Development 130, 3989-4000
© 2003 The Company of Biologists Ltd
doi:10.1242/dev.00628

3989

The role of Six1 in mammalian auditory system development
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SUMMARY

The homeobox Six genes, homologues Brosophila sine
oculis (s0 gene, are expressed in multiple organs during
mammalian development. However, their roles during
auditory system development have not been studied. We
report that Six1 is required for mouse auditory system
development. During inner ear development, Six1l
expression was first detected in the ventral region of the otic
pit and later is restricted to the middle and ventral otic
vesicle within which, respectively, the vestibular and
auditory epithelia form. By contrast, Six1 expression is
excluded from the dorsal otic vesicle within which the
semicircular canals form. Six1 is also expressed in the
vestibuloacoustic ganglion. At E15.5Six1 is expressed in
all sensory epithelia of the inner ear. Using recently
generatedSix1 mutant mice, we found that allSix1*~ mice

otic epithelium. Because we previously reported thaBix1
expression in the otic vesicle i€yal dependent, we first
clarified that Eyalexpression was unaffected iSix1-/~ otic
vesicle, further demonstrating that theDrosophila Eya-Six
regulatory cassette is evolutionarily conserved during
mammalian inner ear development. We also analyzed
several other otic markers and found that the expression of
Pax2 and Pax8 was unaffected inSix1~- otic vesicle. By
contrast, Six1 is required for the activation of Fgf3
expression and the maintenance ofFgfl0 and Bmp4
expression in the otic vesicle. Furthermore, loss ddix1
function alters the expression pattern olNkx5.1and Gata3
indicating that Six1 is required for regional specification
of the otic vesicle. Finally, our data suggest that the
interaction between Eyal and Six1 is crucial for the

showed some degree of hearing loss because of a failure ofmorphogenesis of the cochlea and the posterior ampulla

sound transmission in the middle ear. By contrastSix1-/~

mice displayed malformations of the auditory system
involving the outer, middle and inner ears. The inner ear
development inSix1~~embryos arrested at the otic vesicle
stage and all components of the inner ear failed to form due
to increased cell death and reduced cell proliferation in the

during inner ear development. These analyses establish a
role for Six1 in early growth and patterning of the otic
vesicle.

Key words:Six1, Auditory system, Inner ear, Regional specification,
Mouse,Eyal, Pax2 Fgf3, FgflQ Bmp4, Nkx5.1Gata3

INTRODUCTION

ventromedially (Herbrand et al., 1998). Mutation in iie5.1

gene results in agenesis of the semicircular canals and circling

The mammalian auditory system includes three distinct part&iehavior (Hadrys et al., 1998), while mutation inflag2gene
the outer, the middle and the inner ears. Despite the complexigads to agenesis of the cochlea (Torres et al., 1996). The
and multiple functions, the ear forms one anatomical uniGATA family zinc-finger gene Gata3 shows reciprocal
that serves both hearing and equilibrium. The earliestelationships witiPax2in the regional patterning of the early
morphological evidence for inner ear development is the otiotocyst and cellular patterning within the sensory epithelia and
placode, a thickened area of surface ectoderm on each sideeafrs ofGata3null mouse mutants remain cystic, with a single
the hindbrain. The otic placode invaginates to form the otic cupxtension of the endolymphatic duct (Karis et al., 2001;
and vesicle, which subsequently undergoes proliferativeawoko-Kerali et al., 2002). The eyes absent deyeel, which
growth and eventually differentiates into different regions ofencodes a transcription coactivator, is also expressed early in
the inner ear. In the mouse, the basic architecture of the innére otic epithelium and the inner ear developmenEyal
ear is fully established by E14.5 (Morsli et al., 1998). knockout mice arrests at the otic vesicle stage (Xu et al.,

A large number of otic genes, including transcription factors1999a). This is the first described mouse mutant lacking all
secreted factors, receptors, cell adhesion proteins and otheensory areas of the inner ear. Secreted factors like the Bmp-
have been described; however, functional importance in earfamily of Tgf3-like polypeptides, Fgfs and receptor molecules
morphogenetic processes has only been demonstrated for sollke the Fgfr2 Illb and Fgfrl are also expressed in the otic
genes (Fekete and Wu, 2002). The homeobox-containing genegithelium and serve as signaling molecules in early otic
such as the NK-related homeobox géte5.1and the paired- development (Chang et al., 1999; Ohuchi et al., 2000; Pirvola
box genePax2 are expressed in complementary patternset al., 2000; Noramly and Grainger, 2002; Pirvola et al., 2002).
in the otic vesicle, withNkx5.1 dorsolaterally andPax2 Nonetheless, it is largely unknown how these genes function
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and respond to the inductive signals from neighboring tissuesiddle ear ossicles, we performed skeletal staining of cartilage and
in the morphogenetic processes of inner ear development. bone as described (Peters et al., 1998).

The murine homeobox Six gene family has been identified For in situ hybridization, we used four wild-type or mutant embryos
on the basis of sequence homology with Evesophila sine  at each stage for each probe as described (Xu et al., 1997a).
oculis(so) gene. At present, six membe8x1-Six$ of the Six TUNEL assay and BrdU labeling

_g(ine f?m'.l% h;ve beéanElsolated anbd thgy ar(?[hsygg(_egted ‘IIPJNEL assay was performed as described (Xu et al., 1999a). To label
interact wi ax an ya genes based on Iheir wide Cesq proliferating cells, timed pregnant mice at E8.5 and 9.5 were

expression in many tissues during mammalian organogenegiected i.p. twice at 2-hour intervals with 5-bromodeoxyuridine
and development (Oliver et al., 1995a; Oliver et al., 1995bBrdu, Sigma) and embryos were collected as described (Xu et al.,
Kawakami et al., 1996; Chen et al., 1997; Pignoni et al., 1997:999b). Paraffin wax embedded sections i were prepared and
Xu et al., 1997a; Xu et al., 1997b). However, their functionatlenatured with 4N HCI for 1 hour at ¥7. Mouse anti-BrdU
roles during mammalian inner ear development have not be@mnoclonal antibody and goat anti-mouse 19G coupled with HRP or
studied. In this study, we analyzed the expressiorBiel  Cy3 were used for detection. The number of proliferating cells was
during inner ear development and its role in mouse audito unted in serial sections from each otic placode or vesicle, and at
system development. In the developing inner &ixl is east five embryos (10 ears) of each genotype were counted.
expressed in all sensory epithelia. Inactivation ofSixd gene
led to malformation of the auditory system involving the outer,
middle and inner ears. The inner ear developme@iid’~ RESULTS
embryos arrested at the otic vesicle stage and all components
of the inner ear failed to form because of increased cell deafiX1 expression in the developing inner ear
and reduced cell proliferation in the otic epithelium.As the insertedcZ transgene displayed an expression pattern
Molecularly, Six1is not required for the expression Byal, identical to theSix1 mRNA distribution obtained by in situ
Pax2 and Pax8 in the otic epithelium. By contras§ixlis  hybridization, we analyzed the expressiorsoflgene during
required for the normal expression B§f3, Fgfl0, Bmp4  inner ear development iSix1acZ heterozygotes by staining
Gata3 and Nkx5.1in the otic vesicle, indicating th&ixlis  for [B-galactosidase activity (Fig. 1). During inner ear
required for the regional specification of the otic vesicledevelopmentSix1lexpression was first detected in the ventral
Finally, we provide evidence for a genetic interaction betweeregion of the otic pit at around E8.75 (Fig. 1A). Its expression
Eyaland Six1during inner ear development. These analyseslomain expands as otic development proceeds and by E9.5,
indicate that similar taEyal, Six1is not required for the Six1expression became restricted to the middle and ventral
initiation of otic placode morphogenesis to form otic vesicleptic vesicle within which the vestibular and auditory epithelia
but is required for the normal growth and regional specificatioform respectively (Fig. 1B,C). By contra§ix1expression is
of the otic vesicle. excluded from the dorsal region within which the semicircular
canals form (arrows, Fig. 1A-CBix1is also expressed in
the vestibuloacoustic ganglion (gVIIl, Fig. 1D). During

MATERIALS AND METHODS subsequent stages of inner ear developn&ixt,is expressed
in all sensory epithelia. In the vestibul&ixlis expressed in
Animals and genotyping the developing cristae, saccule and utricle (Fig. 1D-F). In

Eyal/Sixidouble heterozygous mice were generated by crossing midf'€ utricle and sacculeSix1 is expressed throughout the
carrying mutant alleles dfyalandSix1(Six12c%) and genotyping of nheuroepithelium at E12.5 (Fig. 1D and data not shown) and by
mice and embryos was performed as previously described (Torres B15.5 its expression appears to be restricted to the hair cells in
al., 1995; Xu et al., 1999a; Xu et al., 2002; Laclef et al., 2003).  the middle of the epithelium (Fig. 1F). In the cochiBlis

, , expressed throughout the future greater and lesser epithelial
ABR testing and ear morphologic analyses ridge (GER and LER) of the cochlear duct at E12.5 (Fig. 1G);
thresholds for tone pips at 5, 8, 11, 16, 22, 32 and 45 kHz (tone piphich the organ of Corti begins to differentiate at this stage
duration 5 mseconds); repetition rate 30/secons and averag racket, Fig. 1G). In mice, the progenitors of hair and

responses to 512 pips of alternating polarity. h . ; . .
A%Iult ears Werezgctioned after pargﬁin wax embeddingr(Bfor supporting cells in the primordial organ of Corti become

morphological analysis as described (Xu et al., 1999a). We examin&PStmitotic between E12.5 and E14.5 (Ruben, 1967). At
10 heterozygotes in both 129/Sv and C57BL/6J backgrounds arfel4.5-E15.5 when the cochlear duct has made 1.5 turns, hair
compared them with sections from five 129/Sv and three C57BL/6and supporting cell differentiation initiates in the mid-basal
wild-type mice. region of the cochlea and hair cell differentiation proceeds until
The latex paintfilling of the ears at E16.5 and 17.5 was performethe entire length of the sensory epithelium is patterned into one
as described (Morsli et al., 1998). The paintfilled inner ears wergner row and three outer rows of hair cells at E17.5-E18.5
dissected out and photographed. (Sher, 1971; Lim and Anniko, 1985; Chen et al., 2002). In the
Phenotype analyses and in situ hybridization apex of E15.5 cochle&jx1expression was weakly detected in

Embryos for histology and in situ hybridization were dissected out irﬁhe Supportlng_ cells and started to appear in the inner hair cell
PBS and fixed with 4% paraformaldehyde (PFA) at 4°C overnigh .arrowhea_d, Fig. 1H). By contrast, stro@glexpressm_n was
Embryonic membranes were saved in DNA isolation buffer foroPserved in the GER and LER flanking the developing organ
genotyping. Histology was performed as described (Xu et al., 199929f Corti. In the basal cochlea where the development of the
To visualizeSix12°Z expression, mutant embryos were stained withorgan of Corti is more advanced than in the ag&ix}l is
X-gal and sectioned as described (Xu et al., 2002). To reveal ttexpressed in the outer and inner hair cells (arrows and
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Fig. 1. Sixlexpression during inner ear
development. E8.75 to 15%x1acZ
heterozygous embryos or inner ears were
stained with X-gal foSix12°Z and sectioned
through the inner ear region. (A) A transve
section showingixlexpression in the otic
(op) at E8.75. (B) A transverse section
showing Six1 expression in the otic cup (o
at E9.0. (C) A transverse section showing
Sixlexpression in the middle and ventral o
vesicle (ov) at E9.5. Not8ix1lis excluded
from the dorsal otic pit and vesicle (arrows
(D) A transverse section at E12.5 showing
Sixlexpression in the saccular region and
vestibuloacoustic ganglion (gVIIl). For A-D
dorsal is upwards. (E) A section showiBig1l
expression in the primordia of lateral (la) a Ve s I
anterior (aa) Crista ampullaris. Arrow k e GRS I

indicates the origin of the anterior ampulla e e T e oy
the other side. (F) A section showiSix1l ] "_"!J'r'-”'"‘_ﬁ" ,a_p_gdg?E_
expression in the hair cells (hc) of the utric | o N :

(u). (G) In the cochle&ix1is expressed
throughout the future greater and lesser
epithelial ridge (GER and LER). Note its
expression level is reduced in an area that
become the organ of Corti (bracket) at E12
(H) In E15.5 cochle&Six1is expressed
weakly in the supporting cells and first b
appeared in the inner hair cell (arrowhead) ot~ P oy s’ e

the apex. Stron§ix1expression was also —% T T E —_—— L hea RERY b: basal
observed in the cells flanking the developing

organ of Corti in the GER and LER. (I) In the base of E15.5 cocBIrais expressed in the outer (arrow) and inner (arrowhead) hair cells. It
is also expressed in some cells in the GER. In addition, it is expressed in the thinner part of the cochlea duct thablyitliffesbntiate into
the stria vascularis (sv). (J) A latex paintfilled E15.5 cochlea showing the apical and basal regions. Scalgrbars: 50

a: apical

arrowhead, Fig. 11), but was undetectable in the supportingindow and stapedial artery or over the surface of the cochlea
cells beneath the hair cells. Stroi@jx1 expression was under the stapedial artery (Fig. 2C,D and data not shown). The
maintained in some cells in the GER. In additi®x1is middle ears also showed morphologically abnormal ossicles,
expressed in the region from which the stria normally develop#cluding stapes with a small lumen and the middle ear space
Therefore in the developing organ of Cofix1is initially  was filled up with loose connective tissues (arrow, Fig. 2F and
expressed in the progenitors of hair and supporting cells but itlata not shown). The latter could be due to secondary
expression disappears when the progenitor cells exit cell cycleflammation. The middle ear space appeared to be small (Fig.
and later on it is expressed in the terminally differentiated hai2C,D,F,G) and the tympanic membrane was also abnormal
cells. Taken together, our data show thiatlis predominantly  (arrowheads, Fig. 2F,G). In four cases from 3 animals, there
expressed in all sensory regions of the inner ear, suggestingvare no stapedial arteries (data not shown). In the inner ear,
role for Six1in the morphogenesis of sensory organs duringhe cochlear spiral of all heterozygotes was well formed,

mammalian inner ear development. although four out of 28ix1"~ ears (three out of 11 embryos)
) ) ) ) showed slightly shortened cochlea by latex paintfilling at E16.5
Six1*- mice show a conductive hearing loss (see Fig. 8 and Table 1). Nonetheless, our analyses clearly

Most of the 12%Bix1heterozygous mice had certain degree ofshow that there is a failure of sound transmission in the middle
hearing loss, as determined by auditory-evoked brainsteemar.
response (ABR) threshold measurement26; Fig. 2A). Of o . ] )
the 13SixI”~ mice analyzed, eight had hearing loss in bothSix1 is required for normal growth of the otic vesicle
ears, two had hearing loss in one ear and three showed mididitory system abnormalities Bix1Lhomozygotes involve the
hearing loss in both ears. Similar observation was obtained muter, middle and inner ears (Fig. 3). The outer ear revealed
C57BL/6J background. malformed auricles, preauricular pits and malformed eardrums
To determine whether the hearing loss is conductive(Fig. 3A,B and data not shown). In the middle ear, the incus was
sensorineural or both, we sectioned $iel’~ ears associated present but malformed or fused with the malleus (arrowheads,
with hearing loss. AIBix1*~ ears with hearing losses revealed Fig. 3D). The short process of the malleus was typically absent
middle ear abnormalities: typically, a failure of the ossicles tdqarrow, Fig. 3D), as was the stapes, while the tympanic cavity is
complete a sound transmission path from the tympanum to thpeesent inSix1lhomozygotes (data not shown). In the inner ear,
oval window. Although the stapes attached to oval window, thalthough the otic vesicle forms, it appears to be smaller and
VIIith cranial nerve passed abnormally between the ovahbnormal at E10.5 (arrow, Fig. 3F). By E12.5, no inner ear
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Fig. 2. ABR threshold measurements and pathological
structures irBix1*- adult mouse ears. (A) Average
threshold+s.e.m. for wild-type ar®@ix1*-ears in
backgrounds 129/Sv and C57BL/6J (12948 wild
type, 13Six1"~; C57BL/6J,n=6 wild type, 10Six1+").
Averages used 90 dB SPL for thresholds beyond the
upper limit of the sound system. The hearing loss was
variable among mice and ears. Of theSI&1~ mice
tested, eight mice had severe hearing loss in both ears
(threshold shifted by 50 dB between 15 and 32 kHz),
two mice had mild hearing loss in both ears (threshold 208 10 20 30 40 50
shifted by 20 dB), whereas three mice had normal
hearing in the right ears and >70 dB loss in the left ears. frequency (kHz)
Broken lines, C57BL/6J strain; unbroken lines, 129/Sv .
strain. (B-G) Histological analysis in wild type and +/+ Six1
Six1*-ears. (B) Wild-type ear showing the stapes seatag : g

in the oval window (not visible because apposed by the
stapes footplate, sf), and one arch of the stapes (s). Th
stapedial artery (a) is normally positioned. Part of the [
long process of the malleus (Ip) is also present in this
section. nVII, the Vlith cranial nerve. (C,Bjx1"-ears
showing that the footplates of the stapes are seated in the
oval window. However, the VIlith nerve passed
abnormally close to the oval window and the stapes or
filled up the middle ear space near the oval window
(arrows). Part of the stapes arches and the long proce
of the malleus are present in these sections. (E) Wild-
type superior region of the middle ear space showing t
junction of the malleus (ma) and incus (in). tm,
tympanic membrane. (F,&jxI"~ superior region of the
middle ears showing the junction of the malleus and
incus. The middle ear space was small and partially
filled with loose connective tissue (arrow). The tympani
membrane was also abnormal (arrowheads). ABR
threshold from these ears demonstrated a severe heari
loss. Scale bars: 1Q0m.

60

40

ABR threshold (dB SPL)

Table 1. Inner ear defects irEyaland Six1 heterozygous embryos

Six1"-n=22 (11) Eyal’-n=22 (11) SixI"~/Eyal”-n=40 (20)
Abnormalities n % n % n %
Endolymphatic duct (truncated) 2(2) 9.1 (18.2) 3(2) 13.6 (18.2) 5(4) 12.5 (20)
Endolymphatic sac (absent or mal-shaped) 5(3) 22.7 (27.3) 8 (5) 36.4 (45.5) 15 (9) 37.5 (45)
Saccule (malformed) 4(3) 18.2 (27.3) 0 0 7(5) 17.5 (25)
Posterior ampulla (absent) 0 0 0 0 7(5) 17.5 (25)
Posterior semicircular canal (absent or truncated) 0 0 0 0 7(5) 17.5 (25)
Cochlea* (shortened) 4 (3) 18.2 (27.3) 4 (4) 18.2 (36.4) 19 (13) 47.5 (65)

n, number of ears (the numbers shown in parentheses are the numbers of embryos).

%, the percentage of the ears or the embryos (shown in the parentheses) that showed defects.

*Four out of 22Six1- 129 ears (3 of 11 embryos) showed slightly shortened cochlea at E16.5, three completed near 1.5 turns and one compldted between
and 1.25 turns instead of 1.75 turns (Fig. 8B). Similarly, four out &y2&*~ 129 ears (4 of 11 embryos) showed slightly shortened cochlea, two reached near
1.5 turns and the other two coiled between 1 and 1.25 turns at E16.5. By contrast, E9aif4i&@1129 compound heterozygous ears (13 out of 20 embryos)
showed severely affected cochlea with abnormal distal tips. Among the 19 affected cochlea, 16 completed less than dheseicoied between 1 and 1.25
turns.

structure or sometimes only severely malformed vestibule-lik&ix1 plays a direct role in the normal development of the
structure was observed $ixI’-embryos (arrow, Fig. 3H). The mammalian auditory system.

malformed vestibule-like structure observed in soBiel’~ The failure of inner ear developmentSixt’/-embryos was
embryos at E12.5 also failed to develop further (data not showrgssociated with an increased cell death as detected by TUNEL
In addition, the vestibuloacoustic (gVIIl) and petrosal (gIX)analysis. Although apparent morphological difference of the
ganglia were absent (asterisk and arrowhead, Fig. 3H). Thustic vesicle was not observed betwegint’- and wild-type



Six1 regulates early growth of the inner ear 3993

Fig. 3. Auditory system development 8ixlhomozygotes. (A,B) All
Sixlhomozygotes die at birth and exhibit severe auditory system
defects involving the outer (arrow), middle and inner ears, as well as
other defects. (C,D) Microdissected middle ear ossicles from E18.5
wild-type andSixt’-embryos. In the mutant, the incus (in) is
malformed and fused with the malleus (ma) (arrowheads) and the
stapes (st) is absent. The short process (sp) of the malleus is often
missing (arrow) and the long process (Ip) is also shortened.

(E,F) Transverse sections of E1&&1heterozygous and

homozygous embryos stained with Hematoxylin and Eosin showing
the developing otic vesicle (ov) and the vestibuloacoustic ganglion
(gVIN). In SixI~embryos, although the otic vesicle formed, it
appeared much smaller and abnormal (arrow) and the gVIIl is absent
(arrowhead). (G,H) Transverse sections of E12.5 wild-typeSaad
mutant embryos stained with X-gal f8ix12°Z and counterstained

with diluted Hematoxylin showing the developing inner &axjlacZ
expression in the utricle and saccule region, semicircular canals,
cranial ganglia gIX, gVl and gV in the heterozygotes. However, in
SixI’~embryos, only malformed semicircular canal-like structure
was observed (arrow). Other inner ear structures are not formed and
glX (arrowhead) and gVIlI (asterisk) are absent in the homozygotes.
(1,J) TUNEL analysis of transverse sections through the ear region of
SixI"~- andSixt/-embryos at E9.5. Numerous apoptotic cells are
only detected in the lateral wall 8ix1/- otic vesicle (arrow). Scale
bars: 10Qum.

reduction of cell proliferation in E9 Sixt’- otic vesicle is due

to abnormal cell death, we determined the labeling index from
the lateral and medial half of the otic vesicle, respectively. In
the lateral half, the number of BrdU-labeled cellSixi’- otic
vesicles was 60% of that in wild-type embryos (E9.5L, Fig. 4E).
Similarly, in the medial half of the otic vesicle, although no
abnormal apoptosis was observedSirt’~ embryos at E9.5,
the number of BrdU-labeled cells was reduced to 40% of that
seen in wild-type embryos (E9.5M, Fig. 4E). Th&1 is
required for normal growth of the otic vesicle by regulating cell
proliferation during early otic development.

embryos at E9.5 (data not shown), numerous apoptotic cells fiyal, Pax2 and Pax8 expression does not require
the lateral wall oBixt’- otic vesicle were detected (arrow, Fig. Six1 function during early otic development
3J). At E10.5, apoptotic cells were also increased in the mediab determine the molecular defects in early otic development
region of Sixt’- otic vesicle (data not shown). ThiB8ixlis  of Sixt’~ animals, we first examined whether the expression
required for otic epithelial cell survival. of the Eya and Pax gene families depends gigh Studies

We next tested wheth&ix 1/~ otic epithelial cells proliferate in Drosophilaindicate thatyais epistatic tsoand both genes
appropriately by assaying BrdU incorporation in the mutant oticeside within the same genetic and molecular pathway
placode and vesicle at E85 and 9.5, before apparedbwnstream of th®ax6geneey (Halder et al., 1998). As we
morphological alteration was seen $ixI’~ embryos. Four previously found tha®ixImRNA expression was undetectable
hours after BrdU injection, BrdU-labeled cells were seern Eyal’~ embryos (Xu et al., 1999a), we first analyzed the
throughout the otic placode in wild-type embryos (Fig. 4A).Six1acZ expression by X-gal staining to further confirm this
However, inSixt’~embryos, the number of BrdU-labeled cells observation. Six12Z expression was also undetectable in
was reduced in the otic placode (arrowhead, Fig. 4B). By E9.Eyal’ otic epithelium, further demonstrating th&ix1
BrdU-positive cells were largely reduced in the dorsal half okxpression in the otic epithelium Eyal dependent (Fig.
SixT'~ otic vesicle (above arrowheads, Fig. 4D). Using arbA,B). We next analyzed the expressionEyfalin Sixt/~
image analysis system, we next counted the number of Brdlémbryos to further clarify their regulatory relationship during
positive cells from 10 wild-type and Bix1/~ears at each stage early otic developmenEyalis normally co-expressed with
on serial sections to determine the labeling index (Fig. 4E). ABix1in the otic epithelium and its expression was unaffected
E8.5, the number of BrdU-positive cellsSixt- otic placode  in Six1’~ otic vesicles at E9.5 and E10.5 (Fig. 5C,D and data
was 80% of wild-type embryos (Fig. 4E). By E9.5, the numbenot shown). This further confirms tHayalfunctions upstream
of BrdU-positive cells inSixt’~ otic vesicle was reduced to of Sixland that the Ey&ix regulatory pathway elucidated in
50% of that in wild-type embryos (Fig. 4E). As the epithelialDrosophila eye imaginal disc is evolutionarily conserved in
cells in the lateral wall oBix1”-otic vesicle undergo abnormal early mammalian otic development. Because we previously
apoptosis from E9.5 (Fig. 3J), to further clarify whether thefound that the expression of bothax2 and Pax8 was
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Fig. 4. Six1controls proliferation of otic epithelial cells during early
inner ear development. (A-D) Transverse sections of otic regions . Co . .
from E8.5 (A,B) gnd E9.(5 (C,)D) wild-type aixt- embryos 9 Fig. 5.Eyal, Pax2andP§C>§8expreSS|on in otic epithelium Bixk
showing BrdU-labeled cells (orange). BrdU-positive cells were independent. (A,Bix12Zis normally expﬁassed in otic vesicle (ov)
slightly reduced irSixt-otic placode (OP) at E8.5 (B) and by E9.5, &nd its expression was undetectablEyal™embryos. (C-HEyal
BrdU-positive cells were largely reduced in the dorsal region of  (C:D), Pax2(E,F) andD?_XS(G H) expression levels in otic vesicle
Sixt- otic vesicle (OV, above arrowheads in D). (E) The labeling Were unaffected iSix"-embryos. Scale bars: 1p@n. nt, neural
index was determined by counting the number of BrdU-positive ceII§Ube'
from each otic placode or vesicle. Ten ears for each genotype were
counted and the numbers were averaged. At E8.5, the number of  tic vesicle at E9.5 and in the delaminating neuroblasts and
BrdU-labeled cells irBix1'-otic placode was 80% of wild-type VIII (Fia. 6A and d h | ot 3 |
embryos. By E9.5, the number of BrdU-labeled cellSiii'- otic gv (Fig. and data n.Ots own)'. na.cuvatlon@ resu .tS

’ in inner ear defects and its expression in the otic vesiElgas

vesicle was reduced to 50% of that in wild-type embryoSixar'- e
embryos, the number of BrdU-positive cells in the lateral otic vesicle dependent (Mansour etal., 1993; Xu et al., 1999a). Similarly,

was reduced to 60% (E9.5L), while in the medial half the number F9f3 expression was undetectablegixt'- otic vesicie from
was reduced to 40% of that in wild-type embryos (E9.5M). Scale  E9.5 (Fig. 6B). By contrast, its expression in the hindbrain was
bars: 50um. relatively normal inSixt/~ embryos (Fig. 6A,B).Fgf10,

another member of the Fgf superfamily, is expressed in the otic
placode and vesicle and by E10.5, its expression became
unaffected inEyat’- otic epithelium (Xu et al., 1999a), we concentrated to a broad region in the ventral half, a small patch
next examined whether the Pax gene expression in the ofit the posterodorsal wall and in the neuroblast cells and gVIlI
epithelium is als@ixlindependent. IIBixt~ embryospPax2  (Fig. 6C) (Pirvola et al., 2000). The expression of Hegf3
and Pax8 are expressed in the otic placode and vesicle a&nd Fgfl0 in the ventrolateral wall of the otic vesicle and
normal levels at E8.5-E10.5 (Fig. 5E-H and data not shown)n the neuroblasts and gVl overlaps and both genes are
This indicates that similar tByal, Six1is also not required for suggested to function through their receptgfr2 Ilib (Pauley
the expression of botRax2andPax8in the otic epithelium. et al., 2003). When both are knocked out, the otic vesicle fails
to form (Wright and Mansour, 2003). I8ixI/~ embryos,

Six1 is required for the activation of ~ Fgf3 expression Fgf10 expression was unaffected in the otic placode (data not
and the maintenance of Fgf10 and Bmp4 expression shown). However by E10.5, residuggf10 expression was
in the otic vesicle only observed in the ventromedial wall 81/~ otic vesicle

We next examined the expression of several other wellarrow, Fig. 6D). The expression of boHgf3 and Fgfl0
characterized molecular markers in the otic epithelium at E8.5as undetectable in the gVIII iSixt’~ embryos, further
10.5. Fgf3, a member of thd=gf superfamily of secreted confirming the absence of this structureSinl homozygotes.
signals, begins to be expressed in the ventrolateral wall of ti@mp4 a member of the T@fsuperfamily, is expressed in a
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Fig. 6.Loss ofSix1function alters the expressionkedf3, Fgfl0,
Bmp4, Nkx5.-andGatag3in the otic vesicle. (A-D,G-J) Transverse
sections; (E,F) Horizontal sections. (A Byf3 begins to be
expressed in the ventrolateral region of the otic vesicle (ov) at E9.5
and its expression was undetectabl8ixit/-embryos. Notd&gf3
expression in the hindbrain (hb) is relatively normabixt’~
embryos. (C,DJgf10is normally expressed in a broad region of
ventral otic vesicle and the gVIII in wild-type embryos at E10.5;
however, residual expressionkgfl0was only detected in the
ventromedial otic vesicle iBix1'~embryos (arrow). (E,ABmp4is
normally observed in two specific spots, one dorsal and one
ventrolateral in the otic vesicle of wild-type embryos at E10.5. In
SixI’~embryos, the dorsal expression spot (arrowhead) was
undetectable and the ventrolateral spot became very weak (arrow).
(G,H) Nkx5.1is expressed in the dorsolateral region of the otic
vesicle in wild-type embryos at E10.5.$ix1"~embryos, however,
Nkx5.1lexpression is excluded from the dorsolateral region (arrow)
and its expression domain shifted or expanded ventrally, including
the ventral-most region. (I,Bata3is expressed strongly
dorsolaterally and weakly ventromedially in the wild-type embryos
at E10.5. Similarly, irSixt/~embryos it is not expressed in the
dorsolateral region (arrow) and its expression domain shifted
ventrally. By contrast, its expression in the ventromedial region of
the otic vesicle was unaffected$ix /"~ embryos. Scale bars:
100pm.

epithelia form from the middle region and the auditory
epithelia form from the ventral region of the otic vesicle,
respectively (Li et al., 1978). Because only severely affected
semicircular canal-like structure was observed in s&mé
homozygotes at E12.5, we further analyzed additional markers
that are well characterized and localized along the
dorsoventral axis of the otic vesichkx5.1is expressed early

in the otic placode and its expression is restricted to the
dorsolateral otic vesicle, which will give rise to the vestibular
apparatus of the inner ear (Fig. 6G) (Hadrys et al., 1998; Wang
et al., 1998). Inactivation dflkx5.1leads to agenesis of the
semicircular canals and circling behavior (Hadrys et al.,
1998). InSixI’~ embryos ,Nkx5.1expression was normal in
the otic placode at E8.5 (data not shown). However in the otic
vesicle,Nkx5.1lexpression was excluded from the dorsolateral
region at E10.5 (arrow, Fig. 6H) and its expression shifted or
expanded ventrally, including the ventral-most wall (Fig.
broad region of the lateral otic vesicle at E9.5 and by E10.5G,H). Gata3 is normally expressed throughout the otic
its expression is restricted to two patches, one in the dorsal apthcode and by E10.5 its expression is restricted to two regions
the other in the lateral region of the otic vesicle which markn the otic vesicle, strongly in the dorsolateral region and
the sensory anlagen of the cristae (Fig. 6E) (Wu and Oh, 1996yeakly in the ventromedial region (Fig. 61) (Lawoko-Kerali et
In SixI’/~ embryos Bmp4was expressed in the otic vesicle atal., 2002). InSixt’~ embryos, no significant difference of
E9.5 but its expression significantly diminished at E10.5 withGata3 expression was detected by E9.5 (data not shown).
the dorsal expression domain disappeared and the latetdbwever similar to Nkx5.1 Gata3 expression in the
domain weakened greatly (arrowhead and arrow, Fig. 6F}orsolateral region was shifted ventrallySixt/- otic vesicle
Alteration of Fgf3, Fgfl0 and Bmp4 expression inSixt’~  at E10.5 (Fig. 61,J). By contrast, its expression in the medial
embryos could indicate th&ix1regulates the transcription of region was unaffected i8ix1'- otic vesicle (Fig. 61,J). The
these genes or th&ix1is required for the specification of the failure to expresslkx5.1andGata3in the dorsolateral region
cells that express these genes or both. Nonetheless, thedehe otic vesicle lackingixlis unlikely to be due only to
results indicate theBix1is required for the normal expression abnormal cell death, as apoptotic cells were detected

Nkx5. 1

Gata3

of Fgf3, Fgf10andBmp4in the otic vesicle. throughout the lateral region at E9.5 (Fig. 3J). Although it is
] ) ) ] unclear whether the ventrolateral regiorSof1/- otic vesicle

Loss of Six1 function alters the expression profile of expressing\Nkx5.1and Gata3will give rise to the vestibule-

Nkx5.1 and Gata3 in the otic vesicle like structure observed in son®&ixt’~ embryos at E12.5,

During mouse inner ear development, the semicircular canalkese data indicate th&ix1 regulates the establishment of
form from the dorsal region of the otic vesicle, the vestibularegional specification of the otic vesicle.



3996 W. Zheng and others

cochlea, which only completed less than 1 turn at E16.5 with
abnormally shaped distal tips (insets, Fig. 8C,D). In addition,
seven out of 40 (17.5%yal/Six1double heterozygous ears
showed a missing posterior ampulla and a truncation or
complete absence of the posterior semicircular canal (asterisk,
Fig. 8D). This defect was not seen in each single heterozygote
on 129 background (Table 1). No enhancement of the defects
of the endolymphatic duct and sac and the saccule was
observed in the compound heterozygous inner ears (Table 1).
Similar observation was obtained in C57BL/6J background
(data not shown). In summary, these data suggediyiadand
Six1genetically interact during inner ear morphogenesis and
this interaction is crucial for the normal morphogenesis of the
cochlea and the posterior ampulla.

We next analyzed early otic development Byal/Six1
double homozygous embryos (Fig. 8E-H). At E9.5, the otic
vesicle in Eyal-/Six1*~ double heterozygotes was well
Fig. 7. SixlandEyalexpression in the otic vesicleRsx2 formed at rhombomere 5 (r5) level and showed a restricted
independent. (A-DEyal(A,B) andSix1(C,D) are expressed in the expression ofSix12¢Z (Fig. 8E). In the double homozygotes,
ventral otic vesicle (ov) and its derivative gVIil of wild-type embryos yhe ofic vesicles appeared to be formed in the correct place at
at E10.5 and their expression was unaffected in these structures in 15 level but were severely hypoplastic (Fig. 8F-H). Because
Pax2-embryos. Scale bars: 19@n. Six12°Z ex L . . .

pression in the otic vesicle Eyaldependent (Fig.
5A,B), the otic vesicle ofEyal/Six1double homozygous

) o o embryos lacked th&ix1acZ expression (arrows, Fig. 8F-H).
Six1 and Eyal expression in otic vesicle is ~ Pax2 Although the neural tube of the hindbrain was significantly
independent reduced in size ifEyal’/Sixt’- embryos, it appeared to be
Because thd’ax2 mutant inner ear phenotype is less severgatterned correctly an&ix1acZ expression was ectopically
than that seen iyat’- or SixI’~ mice (Torres et al., 1996), turned on in r2, r4 and r6 (Fig. 8F-H). These data further
it is unclear whethePax genes function in the same geneticindicate that bothEyal and Six1 are not required for the
pathway withEyal and Six1 To further clarify their genetic initiation of otic placode morphogenesis to form the otic
relationships during early inner ear development, we nexesicle, but are required for the normal growth of the otic
examined the expressionByalandSix1lin Pax2/-embryos. vesicle.

Surprisingly, the expression of bothyal and Six1 was

unaffected in the otic vesicle and its derivative gVIIPak27/~

embryos (Fig. 7A-D and data not shown), indicating 8iail. ~ DISCUSSION

and Eyal expression in the otic epithelium does not require

Pax2 function. Taken together, our results suggest Baa2 ~ Six1 regulates normal growth of the otic epithelium

may function independently or in parallel wi#lyalandSix1 Inner ear development begins with the induction of the otic

during early mammalian otic development. placode. Once the otic placode initiates to form the otic vesicle,
o ) o extensive morphogenetic processes and cellular events, such as

Eyal and Six1 interact during mammalian inner ear differentiation, proliferation and apoptosis, take place to ensure

morphogenesis the formation of the highly organized structures of the adult

As EyalandSix1genes function in the same genetic pathwayinner earSix1expression is turned on in the invaginating otic
in early otic development and both gene products physicallglacode at around E8.75 and in the absenceixif the otic
interact in vitro and in cultured cells (Buller et al., 2001), wevesicle formed without an apparent morphological alteration at
further tested whether these two genes interact in a molecul@®.5. ThusSix1lis unlikely to be involved directly in either the
pathway during mammalian inner ear morphogenesis binduction of the otic placode or the initiation of the otic placode
examining the inner ear gross structure SiXI"-/Eyal*~  morphogenesis to form the otic vesicle. This conclusion was
compound heterozygotes using latex paintfilling (Table 1 anturther strengthened by the fact that the otic vesicle also formed
Fig. 8). At E16.5, the membranous labyrinth developed to itthh the correct position inEyal/Six1 double homozygous
mature shape and the cochlea reached 1.75 turns (Morsli et @mbryos. Taken together, these findings demonstrate that both
1998). The inner ear phenotypes in each single or doublyalandSixlare not required for the initiation of mammalian
heterozygous mice were variable (Table 1). Each singliner ear organogenesis.

heterozygote alone on 129 background revealed malformed Our studies clearly demonstrate ti&it1controls the inner
endolymphatic duct and sac and ~18%Sof1"- or Eyal’~  ear morphogenesis by regulating the programmed cell death
ears exhibited slightly shortened cochlea (arrowhead arahd proliferative growth of the otic epithelium, directly or
arrow, Fig. 8B; data not shown). Son®x1- ears also indirectly. Secreted diffusable factors are proposed to play
revealed a small or mis-shaped saccule (asterisk, Fig. 8B). Bgles in the growth regulation of the inner ear. Of particular
contrast, 19 out of 40 (47.5%Gyal and Six1 compound interest, retinoic acid (RA) and the growth factor Bmp4 have
heterozygous ears revealed more severely affected cochleeen shown to influence regional patterning and specification
(Table 1). The severe phenotype showed a coiled but abnornwfl the inner ear, particularly for the vestibular structures
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Fig. 8.Enhancement of inner ear defect&yal/Six1
double mutants. (A-D) Medial (A-C) and lateral (D) views
of paintfilled inner ears of wild-type (ABix1-(B), and
SixI"~/Eyal*’~ compound heterozygous (C,D) embryos at
E16.5. (A) All structures of the inner ear reached their
mature shape at E16.5. The cochlea completed 1.75 turn
by this stage (inset). aa, anterior ampulla; asc, anterior
semicircular canal; cc, common crus; co, cochlea; csd, —
cochleosaccular duct; ed, endolymphatic duct; es, N
endolymphatic sac; la, lateral ampulla; Isc, lateral
semicircular canal; pa, posterior ampulla; psc, posterior
semicircular canal; s, saccule; u, utricle; usd,
utriculosaccular duct. (B) SixI”~inner ear showing a
malformed saccule (asterisk), absence of the endolymphati
sac and a truncated endolymphatic duct (arrowhead). The
cochlea only completed 1.5 turns (arrow and inset).

(C,D) Inner ears fronsixI*~/Eyal”~ double heterozygotes
showing severe cochlear defects (arrows), absence of
posterior ampulla (asterisk) and truncated posterior
semicircular canal. The cochlea only completed less than
one turn and their distal tips were enlarged and mal-shaped
(insets). (E-H) Frontal histological sections at comparable
levels of X-gal-stained E9.5 embryostfal/Sixldouble
heterozygous (E) and double homozygous embryos (F-H).
Eyal/SixldoubIe heterozygote shows restricgig1acz -
expression in the otic vesicle (ov). In the double o
homozygotes, the otic vesicles appeared to be formed in thid | g oV
correct position but severely hypoplastic. BecasisdacZis xS
Eyaldependent, it is not expresseddyat’/Six1'~otic
vesicle (arrows) but is ectopically turned on in
rhombomeres 2, 4 and 6 (r4 and r6). Scale barspt00

(Chang et al., 1999; Dupe et al., 1999; Gerlach et al., 2008fructures. Such long-distance influence may also be regulated
Niederreither et al., 2000; Pasqualetti et al., 2001; Merlo et alby the expression ddixlin the periotic mesenchyme. It will
2002). Interestingly, the inner ears ®ixI'~ embryos bear be interesting to test whether RA can rescueSiké’= inner
some similarities to the phenotype displayed by mice exposeshr phenotype.

to excess all-trans RA (at-RA) or isotretinoin ¢k3RA), or

mice lackingRaldh2 a gene that catalyzes RA formation (Burk The role of Six1 in the specification of neuroblast

and Willhite, 1992; Niederreither et al., 2000). In the oticcells

vesicle of both Sixr/— and Raldh2’- embryos, Nkx5.1  As the otic placode invaginates, a population of otic epithelial
expression is expanded ventrally (Niederreither et al., 2000¢ells near the center of the otic cup and ventral otic vesicle
RA is also able to rescue tlitoxal’ inner ear phenotype, emigrates into the underlying mesoderm. These cells are
including vestibular malformation and a lack of cochlear ducheuroblasts for the vestibuloacoustic ganglion (gVIll) and they
outgrowth (Pasqualetti et al., 2001). Recently, Bmp4 has beeme the first cell lineage specified within the otic epithelium
suggested to function together with RA through the sambefore leaving the otic epithelium. The basic helix-loop-helix
pathway or intersecting pathways, as RA repre®ep4 (bHLH) transcription factors neurogenin 1 (Ngnl) and
transcription in otocyst cells (Thompson et al.,, 2003)Neurodl have been shown to be essential for the formation of
However, it is unclear how exactly the RA and Bmp4 signalingVIll (Ma et al., 1998; Liu et al., 2000; Kim et al., 200dign1
controls the patterning of the inner ear. In the present study, weas proposed to play a role for the determination of neuroblast
found that the maintenance Bimp4expression in the otic precursor fate (Ma et al., 1998), whiNeeurod1lis required for
vesicle requireSix1function. Therefore, it is possible tigix1  the delamination of neuroblasts and for their survival during
regulates normal growth of the otic vesicle through the RAdifferentiation process (Liu et al., 2000; Kim et al., 2001).
Bmp4-signaling pathway. This could explain why theRecently, the transcription coactivator Eyal has been shown to
morphogenetic defects Bix1/~ mice are not restricted to the be required for the formation of the gVIIl, as this structure
ventral inner ear but extend to the dorsal inner ear whigde failed to form inEyat’~ mice (Xu et al., 1999a). The zinc-

is not expressed. Thus, the disruption of Six1 exerts sonfenger protein Gata3 is expressed in the neuroblasts and also
indirect, nonautomous effects on developing inner eaplays a role in the formation of gVIIl (Karis et al., 2001).
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Growth factors Fgf3 and Fgfl0 and their receptor Fgfr2 Illbembryos. CoincidentallyEyal and Six1interaction critically
also play a role in the formation of the gVIll, as mutations inaffects the morphogenesis of the posterior ampullaBang4
each of these genes led to severe hypomorphic developmentsspression was also lostlyal’—embryos at E10.5 (data not
the gVIll (Mansour et al., 1993; Pirvola et al., 2000). Howevershown). Therefore, it is likely that boEyalandSix1lregulate
the molecular mechanisms controlling the specification othe expression d8mp4the dosage of which is crucial for the
neuroblast cell fate are currently not well understood. In thenorphogenesis of the sensory organs, particularly for the
present work, we found th&ix1is expressed in the ventral posterior ampulla. Nonetheless, our results indicate Shet
otic epithelium within which the neuroblast precursors args probably an early regulator for the specification of all
specified and in the gVIIl. In the absenceSixl, the gVIIl  sensory organs of the inner ear.
failed to form, similar to that observed Eyal’- embryos. ) .
Thus, Six1is likely to play a direct role in the determination The regulatory relationship between Pax, Eya and
of neuroblast cell fate and this cell lineage may not be specifie?ix genes dur!ng mammalian inner ear
in the absence d@ix1 This hypothesis was further supported morphogenesis
by loss of specific marker expression, includirgf3 and In the ear, bothEyal and Six1 are co-expressed during
Fgf10in the neuroblasts and gVIll &ixt’~embryos (Fig. 6 mammalian auditory system development and their mutant
and data not shown). mice had similar defects in all three parts of the ear (Xu et al.,
As bothEyalandSixlare required for the activationB§f3  1999a). Our studies have clearly demonstrated that the
expression in the otic epithelium and both proteins physicallfprosophila EyaSix regulatory cassette is evolutionarily
interact in vitro and in cultured cells (Buller et al., 2001), it isconserved during mammalian inner ear development.
possible that-gf3 is a common downstream target for both In Drosophilaeye imaginal disc, the flpax6geneey has
EyalandSix1 Based on these observations, we propose théteen shown to function upstream of betfaandso (Halder
both Eyaland Six1 control the initial selection of neuroblast et al., 1998). In mammalian inner edax2 expression
precursors by regulating the expressionNgnl, Neurodl overlaps withEyaland Six1in the medial otic vesicle and
and Fgf3, directly or indirectly. This hypothesis will be the inner ear phenotype Pax2’~ mice is less severe than
strengthened ifNgn1 and Neurodl expression in the otic that seen ifEyal’-or SixI’/~mice (Torres et al., 1996pax8
epithelium and neuroblasts also requires eyal and Six1  a paralog ofPax2 is also expressed in the otic placode
function. Expression studies &fgnl and Neurodlin both  (Pfeffer et al., 1998). AlthougRax8 mutants do not exhibit

EyalandSix1mutants are under way in our laboratory. an otic phenotype (Mansouri et al., 1998 x2andPax8may
o o function redundantly during early otic morphogenesis with

The role of Six1 in the specification of sensory Pax2alone executing later functions. This could explain why

regions the Pax2 mutant phenotype appears to occur slightly later.

The commitment of the otocyst to form prospective vestibulalf Pax2 and Pax8 function redundantly in early otic
and auditory sensory areas is controlled by patterning genedevelopment and a crucial threshold of Pax2/Pax8 protein
However, it is unclear exactly how these genes are involved iexpression in otic epithelium regulatdsyal and Six1
this complicated process. Our studies show t8atl is  expressionEyal and Six1expression should be reduced or
expressed in the middle and ventral otic vesicle and all middlest in Pax2/Pax8double homozygotes. We are currently
and ventral derivatives failed to form in the absenc8igl.  testing this hypothesis by generatiRgx2/Pax8compound
To analyze the molecular defects $ixt7/~ otic vesicle, we mutants in C3H/He background, &ax2/Pax8compound
examined the expression of ventromedial otic markerdheterozygous females in either 129 or C57BL/6J strain had a
including Pax2 Pax8 the zinc-finger geneSalll and blind-ending vagina, similar to the recent observation by
dachshund 1@achl), in Sixt’~ embryos and failed to detect Bouchard et al. (Bouchard et al., 2002). Alternativeyx2
obvious changes in their expression between wild-type anghdPax8could function in parallel or independentlyEyal
Sixt~ embryos. In addition,Gata3 expression in the and Six1in early otic morphogenesis, @yal and Six1
ventromedial region was also unaffectedSint’~ embryos. expression was unaffected Rax27/- otic vesicle. Evidence
Further studies are required to establish the moleculasbtained from the analysis of the cochlea phenotype in
mechanisms by whicBix1 acts to regulate the patterning of Eyal/Pax2compound heterozygous mice suggests Hyatl
this region in the inner ear. andPax2may interact during cochlear development, because
Interestingly, in addition to the loss of ventral cell fates, thehe cochlea phenotype is enhancedEyal/Pax2compound
absence ofSix1 impacts the positioning of dorsolateral heterozygotes than in each single heterozygote (data not
markers, includingNkx5.1 and Gata3 Although Nkx5.1  shown). It should also be noted that our recent studies
appears to be necessary for the correct expressismp#in indicate that the genetic and regulatory relationship between
the otocyst and for regional control of apoptosisBngh4was  Pax, Eya and Six genes varies between different organs
suggested to have a role in the specification of sensory orgdaring mammalian development (Xu et al., 2003). Probably,
formation (Oh et al., 1996; Morsli et al., 1998; Cole et al.the Pax, Eya and Six genes function in the same or parallel
2000; Merlo et al., 2002), it is unclear how these genes functigmathway but with different combinations of regulatory
together to control the morphogenesis of the sensory systenelations in different organs. Detailed examination of inner
We found thatSix1lis expressed in all sensory regions of theears inPax2/Pax8 Pax2Eyal, Pax2/Sixlor Eyal/Six1/Pax2
inner ear an&ixt’~mice lacked all sensory organ formation. compound knockouts will enhance our understanding on the
The expression domain @dmp4 which marks the sensory possible molecular and genetic interactions between these
anlage of the posterior crista was lost and its expression leveanscription factors during early mammalian inner ear
in the other sensory anlagen was also largely reduc®iatIt-  morphogenesis.
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