expression domains were so
dorsally shifted that they fused to form a single domain spanning
the whole dorsal wall of the otic vesicle (5/8) (Fig. 3c¢).

nkx5.1 krx20
follistatin

Fig. 2. Anteroposterior patterning of the otic vesicle in vinfI mutant embryos. Whole mount single (¢, d, g—i, m, n) or double (a, b, e, f, j—1, 0) in situ hybridisations in
wild type (a, c, e, g, j, m) or vinfl mutant (b, d, f, h, i, k, 1, n, 0) embryos with probes for nkx5.1 (a—f), ff8 (g—i), pax5 (j—1) and follistatin (m—o) in blue, at different
developmental stages (as indicated). For double in situ hybridisation either k7x20 (a, b, e, f) or fib35 (j—1, 0) in red were used to position r5. (a, b, ¢) and (f) are dorsal
views. (c, d) and (g—o) are lateral views. Anterior is to the left in all pictures. Arrows in (m—o) indicate the staining in the otic epithelium and head arrows the staining

outside the otic vesicle.
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dix3b
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pax2a krx20 eyal kix20

Fig. 3. Patterning along the dorsoventral and mediolateral axes in vAinfI otic vesicles. (a—i) Whole mount iz situ hybridisation with probes for zath! (a—c), dix3b (d—f),
eyal in blue and krx20 in red (g—i) in control (a, d, g) and vinfl mutant (b, c, e, f, h, i) embryos. Developmental stages are indicated. Lateral views, anterior to the left.
(3-1) Double in situ hybridisation at 20 hpf with probes for pax2a in blue and krx20 in red. Dorsal views, anterior to the left.

We further investigated the DV patterning defects by
analysing the expression of the dlx3b gene. dix3b is normally
expressed in the dorsal epithelium at 24 hpf (Fig. 3d)
(Hammond et al., 2003). However, in vhnfl homozygous
mutant embryos, the expression domain of dlx3b was severely
reduced (7/8) (Figs. 3e, f). We also analysed the expression of
eyal, which marks the ventral domain of the otic vesicle in
wild type embryos (Fig. 3g). In vhnfI mutants, eyal expression
was moderately expanded (Figs. 3h, 1): in homozygous embryos
65%=+2% of the otic vesicle perimeter was positive for eyal
(n=7), whereas in control embryos eyal-positive domain
covered only 55%=+3% of the otic perimeter (n=7).

Finally, we investigated otic patterning along the mediolat-
eral (ML) axis. We used pax2a at 18 hpf and nkx5. 1 at 30 hpf as
medial otic markers (Fig. 3j, Fig. 2e). In vinfl mutants as in
wild type embryos, pax2a and nkx5.1 expression was restricted
to the medial wall of the otic vesicle (Figs. 3j—1 and 2e—f),
suggesting that ML patterning is not affected in vinfl mutants.

These results show that otic patterning along DV axis is
significantly perturbed in vAinfI mutants. The duplicated antero-
and postero-ventral domains of the vesicle are shifted dorsally,
leading in the most affected embryos to a unique fused domain
in the dorsal part of the mutant otic vesicle. Mediolateral
patterning appears unaffected.

Dorsal signals from the neural tube are affected in vhnf]
embryos

In order to investigate which neural tube signals, down-
stream of vAnf1, could be involved in the DV patterning defects

of the inner ear described above, we checked for the expression
of wntl and wnt3a, two genes normally expressed in the dorsal
hindbrain (Molven et al., 1991; Krauss et al., 1992; Riley et al.,
2004). wntl was expressed all along the most dorsal part of the
hindbrain, very strongly in r5 and faintly in r6 (Fig. 4a) in
control embryos. The r5-high level expression domain was
absent in all vinfl homozygous embryos, consistent with the
loss of r5 (3/3) (Fig. 4b). wnt3a was expressed strongly in the

wt vhnf1hi2169

vt k20

wnt3a krx20

Fig. 4. Neural tube signals in vAinf] embryos. Whole mount double in situ
hybridisations in wild type (a, ¢, ¢) or vanf] mutant (b, d, f) embryos at 16 hpf
with probes for wnt! (a—b), wnt3a (c—f) in blue, and krx20 in red. (a—d) are
lateral views, (e, f) are dorsal views. Anterior is to the left.
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hindbrain caudal to r5 in control embryos (Figs. 4c, e). vhnf]
mutant embryos displayed a clear reduction of wnt3a-expres-
sion in the caudal hindbrain (7/7) (Figs. 4d, f). These results
show that Wnt signals from the dorsal hindbrain are reduced in
vhnfl mutant embryos.

Sensory patches are disrupted in vhnfl mutants

The sensory hair cells of the inner ear originate from the
ventral part of the otic vesicle and begin to differentiate very
early. The first hair cells arise in two small patches, at the
anterior and posterior ends of the otocyst, that form the utricular
and saccular maculae (Haddon and Lewis, 1996; Riley et al.,
1997). By 72 hpf, three additional sensory patches, the cristae,
become visible. This precise spatial arrangement of sensory
elements is probably set up by early patterning processes in the
otic vesicle. To investigate this possibility, we tested whether
the patterning defects observed in the otic vesicle of vinfI
mutant embryos resulted in a later disorganization of the
sensory elements.

-phalloidin

-l

-

Differentiated hair cells are identified by their stereociliary
bundles, which are first seen at about 24 hpf. By 85 hpf, the
differentiated hair cells within the sensory patches can be
visualised by staining with FITC-phalloidin, which binds the
bundles of hair cells (Haddon and Lewis, 1996). The ears of
wild type embryos displayed a stereotyped pattern of sensory
patches, with the anterior macula (am) sitting on the
anteroventral floor, the posterior macula (pm) on the poster-
omedial wall, and the three cristae (ac, Ic, pc) lying at distinct
AP positions of the lateral wall (Fig. 5a). In vinfI homozygous
mutant embryos, the number, distribution and size of the
sensory patches were abnormal, and exhibited erratic patterns of
organization (8/8) (Figs. 5b, ¢). This organization of the sensory
patches was highly variable among individuals.

The presence of hair cells in ectopic positions in vAnfl
mutant inner ears was also illustrated by immunostaining for
acetylated tubulin at 30 hpf. At this stage, tether cells, the first
hair cells to differentiate, are characterized by the presence of
long kinocilia at their apical side, stained by acetylated tubulin.
These cilia are much longer than the primary cilia present on the

vhnf1hi2169

14hpf

serrafeB krx20 deltaD kix20

16hpf

msxC

’\? §\,;.._? § &

L3

“‘. 48hpf
Y

Fig. 5. Formation of sensory patches in vinfl mutants. Control (a) and vinfI mutant (b, ¢) embryos stained for FITC-phalloidin in order to label differentiated hair cells
at 85 hpf. Lateral views. (d—f) Immunostainings with anti-acetylated tubulin at 30 hpf, in control (d) and mutant (e, f) embryos. Lateral views. (g—1) Double in situ
hybridisations on control (g, j) or vinfI mutant (h, i, k, ) embryos with probes for deltaD (g—i) and serrateB (j—1) in blue and for k7x20 (g—1) in red. Dorsal views.
(m—o) In situ hybridisation with a probe for msxC on control (m) and mutant (n, o) embryos at 48 hpf. Lateral views. Asterisks in (d) mark the two patches of tether
cells. Arrows in (g—i) point to cells of the otic sensory patches. Arrows in (m—o) point to the cristae. Anterior is always to the left.
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luminal side of other cells in the vesicle. In control embryos,
tether cells form two small groups at the most anterior and
posterior aspect of the otic vesicle (Fig. 5d) (Riley et al., 1997).
In vhnfl mutants, the two patches of tether cells were either
closer to each other, with one of them located at a more dorsal
position (3/7) or fused in the middle of the otic vesicle (3/7)
(Figs. Se, 1).

In order to better understand the disruption of the hair cell
organization, we analysed earlier stages of sensory organ
development. Several genes, in addition to zathl, mark the
positions of sensory patches in the otic placode well before the
differentiation of hair cells. Neurogenic genes of the Delta/
Serrate family of Notch ligands (deltaA, B, D, and serrateB) are
expressed in very similar patterns as early as the 10 somite stage
(14 hpf) in two small groups of cells, that prefigure the future
utricular and saccular maculae (Figs. 5g, j, and data not shown)
(Haddon et al., 1998a; Whitfield et al., 2002). We first analysed
the expression of deltaD in vhnfl mutant embryos at 14 hpf. In
these embryos, deltaD-expressing cells were found all along the
length of the AP axis of the otic placode (8/8) (arrows in Figs.
Sh, 1). Similar results were obtained with serrateB (6/6) (Figs.
5k, 1) and deltaA (data not shown). These results are consistent
with the expansion of the zathI-positive domains at later stages
(Figs. 3a—c) and show that positioning of sensory patches is
incorrect in vinfl mutant embryos.

The organization of the later formed sensory patches, the
cristae, was studied by analysing the expression of msxC (Ekker
etal., 1997; Mowbray et al., 2001). In control embryos at 48 hpf,
msxC was expressed in three discrete ventral domains
corresponding to the anterior, lateral and posterior cristae
(Fig. 5m). In the majority of vhnfl mutant ears, only two msxC
expression domains were observed (10/12 ears) (Fig. 50),
although in few cases one patch with the normal size (anterior),
a very small middle patch, and a big posterior patch were found
(Fig. 5n). One of the msxC-positive patches was bigger,
suggesting that it corresponds to the fusion of two cristae.
Due to the lack of specific markers for individual cristae, we
were unable to assign an identity to the mutant cristae.

In summary, in vhnfl mutants, sensory patches are specified
ectopically along the entire AP axis of the otic placode.
Accordingly, at the otic vesicle stage hair cells emerge in
ectopic locations along the AP and DV axes. We propose that
the mechanisms that normally restrict the spatial specification of
the sensory patches are disrupted in these mutants.

Neurogenesis and formation of the stato-acoustic ganglion
(SAG)

The primary sensory neurons derive from the neuroblasts
that originate within the anteroventral region of the otic vesicle.
By 22 hpf, neuroblasts delaminate from the otic epithelium to
form the SAG (Andermann et al., 2002; Haddon and Lewis,
1996). Two proneural genes coding for bHLH transcription
factors, ngnl and neuroD, are expressed in these neuroblasts.
ngnl expression is transient and preceeds the expression of
neuroD. As the otic placode develops into a vesicle, the
neuroblasts begin to transiently express ngnl before delaminat-

ing. neuroD is expressed in neuroblasts just before their
delamination but persists in these cells as they coalesce into the
ganglion (Andermann et al., 2002).

In order to determine whether vAnfI is required for sensory
neuron formation, we analysed the expression of ngn/ and
neuroD from 24 to 48 hpf. In control embryos at 24 hpf, cells
expressing neuroD and ngnl were observed in the most anterior
region of the otic placode — the neurogenic region — (Fig. 6a). In
vhnfl mutant embryos, neuroD- and ngnl-positive cells were
detected in a broader domain of the otic vesicle (9/12 ears) (Fig.
6b). Duplications of the neurogenic region were never observed.
After delamination, neuroblasts start to express the neuronal
marker Isll. To determine whether this expanded neurogenic
domain gives rise to more sensory neurons and results in a
bigger SAG, we carried out immunostainings for Isll, which
labels the neurons of this ganglion. At 30 hpf, the size of the
SAG was not significantly different in wild type and vhnfl
mutant embryos (Figs. 6¢, d) and no ectopic posterior ganglion
was found (Fig. 6d).

In the otic epithelium, the peak period of delamination is
from 22 hpf'to 28 hpf, and by 42 hpf there is no longer any sign
of delamination (Haddon and Lewis, 1996). Accordingly, in
wild type embryos at 48 hpf, epithelial cells of the otic vesicle
did not express ngnl (Fig. 6e). In contrast, in homozygous
mutant embryos, ngnl- and neuroD-expressing cells were still
present within the otic epithelium at this stage (6/6 ears) (Figs.
6f, g, and data not shown).

In summary, these data show that the expansion of the
anterior otic region correlates with an expanded neurogenic
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Fig. 6. Otic neuroblast generation in vinfl mutants. Wild type (a, ¢, €) and vinfl
mutant (b, d, f, g) embryos were analysed for neuroblast generation. (a, b) Whole
mount in situ hybridisation with probes for neuroD in blue, and fb35 in red.
(c, d) Combined immunohistochemistry with an Isll antibody (in brown) and
in situ hybridisation with a probe for kx20 (in blue). Roughly, the SAG
cells lie at and posterior to the anterior end of the otocyst (arrows in ¢ and d).
(e—g) In situ hybridisation with a probe for ngnl. (a—d) are dorsal views with
anterior to the left. (e—g) are transverse sections. Arrows in (f) and (g) point to
cells expressing ngnl within the otic epithelium.
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region. In addition, genes normally expressed before delamina-
tion remain expressed longer in the mutant. However, this does
not lead to an increase in the size of the SAG, suggesting that
the final specification of the sensory neurons and/or the size of
the SAG are controlled by mechanisms independent of vinfI.

Discussion

The involvement of extrinsic signals in otic induction has
been extensively studied (Brigande et al., 2000; Fekete and Wu,
2002; Torres and Giraldez, 1998). In particular, Fgf signalling
from the adjacent hindbrain has been shown to control early
steps of otic induction (Maroon et al., 2002; Phillips et al., 2001;
Represa et al., 1991). In contrast, the mechanisms underlying
the patterning of the otic vesicle are still poorly understood. In
this study, we have analysed in detail the patterning of the otic
vesicle in the vAnf1"?'®’ mutant line in order to further
investigate the role of hindbrain signalling in this process. The
vhnfl gene is expressed at late gastrula and early somite stages
in the caudal hindbrain, up to a rostral limit that coincides with
the prospective rd/r5 boundary. Within this domain, it is
required for the activation of val expression in r5 and r6, and of
krx20 expression in r5 (Hernandez et al., 2004; Sun and
Hopkins, 2001; Wiellette and Sive, 2003). While vinfI is not
expressed in the otic primordium, vAnfl mutants display
rounded otic vesicles, suggesting a role for this gene upstream
of hindbrain signals required for proper otic patterning. Our data
indicate that the loss of vinfI function leads to an anteriorisation
of the entire otic vesicle. Interestingly, it also leads to a dorsal
shift of cell groups, such as the future maculae, normally present
within the ventral part of the vesicle. Finally, the size and
distribution of the sensory and neurogenic epithelia are
disturbed. Our results show that hindbrain signals are required
for proper patterning of the zebrafish otic vesicle, not only along
the AP axis, but also along the DV axis. Possible mechanisms
linking hindbrain signalling to otic regionalisation are discussed
below.

vhnfl acts upstream of hindbrain signals required for AP
patterning of the otic vesicle

It has been proposed that, in zebrafish, signals from the
adjacent segmented hindbrain subdivide the otic vesicle along
its AP axis. In this paper, we show that in vinf] mutants, the
anterior otic markers nkx5.1, pax5 and fgf8 are ectopically
expressed in the caudal part of the otic vesicle. Conversely, the
expression of the posterior marker follistatin is reduced. This
expansion and/or duplication of anterior structures can be
observed as early as the otic placode stage (14 hpf). Since this is
the first stage when an asymmetry along the otic AP axis is
detected, this result demonstrates that vinf1 is involved in the
earliest steps of otic AP patterning.

The anteriorisation of the otic vesicle in vAinfl mutant
embryos is reminiscent of the otic defects resulting from
reduced Hh signalling in zebrafish embryos (Hammond et al.,
2003). In both cases, the expression of the anterior marker
nkx5.1 is duplicated posteriorly and the expression of the

posterior marker follistatin is hardly detectable. However, other
anterior markers, such as pax5 and fgf8, are not affected in Ak
mutants, suggesting that the anteriorisation of the otic vesicle is
stronger in the vAinfl mutants. This similarity suggests that Hh
and hindbrain signals might cooperate to specify the posterior
otic identity.

The AP defects of vinfl mutant ears are also similar to those
observed in val mutants (Kwak et al., 2002). This is not
surprising since vhnfl is required, together with Fgf signals
from r4, to activate the expression of va/ in 15 and r6. However,
the two phenotypes are distinct. In respect to patterning, only
expansions — mainly medial — and no duplication of the anterior
otic vesicle have been described for val. Other aspects of the
phenotype are also different in these two mutants. For instance,
the number, position and size of the sensory cristae are variable
in vhnfl mutants, while in va/ mutants, the cristae develop
normally (Kwak et al., 2002). Interestingly, DV patterning
defects are present in both val/ (our unpublished data) and vinfI
(this paper) mutant ears, and they are much milder in val
mutants. These different phenotypes suggest that vinfl has
functions in patterning the otic vesicle that are independent of
val. This hypothesis is consistent with the observation made
by Hernandez et al. (2004) that vanfI regulates some aspects of
rhombomere identity independently of val.

It has been proposed that the expansion of the anterior otic
region in val mutants is due, at least in part, to an expansion of
fef3 expression in the caudal hindbrain. Consistent with this
hypothesis, depletion of fgf3 and fgf8 within the hindbrain after
otic induction, leads to a loss of anterior structures of the otic
vesicle (Haddon and Lewis, 1996; Leger and Brand, 2002;
Maroon et al., 2002). This suggests that, in addition to being
necessary for induction of the otic placode (Leger and Brand,
2002), Fgfs from the hindbrain are also involved in AP
patterning of the zebrafish otic vesicle (Kwak et al., 2002; Leger
and Brand, 2002). The stronger AP defects observed in vanf1
mutant ears compared to val mutants could be due to: i) an
excess of Fgf signalling in the posterior hindbrain, and/or ii) a
mechanism independent of Fgf signalling.

Altogether, our results demonstrate that in zebrafish, vinfT is
required to control signals from the segmented hindbrain
involved in early AP patterning of the otic vesicle. We propose
that vanfI acts in part through the activation of va/ expression,
and also in a va/ independent manner, possibly by synergizing
with Hh signals from the ventral midline.

Hindbrain signalling is required for DV patterning of the otic
vesicle in zebrafish

In addition to the AP patterning defects, vinfl mutant
embryos also display abnormalities in DV patterning of the otic
vesicle. Several ventral cell groups are shifted dorsally while the
dorsal part of the otic vesicle is severely reduced. This points to
a new role of hindbrain signals in specifying cell position along
the DV axis of the otic vesicle in zebrafish. This function of
hindbrain signals in otic DV patterning is consistent with the
data obtained in amniotes (Bok et al., 2005; Choo et al., 2006;
Riccomagno et al., 2002, 2005). Although the structure and
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function of the vestibular apparatus has been highly conserved
in all vertebrates, the auditory chambers have undergone
extensive evolutionary modification. The saccula, which is a
prominent auditory organ in fish, serves a vestibular role in
mammals and birds. The primary auditory organ in birds and
mammals is the cochlea, which has no known counterpart in
fishes and amphibians. In spite of these differences in the
auditory structures, there is increasing evidence suggesting that
the main mechanisms controlling otic patterning are quite
similar among vertebrates (Riley and Phillips, 2003). The
results obtained in the present study are in line with this
hypothesis.

This raises the question of whether similar signals are
involved in DV patterning of the otic vesicle in amniotes and in
zebrafish. Wnt and Hh signals are involved in otic patterning in
mice. On the one hand, Shh is necessary to specify ventral
(auditory) cell fates within the mouse inner ear, both by directly
controlling gene expression and by restricting the influence of
Wnt signals (Riccomagno et al., 2002, 2005). As discussed
previously, Hh signals have been involved in the specification
of AP but not DV patterning of the zebrafish otic vesicle. On the
other hand, Wntl and Wnt3a have been identified as the source
of hindbrain signals required for the specification of the dorsal
(vestibular) part of the otic vesicle (Riccomagno et al., 2005).
Several wnt genes, including wnt! and wnt3a (Riley et al.,
2004), are expressed in the dorsal neural tube in zebrafish. In
this study we found that wnt/ and wnt3a are downregulated in
15 and r6 vinfl mutant embryos (Fig. 4). This suggests that Wnt
signalling could link dorsal hindbrain to dorsal otic patterning in
zebrafish and that the mechanisms involved in the specification
of vestibular structures may be conserved among vertebrates.

Effects of vhnfI inactivation on the organization of the sensory
elements of the inner ear

Development of the first hair cells is normally restricted to
regions of the otic placode directly adjacent to r4 and r6
(Haddon et al., 1998b) (Fig. 5), suggesting that signals emitted
in these rhombomeres specify the equivalence groups from
which hair cells emerge, or that signals from r5 repress their
formation. Here we show that, in vinf! mutants, the first hair
cells form at ectopic positions all along the AP and DV axes of
the otic vesicle. A similar phenotype has been reported in the
val mutant ears and loss of fgf3 function has been shown to
rescue the excess of hair cells, suggesting that Fgf3 secreted
from r4 is sufficient to specify hair cells in the otic vesicle
(Kwak et al., 2002). We show here that the expansion of the
presumptive sensory epithelium, marked by the expression of
delta and serrateB lateral to r5 in vhnfl mutants, correlates
with the reduction of 15 (Fig. 5). This result strongly suggests
that an inhibitory signal from r5 normally restricts hair cell
specification lateral to r4 and r6.

Parallel to the specification of the hair cells in the sensory
patches, the neurons of the SAG are specified in the
anteroventral part of the otic vesicle, the neurogenic epithelium.
Neuroblasts delaminate from the ventral wall of the otocyst
between 22 and 36 hpf, and differentiated neurons begin to be

visible in the anteroventrally positioned ganglion by 24—-30 hpf
(Haddon and Lewis, 1996). In vinf] homozygous mutants, the
neurogenic domain is expanded. Since neuronal progenitors
delaminate from the anteroventral region of the otic vesicle, we
propose that this phenotype is a consequence of the anteriorisa-
tion and ventralisation of the vinf] mutant inner ears. Moreover,
ngnl and neuroD, which are normally expressed by the
neuroblasts before they delaminate, remain expressed much
after delamination has normally ended in a wild type ear,
suggesting that the mechanisms responsible for the temporal
control of neural specification are perturbed in vinf! mutants.
However, neither a duplication of this domain, nor an increase
in the number of final neurons, nor a posterior expansion of the
SAG were ever observed. One explanation would be that a
survival factor is missing or is in a limited concentration and
therefore ectopic neurons cannot proceed further. A similar
observation has been made in the zebrafish Hh mutants, which
also show a duplication of anterior otic markers (Hammond et
al., 2003). However, it is interesting to note another difference
with Hh mutant, that sensory organs are not mirror duplicated in
vhnfl mutants, suggesting that though vinfI may be involved in
the earliest steps of AP patterning, it does not have such strong
effect later as does Hh signalling.
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