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Long-Term Consequences of Sox9 Depletion
on Inner Ear Development
Byung-Yong Park and Jean-Pierre Saint-Jeannet*

The transcription factor Sox9 has been implicated in inner ear formation in several species. To investi-
gate the long-term consequences of Sox9 depletion on inner ear development we analyzed the inner ear
architecture of Sox9-depleted Xenopus tadpoles generated by injection of increasing amounts of Sox9 mor-
pholino antisense oligonucleotides. We found that Sox9-depletion resulted in major defects in the develop-
ment of vestibular structures, semicircular canals and utricle, while the ventrally located saccule was less
severely affected in these embryos. Consistent with this phenotype, we observed a specific loss of the dor-
sal expression of Wnt3a expression in the otic vesicle of Sox9 morphants, associated with an increase in
cell death and a reduction in cell proliferation in the region of the presumptive otic epithelium. We pro-
pose that, in addition to its early role in placode specification, Sox9 is also required for the maintenance
of progenitors in the otic epithelium. Developmental Dynamics 239:1102–1112, 2010. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION

The vertebrate inner ear is the organ
responsible for the sense of hearing,
balance, and detection of acceleration.
It develops from a thickening of the
head ectoderm known as the otic pla-
code that invaginates and eventually
detaches from the surface ectoderm to
form the otic vesicle or otocyst. Differ-
ential growth and intricate morphoge-
netic movements will shape the otic
vesicle into a highly specialized sen-
sory organ. In the fully developed
inner ear, the dorsally located utricle
and semicircular canals constitute the
vestibular apparatus (pars superior),
structures that have been highly con-
served during evolution. In contrast
on the ventral aspect of the inner ear
the auditory chambers (pars inferior)
went through more extensive modifi-

cations (Riley and Phillips, 2003). For
example the auditory organ in mam-
mals is the cochlea, whereas in
amphibians the auditory system
includes the saccule a low-frequency
vibration/sound detector, and the am-
phibian papilla and basilar papilla, a
low- to mid-frequency and a high-fre-
quency sound detector, respectively
(Smotherman and Narins, 2000).

Analysis of mouse inner ear mutants
has permitted the identification of
several genes that are critical for the
formation of the different components
of the inner ear (reviewed in Fekete,
1996; Fekete, 1999; Fekete and Wu,
2002). These genes at early develop-
mental stages often show restricted
expression pattern in the developing
otic epithelium. For example, Pax2 is
expressed in the ventromedial aspect
of the otic vesicle, and targeted dele-

tion of Pax2 resulted in agenesis of
the cochlear duct (Torres et al., 1996).
Mouse embryos carrying a mutation
in Hmx3, a gene expressed in the dor-
solateral aspect of the otocyst, failed
to develop semicircular canals (Wang
et al., 1998; Hadrys et al., 1998).
These results indicate that the otocyst
is a mosaic structure in which the de-
velopment of its various elements is
under independent genetic control
(Fekete, 1999).
Sox9, a member of the Sox family of

transcriptional regulators, is ex-
pressed in the otic vesicle of several
species (Liu et al., 2003; Saint-Ger-
main et al., 2004; Bagheri-Fam et al.,
2006). Interference with Sox9 func-
tion in Xenopus by injection of mor-
pholino antisense oligonucleotides
resulted in the down-regulation of
otic-specific genes, and most of these
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embryos failed to develop a morpho-
logically recognizable otic vesicle
(Saint-Germain et al., 2004). Simi-
larly, loss of Sox9a and Sox9b function
in zebrafish resulted in a complete ab-
sence or severe reduction of the otic
vesicle (Liu et al., 2003; Yan et al.,
2005). In contrast to these studies,
conditional inactivation of Sox9 in the
prospective otic epithelium indicated
that Sox9 is not essential for the initial
otic specification in the mouse, instead
Sox9 is cell-autonomously required for
placode invagination, presumably by
regulating the adhesive properties of
the placodal cells (Barrionuevo et al.,
2008). In humans, heterozygous SOX9
mutations result in campomelic dys-
plasia (CD), a pathology characterized
by dwarfism, craniofacial defects, bow-
ing of the long bones and sex reversal
(Foster et al., 1994; Wagner et al.,
1994; OMIM 114290). These symp-
toms are often associated with sensori-
neural deafness and malformations of
the inner ear canals (Tokita et al.,
1979; Houston et al., 1981; Savarir-
ayan et al., 2003).

To investigate the long-term conse-
quences of Sox9 depletion on inner
ear development we analyzed the
inner ear architecture of Sox9-
depleted Xenopus tadpoles generated
by injection of increasing amounts of
Sox9 morpholino antisense oligonu-
cleotides. We found that Sox9-deple-
tion resulted in severe defects in the
development of the vestibular struc-
tures of the inner ear, while the
saccule was less severely affected.
Consistent with this phenotype we
observed a loss of progenitors in the
region of the presumptive otic epithe-
lium of Sox9 morphants. We propose
that in addition to its role in otic pla-
code specification Sox9 is also
involved in the maintenance of pro-
genitors in the otic epithelium.

RESULTS

Sox9 Morpholino Antisense

Oligonucleotide

To analyze the long-term consequen-
ces of Sox9 depletion on inner ear
development we analyzed the inner
ear architecture of Sox9-depleted
Xenopus tadpoles generated by injec-
tion of increasing amounts of Sox9
morpholino antisense oligonucleotide

(Sox9MO). The specificity of this
translation blocking Sox9MO has
been previously demonstrated (Spok-
ony et al., 2002; Saint-Germain et al.,
2004). Briefly, we have shown using
several molecular markers that
Sox9MO blocks neural crest and otic
placode formation in the context of
the whole embryo. Importantly, injec-
tion of a 5-bp mismatched morpholino
or a standard control morpholino had
no effect on the expression of these
markers or on subsequent develop-
ment of the neural crest and the oto-
cyst. Moreover, both the neural crest
and the otic placode phenotype of
Sox9 morphants could be fully res-
cued by Sox9 overexpression, using a
construct lacking the morpholino rec-
ognition motif (Spokony et al., 2002;
Saint-Germain et al., 2004). While it
has been difficult to document the
reduction in endogenous Sox9 protein
upon Sox9MO injection due to the
lack of appropriate antibodies, we
show that in an in vitro transcription/
translation assay Sox9MO blocks
translation of Sox9 mRNA in a con-
centration-dependent manner (Supp.
Fig. S1, which is available online).

Abnormal Development of the

Utricle and Semicircular

Canals in Sox9-Depleted

Tadpoles

The paint-fill technique is a simple
assay allowing for a rapid evaluation
of the three-dimensional architecture
of the inner ear during embryogene-
sis. Initially developed to analyze the
mammalian inner ear (Martin and
Swanson, 1993) this technique has
been since then applied to different
organisms including Xenopus (Bison-
nette and Fekete, 1996; Bever and
Fekete, 2002; Bever et al., 2003). To
analyze the role of Sox9 on inner ear
development embryos received a uni-
lateral injection of 1 ng, 2.5 ng, or
5 ng of Sox9MO in one animal ventral
blastomere at the eight-cell stage to
target the otic vesicle as previously
shown (Huang et al., 1998; Saint-Ger-
main et al., 2004). At stage 52 the
inner ear structure of these tadpoles
was analyzed by the paint-filling tech-
nique. As shown in Figure 1, Sox9MO
injection resulted in severe abnormal-
ity in the vestibular apparatus. The
anterior, posterior, and horizontal

semicircular canals as well as the
utricle were misshaped, often reduced
in size (class II phenotype) or com-
pletely missing (class III phenotype).
When present the semicircular canals
were often fused to the saccule. Of in-
terest, in most cases the saccule was
present, though reduced in size. The
proportion of affected embryos for
each dose of Sox9MO is shown in Ta-
ble 1, and representative cases of the
various classes of phenotype are
depicted in Figure 1. While the inner
ear of most embryos was normal for
the lower dose of Sox9MO (97%; n ¼
29), in the case of 2.5 ng of Sox9MO,
approximately 50% of the embryos
showed defects in the development of
the semicircular canals and utricle
(class II and III phenotypes; n ¼ 50).
For the higher dose of Sox9MO (5 ng)
the survival rate at stage 52 was
extremely low, only 24% of the
injected embryos (n ¼ 100) survived,
among which 96% (n ¼ 24) had a class
I phenotype (normal inner ear struc-
ture; not shown). This indicates that
for a dose of 5 ng of Sox9MO the most
strongly affected embryos did not sur-
vive up to stage 52. For this reason, in
subsequent studies we primarily
focused our analysis on the two lower
doses of Sox9MO, 1 ng and 2.5 ng.
The abnormal development of the

semicircular canals observed at stage
52 suggested that the specification of
the dorsal aspect of the inner ear was
primarily perturbed in these tadpoles.
This led us to evaluate inner ears at
an earlier time point to determine
whether semicircular canals forma-
tion was affected in these animals.
Canal formation results from the
fusion of axial protrusions (Haddon
and Lewis, 1991), a process that is
completed for all three semicircular
canals by stage 47 (Bever et al.,
2003). At stage 48, a significant delay
was observed in the fusion of the
semicircular protrusions in Sox9MO-
injected tadpoles, this is especially
true for the anterior and posterior
semicircular canals (Fig. 2; class II,
lateral and dorsal views). The propor-
tion of affected embryos (Table 1) was
directly correlated to the amount of
injected morpholino. At the lower
dose of Sox9MO (1 ng) only 20% of the
embryos (n ¼ 30) showed defects,
while for the higher doses of 2.5 ng
and 5 ng, 36% (n ¼ 50) and 46% (n ¼
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46) of the embryos were affected,
respectively. The survival rate at
stage 48 of embryos injected with 5 ng
of Sox9MO was fairly similar to what
was observed for uninjected embryos.

Altogether, these results indicate
that the development of the semicir-
cular canals and the utricle are the
most severely affected structures in
the inner ear of Sox9-depleted tad-
poles, suggesting an important func-
tion for Sox9 in the development of
the vestibular apparatus. Tadpoles
injected with Sox9MO exhibited
swimming defects (circling behavior;
data not shown). However because

other defects, such as shortened or
kinked tails, can also result in a simi-
lar phenotype in injected embryos, it
is difficult to attribute this circling
behavior solely to the observed vestib-
ular defects.

Development of the Inner Ear

Sensory Organs, Otoconia,

and Statoaccoustic Ganglion

in Sox9-Depleted Tadpoles

Each chamber of the developing inner
ear is associated with a sensory epi-
thelium containing mechanosensory
hair cells, which convey auditory and

vestibular information (Smotherman
and Narins, 1999, 2000). The maculae
are the sensory epithelia of the utricle
(utricular macula) and saccule (saccu-
lar macula), while the sensory epithe-
lia associated with each semicircular
canal, are known as the anterior, hori-
zontal and posterior cristae, respec-
tively (Fritzsch et al., 2002). It has
been previously shown that at stage
45, the 5 sensory organs can be
visualized in the form of thickened
epithelia (Quick and Serrano, 2005),
expressing variable levels of Bmp4
(Kil and Collazo, 2001). Therefore to
assess the development of the sensory

Fig. 1. Morphological analysis of the inner ear of Sox9-depleted tadpoles at stage 52. Representative cases of the membranous labyrinth of
Sox9-depleted tadpoles inner ears (Sox9MO; 2.5 ng) at stage 52 are shown after injection with latex paint. The overall architecture of the inner ear
of these tadpoles has been divided into four classes: Class I, normal inner ear structure; Class II, abnormal semicircular canals and utricle; Class
III, semicircular canals and utricle absent, saccule reduced in size; Class IV, no inner ear. aa, anterior ampula; asc, anterior semicircular canal; acr,
anterior cristae recess; apr, amphibian papilla recess; bp, basilar papilla; ha, horizontal ampula; hsc, horizontal semicircular canal; psc, posterior
semicircular canal; pcr, posterior cristae recess; s, saccule; u, utricle; um, utriclar macula. Scale bar ¼ 500 mm.

TABLE 1. Quantification of the Inner Ear Phenotype of Sox9-Depleted Embryos

Class

Stage 48 Stage 52

1 ng 2.5 ng 5 ng 1 ng 2.5 ng

I 24 (80%) 32 (64%)a 25 (54%)b 28 (97%) 25 (50%)
II 5 (17%) 11 (22%) 14 (30%) 1 (3%) 9 (18%)
III 1 (3%) 5 (10%) 3 (7%) 0 (0%) 15 (30%)
IV 0 (0%) 2 (4%) 4 (9%) 0 (0%) 1 (2%)

aOne embryo with a smaller size inner ear.
bThree embryos with a smaller size inner ear, among which 2 were missing the saccule.
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organs we analyzed the expression of
Bmp4 in Sox9-depleted embryos by in
situ hybridization on sections. We
found that for a dose of 1 ng of
Sox9MO all five sensory patches
formed normally in all embryos exam-
ined (n ¼ 10; Fig. 3A). In embryos
injected with 2.5 ng of Sox9MO, the
overall size of the otic vesicle was
reduced by approximately 50% as
compared to the otic vesicle on the
uninjected side (an average of 32 sec-
tions for the control ear vs. an aver-
age of 18 sections for the injected ear;
n ¼ 10). Moreover, in these embryos,
the otic vesicle was positioned at a
greater distance from the surface
ectoderm as compared to control oto-
cysts, which are typically found im-
mediately underneath the ectoderm
(Fig. 3A,B). This difference may
be the result of the loss of the most

dorsal structures of the inner ear
(pars superior) as described above
(Figs. 1, 2). In these tadpoles, at least
four of the five sensory organs
appeared to form in the proper loca-
tion, but the thickened epithelia were
often reduced in size (Fig. 3A). When
missing, the sensory organs affected
were either the most anterior (ante-
rior crista) or the most posterior (pos-
terior crista). These observations are
consistent with the loss of anterior
and posterior semicircular canals
observed by paint-filling at stage
48 (Fig. 2) and stage 52 (Fig. 1). While
reduced in size, the saccular macula
was maintained in its proper loca-
tion even for the higher dose of
Sox9MO, further suggesting that
Sox9 function is especially critical for
the development of the pars superior
in Xenopus.

We also assessed the development
of otoconia and mechanosensory hair
cells in these embryos. Otoconia are
small crystals of calcium carbonate
that accumulate in the utricle and
saccule of the inner ear. They facili-
tate vestibular and auditory function
by transmitting accelerational forces
and sound vibrations, respectively, to
hair cells of the maculae. Around
stage 45, a first otoconial mass is visi-
ble, associated with the saccular mac-
ula (Bever et al., 2003; Quick and Ser-
rano, 2005; Fig. 3B). The otoconia of
the saccular macula, while normal in
embryos injected with the lower dose
of Sox9MO (n ¼ 5; Fig. 3B, middle
panels), was completely missing in
the inner ear of embryos injected with
the higher dose of Sox9MO (n ¼ 6;
Fig. 3B, right panels). At stage 47, the
otoconia associated with the utricular

Fig. 2. Morphological analysis of the inner ear of Sox9-depleted tadpoles at stage 48. Representative cases of the membranous labyrinth of
Sox9-depleted tadpoles inner ears (Sox9MO; 2.5 ng) at stage 48 are shown after injection with latex paint. For phenotypic classes definition and
abbreviations see Figure 1. Scale bar ¼ 500 mm.D
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macula becomes visible (Bever et al.,
2003; Quick and Serrano, 2005), and
this structure was also missing in
Sox9-morphants (data not shown).
The mechanosensory hair can be
visualized in the whole embryo by
phalloidin staining (Quick and Ser-
rano, 2005), and on section after tolui-
dine-blue (Baird et al. 1993) or hema-
toxylin and eosin staining (Fig. 3B,
lower panels). While hair cells were
clearly visible in the sensory epithelia

of the saccular and utricular maculae
of control embryos and embryos
injected with 1 ng of Sox9MO, mecha-
nosensory hair cells were completely
missing in the epithelia of embryos
that received the higher dose of
Sox9MO (n ¼ 6; Fig. 3B, lower
panels).

The statoacoustic ganglion that
mediates the sensory function of the
inner ear is derived from the otic vesi-
cle. We next wished to determine

whether this key component of the
inner ear was also affected in Sox9-
depleted embryos. Surprisingly, we
found that the statoaccoustic ganglion
formed in its proper location even for
the higher dose of Sox9MO (Fig. 3B,
upper panels).
Taken together, these results indicate

that the development of the sensory
organs and associated structures (oto-
conia and mechanosensory hair cells)
are also defective in Sox9-depleted tad-
poles, suggesting that these embryos
are very likely to have both vestibular
and auditory deficiencies.

Maintenance of Wnt3a

Expression in the Otic

Vesicle Requires Sox9

The dorsal-most cells of the otic vesicle
fated to form the vestibular apparatus
express the secreted factor Wnt3a
(Wolda et al., 1993; Saint-Germain
et al., 2004). To determine whether
Sox9 is required in this region of the
otic vesicle, we analyzed the expres-
sion of Wnt3a in Sox9MO-injected
embryos at stage 35. Wnt3a expres-
sion was only marginally affected in a
small proportion of embryos that
received 1 ng of Sox9MO (not shown).
Upon injection of 2.5 ng of Sox9MO, in
embryos that still formed an otic vesi-
cle-like structure, Wnt3a expression
domain was either lost or substan-
tially reduced (51% and 42%, respec-
tively; n ¼ 45; Fig. 4A, B). Similarly,
Pax2, a factor normally expressed in
the medial half of the otocyst along the
dorsoventral axis (Heller and Brandli,
1999), while unaffected for 1 ng of
Sox9MO (n ¼ 27), was reduced (47%)
or lost (53%) for a dose of 2.5 ng of
Sox9MO (n ¼ 30; Fig. 4A,B). Of inter-
est, at the same dose of Sox9MO (2.5
ng) Bmp4 and Sox2 expression
domains, two genes that are normally
restricted along the anteroposterior
andmedioventral aspect of the otocyst,
respectively, were often expanded dor-
sally in these embryos (Fig. 4A,B). The
transcription factor Otx2, which is re-
stricted to the ventral aspect of the otic
vesicle (Pannese et al., 1995), was also
reduced along the anteroposterior axis
in embryos that received 2.5 ng of
Sox9MO (69% of embryos; n ¼ 45) but
to a lesser extent as compared to what
was seen for Wnt3a or Pax2 (Fig.

Fig. 3. Development of the inner ear sensory organs, otoconia and statoaccoustic ganglion in
Sox9-depleted tadpoles at stage 45. A: Representative cases of Bmp4 expression in the sen-
sory organs of the inner ear of control and Sox9-depleted tadpoles (Sox9MO; 1 ng and 2.5 ng)
at stage 45. The arrows indicate the position of the various sensory epithelium as they arise
from anterior to posterior (left to right). AC, anterior crista; UM, utricular macula; HC, horizontal
crista; SM, saccular macula; PC, posterior crista. B: Sensory epithelium of the saccular macula
and associated hair cells and otoconia in control and Sox9-depleted embryos at stage 45. While
hair cells and otoconia were missing in the inner ear of embryos injected with the higher dose of
Sox9MO (2.5 ng), the statoaccoustic ganglion formed in its proper location in these embryos.
The lower panels are higher magnification views of the boxed area shown in the upper panels.
Scale bars ¼ 100 mm in A, 50 mm in B. MHC, hair cell; OTC, otoconia; SAG, statoaccoustic
ganglion.
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Fig. 4. Sox9 depletion results in the loss of gene expression in the dorsal aspect of the otic vesicle. A: The otic vesicle of embryos injected in one
blastomere at the eight-cell stage with 2.5 ng of Sox9MO exhibited reduced Wnt3a and Pax2 expression associated with a dorsal expansion of
Bmp4 and Sox2 at stage 35. The expression of Otx2 in the ventral aspect of the otic vesicle was also reduced but primarily along the antero–poste-
rior axis. For whole-mount in situ hybridization, lateral views, dorsal to top. Anterior is to the right (control) or to the left (injected). Histology panels
(dorsal to top) show transverse sections of Wnt3a- and Pax2-stained embryos. In the case of Bmp4-, Otx2-, and Sox2-stained embryos longitudinal
sections were performed. The arrows point to the otic vesicle on the injected side B: A three dimensional representation of the otic vesicle at stage
35 illustrates the changes in expression pattern of Wnt3a, Pax2, Bmp4, Sox2, and Otx2 in injected as compared to controls otocysts. The position of
the dorsoventral, anteroposterior, and mediolateral axis is indicated. D, dorsal; L, lateral; P, posterior. Scale bar ¼ 200 mm in A.

Fig. 5. Sox9 is expressed throughout the otic
vesicle and in the developing semicircular canals.
Developmental expression of Sox9 in the otocyst
of wild type embryos by whole-mount in situ
hybridization (A,B,D) and by in situ hybridization on
section (C,E–I). The embryonic stage (Nieuwkoop
and Faber, 1967) is indicated in the upper right
corner of each panel. A–H: Sox9 is initially
expressed throughout the entire otic epithelium (A–
C) and then become progressively restricted to the
dorsal and ventral aspects of the otic vesicle (D–
H). I: At stage 45, Sox9 is also detected in the pro-
trusions of the developing semicircular canals
(arrow). In all panels, dorsal to top. For whole
embryos staining anterior is to the right. Scale bars
¼ 300 mm in A,B,D; 50 mm in C,E.I.



4A,B). The expression domains of
Bmp4, Otx2, and Sox2were unaffected
at the lower dose of Sox9MO (1 ng).
These results suggest that Sox9 is
required for Wnt3a and Pax2 expres-
sion in the dorsal-most cells of the otic
vesicle and that, upon Sox9 attenua-
tion, there is a dorsal shift in the posi-
tioning of Bmp4 and Sox2 expression,
consistent with the loss of structures
of the pars superior observed at stage
48 and stage 52.

Sox9 Is Expressed

Throughout the Otic Vesicle

Sox9 expression has been reported at
early stage of otic placode develop-
ment in Xenopus (Saint-Germain
et al., 2004). Sox9 is detected from
early neurula stage (Fig. 5A), in the
preplacodal ectoderm and persists in
the otic epithelium at least until stage
45 (Fig. 5B-I). Interestingly, around
stage 27, Sox9 shows graded expres-
sion along the dorsoventral axis of the
otic vesicle, with the strongest expres-
sion at the dorsal and ventral aspects
of the developing otocyst (Fig. 5E–H).
As the protrusions of the semicircular
canals are emerging, Sox9 is also
detected in the developing semicircu-
lar canals (Fig. 5I). The expression
pattern of Sox9 in the dorsal aspect of
the developing otic vesicle and its
maintenance in the semicircular
canal protrusions is consistent with
the inner ear phenotype of Sox9
morphants.

Sox9 Is Required for the

Survival of Otic Progenitors

In the otic vesicle of Sox9-depleted
embryos, the loss of Wnt3a expres-
sion, associated with a dorsal expan-
sion of Bmp4/Sox2 expression
domains suggested that Sox9 might
be required for the maintenance of
dorsal otic progenitors. To evaluate
this possibility, we analyzed the pat-
terns of cell death in the otic vesicle of
Sox9-depleted embryos at different
stages. Although the otocyst of these
embryos were reduced in size as com-
pared to the otic vesicle on the unin-
jected side, we did not observe any
significant increase in TUNEL-posi-
tive cells within the otic epithelium of
stage 27 or stage 30 embryos (Fig.
6A,B). However, we noticed an

increase in TUNEL-positive cells in
the tissues surrounding the otocyst,
suggesting that dorsal otic progeni-
tors may have been excluded from the
otic vesicle at an earlier time point. To
test this possibility, we performed
TUNEL staining at an earlier stage,
when Sox9 expression is initiated in
the presumptive otic epithelium
(Saint-Germain et al., 2004; Fig. 5A).
At the neurula stage, we observed an
increase in the number of TUNEL-
positive cells in the region of the pre-
sumptive otic epithelium on the
injected side as compared to the unin-
jected side (Fig. 6C). The increase in
TUNEL-positive cells was more pro-
nounced for the higher dose of
Sox9MO (2.5 ng; Fig. 6D). This result
indicates that Sox9 is required for the
survival of a population of progenitors
in the otic epithelium.

Sox9 Is Required for the

Proliferation of Otic

Progenitors

The relatively mild but significant
increase in the number of apoptotic
cells observed upon Sox9MO injec-
tion, cannot explain by itself the inner
ear phenotype of Sox9-depleted
embryos (Figs. 1, 2). This led us to
investigate whether Sox9 was also
regulating cell proliferation in the otic
epithelium. Using an antibody
directed against phosphohistone H3,
we found that the rate of cell prolifer-
ation in the region of the presumptive
otic epithelium of neurula stage
embryos was significantly reduced by
approximately 50% on the injected
side as compared to the uninjected
side (Fig. 7A,B). These data strongly
suggest that, in addition to cell sur-
vival, one of the functions of Sox9 is to
maintain progenitor proliferation in
the otic epithelium.

DISCUSSION

The fully developed amphibian inner
ear has two major subdivisions, dor-
sally the pars superior formed by a
utricle and three semicircular canals,
and ventrally the pars inferior con-
sisting of the saccule, basilar papilla,
and amphibian papilla (Paterson,
1948; Bever et al., 2003). As in most
vertebrates, the sensory epithelia of
the semicircular canals and utricle

mediate the vestibular function of the
inner ear (Lambert et al., 2008). How-
ever, unlike mammals, amphibians do
not form a cochlea, it is the saccule,
basilar papilla, and amphibian papilla
that will perform the auditory func-
tion (Smotherman and Narins, 2000;
Riley and Phillips, 2003). In the pres-
ent study, we show that the develop-
ment of the pars superior strongly
depends on Sox9 function, while the
pars inferior shows a lesser depend-
ence on Sox9. In tadpoles lacking
Sox9, otic progenitors show impaired
proliferation and increase apoptosis
leading to a dramatic loss of vestibu-
lar structures, semicircular canals
and utricle, suggesting an important
role for Sox9 in the maintenance of
these progenitors. While the saccule
was present, the development of the
saccular macula was defective (miss-
ing otoconia and hair cells) in Sox9-
depleted tadpoles, suggesting that
these embryos may have both vestibu-
lar and auditory defects.
While our previous analysis of

Sox9-depleted embryos revealed a
requirement for Sox9 in otic progeni-
tors specification as evidenced by the
loss of early otic placode marker genes
such as Pax8 and Tbx2 (Saint-Ger-
main et al., 2004), the rather severe
early defects in these embryos prohib-
ited an analysis of Sox9 role in later
stages of inner ear development. Acti-
vation of an inhibitory mutant of Sox9
at the neurula stage had little effect
on otic development at later stages,
indicating that Sox9 may not be
required for the subsequent stages of
otic development (Saint-Germain
et al., 2004). This conclusion was
based on the observation that the
expression of regional marker genes,
namely Otx2, Bmp4 and Wnt3a,
appeared unaffected at stage 35.
However in these experiments we
could not exclude the possibility that
subtler later defects in the architec-
ture of the inner ear may still be
occurring in these embryos. Moreover,
it is also possible that the inhibitory
mutant resulted only in an incom-
plete inhibition of Sox9 function.
Here, by injection of increasing doses
of Sox9 morpholino, we generated
embryos with attenuated Sox9 func-
tion, and showed that dorsal otic
structures are more sensitive to Sox9
depletion than the ventral structures,
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as these embryos show more pro-
nounced defects in the pars superior.
The failure to form semicircular

canals and utricle in Sox9-depleted
embryos was associated with a reduc-
tion or loss of Wnt3a- and Pax2-
expressing cells in the dorsal aspect of
the otocyst, concomitant to a dorsal
expansion of Bmp4 and Sox2 expres-
sion domains. In an attempt to visual-
ize the loss in otic progenitors, we per-
formed TUNEL staining on morphant
embryos at different stages. Surpris-
ingly, we found that these cells were
excluded from the otic epithelium
before the otic vesicle stage, strongly
arguing for an early function of Sox9
in otic progenitors survival. The
increase in apoptotic cells in Sox9
morphant embryos was also associ-
ated with a significant decrease in cell
proliferation in the region of the otic
epithelium. This is not the first exam-
ple of a role for Sox9 in cell survival.
In mouse embryos lacking Sox9 func-
tion, prospective neural crest cells in
the dorsal neuroepithelium undergo
programmed cell death shortly after
migration is initiated (Cheung et al.,
2005). Similarly, the noninvaginating
placodal cells in Sox9 mutant mouse
embryos are eliminated by apoptosis
(Barrionuevo et al., 2008).
Interestingly, Sox9 is expressed in

both the dorsal and ventral aspect of
the otic vesicle (Saint-Germain et al.,
2004; Fig. 5); however, we observed
the most dramatic defects in the dor-
sally-derived structures, semicircular
canals and utricle in morphant tad-
poles. The saccule was also affected in
these embryos but to a lesser extent.
This could be due to the fact that the
formation of semicircular canals
involves more intricate morphoge-
netic processes highly susceptible to
alterations. Alternatively, this differ-
ence could be explained by the fact
that dorsal progenitors are more sen-
sitive to Sox9 dosage than ventral
progenitors.
Mutations in one Sox9 allele result

in CD, a lethal human disorder char-
acterized by autosomal XY sex rever-
sal and severe skeletal malformations
(Foster et al., 1994; Wagner et al.,
1994; Wunderle et al., 1998; McDo-
wall et al., 1999; Olney et al., 1999;
Preiss et al., 2001). Patients affected
by this condition usually die after
birth due to respiratory distress.

Fig. 6. Sox9 is required for the survival of otic precursors. A,B: Histological sections of embryos
showing TUNEL (terminal deoxynucleotidyl transferase–mediated deoxyuridinetriphosphate nick
end-labeling) staining at stage 27 (A) and stage 30 (B). The outlined areas demarcate the position of
the otic vesicle, which is reduced in size on the injected side. Fluorescein-labeled TUNEL-positive cells
are primarily found in tissues surrounding the otic vesicle. C: Whole-mount TUNEL staining at stage
15. Lateral views, dorsal to top, anterior to the right (control side) or to the left (injected side). The
circled areas (red) outline the approximate position of the prospective otic epithelium in which TUNEL-
positive cells were counted.D: Highermagnification views of the circled areas of the embryos injected
with 2.5 ng of Sox9MO shown in C. E: Graph illustrating the quantification of TUNEL-positive cells on
control and injected sides in embryos that received unilateral injection of Sox9MO (1 ng, n ¼ 14; and
2.5 ng, n¼ 13). (*)P value is< 0.003; **P value is<0.001. Scale bars¼ 50mm in A,B, 500mm inC.

Fig. 7. In the absence of Sox9 function otic precursors showed reduced proliferation.
A: Whole-mount phosphohistone H3 (PHH3) staining at stage 15. Lateral views, dorsal to top,
anterior is to the right (control side) or to the left (injected side). The circled areas (red) outline
the approximate position of the prospective otic epithelium in which PHH3-positive cells were
counted. B: Higher magnification views of the circled areas of the embryos injected with 2.5 ng
Sox9MO shown in A. C: Graph illustrating the quantification of PHH3-positive cells on control
and injected sides in embryos that received unilateral injection of Sox9MO (1 ng, n ¼ 16; and
2.5 ng, n ¼ 15). (*) P value is <0.0008; (**) P value is < 0.0003. Scale bar ¼ 500 mm.
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However, patients that survived
through adolescence and adulthood
are often affected by sensorineural
deafness, and in some rare cases
exhibited malformations of the coch-
lear duct (Tokita et al., 1979; Houston
et al., 1981; Savarirayan et al., 2003).
Our finding using Xenopus are con-
sistent with a critical role of Sox9 in
inner ear formation, but also high-
lights some differences across species
in the relative importance of Sox9 in
the development of specific compo-
nents of the inner ear. These differen-
ces may reflect the evolutionary
transformation of the inner ear asso-
ciated with the changes from an
aquatic to a terrestrial mode of life.

Our results suggest the necessity
for a tight regulation of Sox9 activity
during inner ear development.
Although we were not able to directly
evaluate changes in endogenous pro-
tein levels in morphant embryos due
to the lack of appropriate antibodies,
we like to propose that the level of
Sox9 proteins in the otic epithelium is
essential to regulate multiple aspects
of inner ear development. Consistent
with this view, the severity of the phe-
notype of patients affected by CD has
been shown to be highly sensitive to
dosage and expression levels of SOX9
(Olney et al., 1999). Organ sensitivity
to Sox9 gene dosage appears to differ
for specific organs and between spe-
cies. For example, while the skeletal
defects characteristic of CD patients
are also seen in Sox9 heterozygous
mutant mice (Bi et al., 2001), com-
plete sex reversal in mice is only
observed upon inactivation of both
Sox9 alleles (Barrionuevo et al.,
2006). Along the same lines, Sox9-de-
ficient mice demonstrate that Sox9 is
required in the maintenance of early
pancreatic progenitor cells (Seymour
et al., 2007), whereas mice with a 50%
reduction in Sox9 protein levels show
that Sox9 is critical for the develop-
ment of the endocrine lineage (Sey-
mour et al., 2008). It is also important
to mention that Sox9 activity is not
only controlled by gene dosage, but
also through post-translational modi-
fications either by phosphorylation
(Huang et al., 2000) or SUMOylation
(Taylor et al., 2005).

How to explain mechanistically the
dosage effect of Sox9? It has been
reported that depending on the con-

text Sox9 may function either as a
dimer or as a monomer. For example,
Sox9 dimerization is required for tar-
get gene activation during chondro-
genesis, while during sex determina-
tion Sox9 is believed to act as a
monomer (Bernard et al., 2003).
Interestingly, Sox9 monomers and
dimers form at distinct protein
thresholds (Sock et al., 2003), there-
fore a reduction in protein levels may
differentially impact the activation of
individual target genes. This is a
mechanism, which together with the
functional redundancy of other SoxE
proteins (Sox8 and Sox10), may con-
tribute to the variability of the pheno-
type observed in CD patients.

EXPERIMENTAL

PROCEDURES

Xenopus Embryo

Manipulations and Injections

Embryos were staged according to
Nieuwkoop and Faber (1967) and
raised in 0.1� NAM (Normal Amphib-
ian Medium; Slack and Forman,
1980). Experimental procedures were
approved by the Institutional Animal
Care and Use Committee of the Uni-
versity of Pennsylvania, under animal
protocol # 880275. A translation
blocking Sox9 morpholino antisense
oligonucleotide (Sox9MO) was pur-
chased from Gene-Tools LLC (Philo-
math, OR). The specificity of this mor-
pholino has been previously described
(Spokony et al., 2002; Saint-Germain
et al., 2004). Sox9MO (1 ng, 2.5 ng, or
5 ng) was injected in one animal ven-
tral blastomere at the eight-cell stage
to target the otocyst, as shown in sev-
eral fate map studies (Moody, 1987;
Dale and Slack, 1987; Takasaki, 1987;
Huang et al., 1998). In most experi-
ments, embryos were co-injected with
b-galactosidase mRNA (b-gal, 1 ng) to
identify the injected side.

In Situ Hybridization

and Histology

Embryos were fixed in MEMFA (Har-
land, 1991) and successively proc-
essed for Red-Gal (Research Organ-
ics) staining and in situ hybridization.
Antisense digoxigenin (DIG) -labeled
probes (Genius kit, Roche) were syn-
thesized using template cDNA encod-

ing Sox9 (Saint-Germain et al., 2004),
Otx2 (Pannese et al., 1995), Xwnt3a
(Wolda et al., 1993), Bmp4 (Kil and
Collazo, 2001), Pax2 (Heller and
Brandli, 1999), and Sox2 (Mizuseki
et al., 1998). Whole-mount in situ
hybridization was performed as previ-
ously described (Harland, 1991). In
some cases, stained embryos were em-
bedded into Paraplastþ, 12-mm sec-
tions cut on a rotary microtome, and
counterstained with eosin. For in situ
hybridization on section, embryos
were fixed in MEMFA for 1 hr, embed-
ded into Paraplastþ, and 12-mm sec-
tions hybridized with Sox9 or Bmp4
probes according to the procedure
described by Henry et al. (1996). Sec-
tions were then briefly counter
stained with eosin. To visualize otoco-
nia and hair cells at stage 45,
embryos were fixed in MEMFA, em-
bedded into Paraplastþ, cut on a ro-
tary microtome (5-mm sections), and
stained with a combination of hema-
toxylin and eosin (Sigma).

Paint-Filling Procedure and

Phenotype Analysis

The three-dimensional architecture of
the inner ear was analyzed by paint-
filling of the endolymphatic spaces as
described (Bever and Fekete, 2002;
Bever et al., 2003). Embryos at stage
48 or 52 were fixed in Bodian’s fixa-
tive (71.2% ethanol, 5% glacial acetic
acid, 5% formalin in water), dehy-
drated in a graded ethanol series, and
cleared in several changes of methyl
salicylate. Inner ears were injected
with Benjamin Moore white paint (1%
in methyl salicylate) using an infu-
sion pump (Stoelting Co., IL) under a
dissecting microscope. The architec-
ture of the paint-filled ears was
visualized by illumination of the spec-
imen with an obliquely applied fiber
optic light source using a Olympus
SZX9 stereoscope. In a few specimens
where paint leaked into surrounding
tissue, digital images were processed
with Adobe Photoshop software to
clean up the image so that the endo-
lymphatic spaces could be easily com-
pared. The inner ear phenotypes of
stage 52 and 48 embryos were divided
into four classes: Class I, normal
inner ear structure; Class II, abnor-
mal semicircular canals and utricle;
Class III, semicircular canals and
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utricle absent, saccule reduced in
size; Class IV, no inner ear.

Proliferation Assay and

TUNEL Staining

For phosphohistone H3 detection
(Saka and Smith, 2001), Sox9MO-
injected albinos embryos were fixed in
MEMFA. Embryos were incubated
successively in a-phosphohistone H3
antibody (Upstate Biotechnology; 1
mg/ml) and anti-rabbit IgG conjugated
to alkaline phosphatase (Jackson
ImmunoResearch; 1:1,000). Alkaline
phosphatase activity was revealed
using NBT/BCIP (nitroblue tetrazo-
lium/5-bromo-4-chloro-3-indolyl phos-
phate; Roche). Whole-mount TUNEL
staining was performed as previously
described (Hensey and Gautier, 1998;
O’Donnell et al., 2006). End labeling
was carried out overnight at room
temperature in TdT buffer containing
0.5 mM DIG-dUTP and 150 U/ml TdT
(Roche). DIG was detected by an anti-
DIG antibody conjugated to alkaline
phosphatase (Roche; 1:2,000) and the
chromogenic reaction performed
using NBT/BCIP (Roche). For prolif-
eration assay and TUNEL staining,
fluorescein lysine dextran (FLDX;
MW 10,000, Molecular Probes) was
used as a lineage tracer to identify
the injected side. In some cases (stage
27 and stage 30 embryos) TUNEL-
positive cells were detected on histo-
logical sections using an in situ Cell
Death Detection Kit (Roche Diagnos-
tics), following the manufacturer
instructions. Fluorescein-labeled
TUNEL-positive cells then were
observed using an epifluorescence
microscope (Nikkon, Eclipse E800).

In Vitro Transcription/

Translation

The in vitro transcription/translation
coupled rabbit reticulocyte lysate sys-
tem was used according to the manu-
facturer recommendations (Promega)
in the presence of [35S] methionine
and resolved on a NuPAGE BIS-Tris
gel (Invitrogen). The activity of
Sox9MO was determined by adding
increasing amount of morpholino
(1 ng, 10 ng, and 50 ng) to the in vitro
transcription/translation reaction
directed by a Sox9 cDNA containing

the morpholino target sequence (Sox9
þ50UTR).
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