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Summary

Inner ear sensory organs and VIlIith cranial ganglion ganglion rudiment form is duplicated posteriorly, while the
neurons of the auditory/vestibular pathway derive from an  inner ear is hypoplastic and shows neither a vestibular
ectodermal placode that invaginates to form an otocyst. We apparatus nor a coiled cochlear duct. We propose thatbx1
show that in the mouse otocyst epitheliunilbx1suppresses acts in the manner of a selector gene to control neural and
neurogenin 1-mediated neural fate determination and is sensory organ fate specification in the otocyst.

required for induction or proper patterning of gene

expression related to sensory organ morphogenesi®til

and Bmp4, respectively). Thx1 loss-of-function causes Supplemental data available online

dysregulation of neural competence in otocyst regions

linked to the formation of either mechanosensory or Key words:Thx1 Ngni NeuroD, Bmp4 Otx1, Otocyst,

structural sensory organ epithelia. Subsequently, VIlith  Neurogenesis, Patterning, Mouse

Introduction major period of neurogenesis (Adam et al., 1998). However,

Six inner ear sensory end organs mediate balance and hearfi§in9 neurogenic stages, homeobox patterning genes such as
in mammals. Three vestibular canals and associated crist*L Pax2 DIx5 andHmx2/3are regionally expressed in the
respond to angular acceleration, while the utricle and saccuf$0CySt, and their inactivation in mice causes selective loss or
with their respective macula respond to gravity and lineafalformation of inner ear sensory organs (Morsli et al., 1999;
acceleration (Goldberg and Hudspeth, 2000). The cochlea af@es et al., 1996; Merlo et al., 2002; Wang et al., 2001; Wang
its organ of Corti respond to auditory stimuli (Hudspeth, 2000)et al., 1998; Hadrys et al., 1998). Other genes expressed during
Together, these diverse end organs form a closed, continuot®§ Period of neurogenesis and implicated in early sensory
epithelium known as the membranous labyrinth. Sensor?rgan development include bone morphogenetic protein 4
organs are composed of structural and sensory epithelia (crist8mMP4 and the Notch signaling modulator lunatic fringe
macula, or organ of Corti), the latter tissues comprising &-fng) (Morsli et al., 1998; Cole et al., 2000).
unique arrangement of mechanosensory (hair) and supportDivergence of otocyst-derived cell lineages has been
cells. Afferent innervation of all mechanosensory epithelia ignodeled as a series of binary fate choices (Fekete and Wu,
provided by neurons of the VIIith ganglion, a CompoundZOOZ),_howev_er, no single factor or pathway has been identified
structure with auditory (spiral) and vestibular subdivisions. that differentially influences neural and sensory organ fate
Inner ear sensory organs and VIllith ganglion neurons arisgPecification in vivo. Fate specification in the otocyst could
from the otocyst, an epithelial vesicle that forms byinvolve compartmentalization (Brigande et al., 2000; Kiernan
invagination of an ectodermal (otic) placode (Kiernan et al.€t al., 1997), change in competence of a pluripotent progenitor
2002). A subset of otocyst epithelial cells expressaiomal  field as a function of time (Fritzsch et al., 2002; Cole et al.,
related basic helix-loop-helix (bHLH) genes neurogenin 12000), or some combination of the two mechanisms.
(NgnD) and NeuroD (Neurod), delaminate into the Tbx1 was identified by sequence homology to the DNA
mesenchyme, and coalesce with neural crest-derived glifinding domain of Brachyury (T) (Bollag et al., 1994).
progenitors to form a ganglion (Rubel and Fritzsch, 2002Brachyury’= gastrulae generate insufficient mesoderm, and
D'Amico-Martel and Noden, 1983)Ngnl is required for posterior structures are absent at later embryonic stages
neural progenitor determination and formation of the VIlith(Chesley, 1935; Yanagisawa et al., 1981; Herrmann et al., 1990;
ganglion (Ma et al., 1998; Ma et al., 2000), whiNeuroD  Wilkinson et al., 1990). Other T-box genes sucassophila
requires Ngnl activity for its expression and controls optomotor-blindand mousérbx6 also specify tissue fate and
delamination and growth factor-mediated neuronal survivatontrol posteriorization during development (Kopp and
(Kim et al., 2001; Liu et al., 2000). Attainment of inner earDuncan, 1997; Chapman and Papaioannou, 1998). T-box gene
morphology by growth/remodeling of the otocyst follows amutations cause a variety of human congenital malformations
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(Bamshad et al., 1997; Basson et al., 1997; Li et al., 1997165kDa) supernatant (Developmental Studies Hybridoma Bank) was
Braybrook et al., 2001), andBXL1 haploinsufficiency is applied to tissue sections (for 3 hours at room temperature) and
implicated in the etiology of Velocardiofacial/DiGeorge detected with a biotinylated horse anti-mouse IgG conjugate (1:200;

syndrome (Merscher et al., 2001; Lindsey et al., 2001). Innefectalab), avidin-biotin complex formation (Vectalab) and DAB
ear and cranial ganglion dysplasias have been described in Cé$%€tl0n (Research Genetics). Tissue was prepared by Carnoy fixation
of Whole embryos, which were paraffin wax embedded and serially

reports of this syndrome (Adkins and Gussep' 1974; Black %Ectioned at a thickness ofumh. Sections were counterstained with
al.,1975; Ohatni and Schuknecht, 1984), and in riiloR1null  gjther Eosin or Cresyl Violet. Affinity-purified rabbit anti-MATH1
homozygous mutation causes otocyst hypoplasia and arrest(@feims and Johnson, 1998) was diluted 1:50 in PBS/0.2% Triton
inner ear morphogenesis (Vitelli et al., 2003; Jerome an®-100/1% goat serum, incubated overnight at 4°C on 4%
Papaioannou, 2001). We have previously reported aparaformaldehyde-fixed 12m serial cryosections, and detected with
occurrence of middle and inner ear abnormalities in adult BACa TRITC-conjugated goat anti-rabbit IgG (Jackson Immunoresearch).
transgenic mice expressiigX1, with the inner ear phenotype Double-label immunofluorescence was performed by sequential
characterized by dysplastic and ectopic/supernumerary sensdpgubation with anti-MATHI (anti-Atohl) and mAb2HS3, followed
organs (Funke et al., 2001). Here, we showThalsuppresses PY detection with goat anti-rabbit and goat anti-mouse
neural fate determination in the otocyst epithelium and ini(;ﬁggggs;;gﬁ?d'es conjugated to TRITC and FITC (Jackson
required for proper morphogenesis of inner ear sensory organs. '

Whole-mount in situ hybridization
Digoxigenin-labeled RNA probes f@ibx1, TBX1(Funke et al., 2001),

Materials and methods

Experimental animals
Mice with a targeted disruption of thEbx1locus (Merscher et al.,

Ngnl(Ma et al., 1998)NeuroD(Lee et al., 1995Bmp4 Lfng (Morsli
et al., 1998)Gata3(George et al., 1994Fgf3 (Riccomagno, 2002),
Otx1 (Pst/Sad cDNA fragment), andPax2(554 bp coding fragment

2001) or with a transgenic insertion (Tg) of BAC 316 DNA (BAC line cloned by PCR) were prepared by standard methods. Whole-mount
316.23) (Funke et al., 2001) were genotyped as previously describédbridi_zation and anti-digoxige_ni_n immun_oc_hemistry were perfor_med
and maintained in an FVB background. Wild-type, heterozygous anaccording to the method of Wilkinson (Wilkinson, 1992), with minor

homozygous mutant embryos were derived ffonx1*~ x TbhxI"-
matings; ToxI*, Thxt’*, Tobxt’-, TgTbxI”*, TgThx1"- and
Tg;TbxI’~embryos were derived from either Tigx Thx1~ matings

modifications. Following enzymatic color development, embryos
were post-fixed (3.7% formaldehyde in 0.1 M Mops, pH 7.5),
dehydrated, and embedded in paraffin wax for serial sectioning at a

or TgTbxI"* x ThxI”* matings. Wild-type morphology and marker thickness of 7um. Bmp4, Lfng- andTbxZX-hybridized embryos were
expression were also analyzed in CD1 strain (Charles River) embryoalso sunk in 30% sucrose overnight, embedded in OCT compound
no differences in normal features were discerned between strains. Allissue Tek) and cryosectioned at a thickness qfrB0SomePax2-
quantitative comparisons between mutants and wild-type embryandGata3hybridized embryos were embedded in agarose (3.5%, 8%
were characterized in the FVB strain. Embryos were staged accordisgcrose, PBS) and vibratome sectioned at a thicknessjoh40

to somite number and the method of Theiler (Theiler, 1989).

Immunohistochemistry

Quantitative analyses
Transverse 7um serial sections were digitized and imported into

Undiluted mAb4D5 (anti-isletl/2) or mAb2H3 (anti-neurofilament, either Photoshop7.0 (Adobe) or Openlab3.1.1 (Improvision) at a
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(rjestolution of k())t.3_2-0d6]!slm/pixel. Neurt(_)Dannglnlsi%nal ogcurrenlc(:_e E9.5 E10 E11

ata were obtained from consecutive serial sections by markin -

(perinuclear ring) hybridization signals and automated counting | 22-24ss ” 29-31ss ” 40'42_53 |
Photoshop with an Image Processing Toolkit plug-in (Reind: : B ; C e

Graphics). Volumetric data were obtained by integrating traced al
of interest in Openlab3.1.1. Data were tested for significance
multivariate analyses of variance in SAS version 8.1e.

Three-dimensional reconstruction
Serial section sets were aligned using AutoAligner2 softwi

(Bitplane AG). Regions of interest were traced in Photoshop7.0
reconstructed using Imaris3 software (Bitplane AG).

Results

Thbx1 expression encompasses a subset of
presumptive sensory organ territories

Tbhx1 expression is regionalized posterolaterally in the ee
otocyst and anterodorsolaterally, as well, in the later otoc
(Vitelli et al., 2003; Riccomagno et al., 2002; Chapmann et
1996). To better characterize its dynamics, otic epith€ball
expression was analyzed throughout placode and otocyst st
(E8.5-E12) by RNA hybridization. A diffus&bx1 signal is
present posteriorly in the early otic placode (10-12 somites; (
not shown). During invagination, a domain border emer
halfway along the placode’s anterior-posterior axis (4
midline; Fig. 1A,B) and is maintained through the early otoc
stage (Fig. 2A). Along the medial-lateral axis of tt
invaginating placodeTbx1 signal forms an intensity gradien
that falls off medially (Fig. 1G), but by otocyst stages
definitive expression border is present along this axis as
(Fig. S1C,D, http://dev.biologists.org/supplemental/; Fig. 4+
By E10, theThbx1 border slopes anterodorsally from the A
midline (Fig. 2B). This border co-localizes with an anteri
stripe ofBmp4expression (Fig. 3C) and the lateral border
Lfng/Ngn1/Neurolexpression, which is complementary to th
of Tbx1(Fig. 2E, Fig. 3B, Fig. 4B). Between E9.5 and E10, t
Tbx1 domain expands into the posteroventromedial otoc
(Fig. 4A; Fig. S2, http://dev.biologists.org/supplementaiix1
signal is absent dorsomedially at all stages (Fig. 1G; Fig. S
E, http://dev.biologists.org/supplemental/).

By current fate mapping schemes, E10.5 lateral otoc
regions contributing to the future cristae, utricular macula, ¢

non-sensory cochlea are defln_ed by the expression domams,@é_ 2. ThxL/TBXIsuppressedleuroDexpression in the otocyst.
Bmp4 Lfng and Otx1, respectively (Fekete and Wu, 2002; | ateral surface views of whole-mount hybridized embryos arrayed
Morsli et al., 1998). At this stagébx1expression encompasses by stage, genotype, and hybridization probe. All transgenic (Tg)

the domains oBmp4and Otx1, but is complementary to the embryos shown are of T4 genotype. Mottled otocyeuroD

lateral portion of th&fng/Ngn1/Neuro@lomain (Fig. 3). Signal signals are epithelial; dense signals apposed to the otocyst indicate
intensity gradients are observed within @1 domain (Fig. the VIiith ganglion. Asterisks mark the facial ganglion. Arrows in
2C, Fig. 3K). Strong'bx1signal is present at all sitesBfp4  G.H.I mark heightened/ectopiéeuroDexpression ifbx1"-
expression, and graded, low intendityx1signal overlaps with ~ Otocysts. p, petrosal ganglion. Whx}-positive mesenchyme. Scale
Otx1 signal posteroventrolaterally. By E1Zbx1 signal is Par 100um applies to all panels.

restricted to the dorsal-most regions of the rudimentary

vestibulum — the forming vestibular canals and ampullae — with

strong signal selectively marking the latter structures (data nbHLH genes Ngnl and NeuroD which are expressed
shown) (Vitelli et al., 2003). ThusTbx1 expression in the sequentially during cranial sensory ganglion development (Ma
otocyst epithelium expands in area through E10.5-E11 aret al., 1998)Ngnlexpression is first detected at the onset of

thereafter recedes to dorsal vestibular regions. invagination (13-14 somites) in a small number of cells located
near the AP midline of the placode (data not shown). This is

Complementary expression of ~ Thx1 and neural followed by expression dileuroDin the same region; thus,

bHLH genes neural determination is initiated neaflax1expression border

We next comparedbxl expression with that of the neural (Fig. 1A,D). Epithelial domains dfignlandNeuroDcoincide
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Fig. 3. Tbx1patternd_fng andBmp4otocyst
expression. Lateral surface views of whole
mount hybridized embryos arrayed by stage
and genotype. Arrowheads denote position of
the Bmp4anterior stripe. Black arrows
highlight the position of posteri@mp4
expression. White arrows mark the anterior
region ofLfng/neural bHLH gene expression.
Brackets in D and H mark the extent of
diffuse anterodorsolaterBimp4expression

in ToxT'~otocysts. All images are shown to
scale.

throughout otocyst stages (Fig. 2D-F, Fig.
4B, Fig. 5A). Expression mapping at
E9.5 suggests thaNeuroD and Thx1

expression borders are juxtaposed
laterally at the AP midline, but overlap
in the posteroventral otocyst (Fig. S2,
http://dev.biologists.org/supplemental/).
At E9.5, all otocyst regions expressing

bHLH genes showeuroD-positive cells

delaminating from the epithelium (data
not shown).

through E11.5 (Fig. 4A,B; data not shown). Both expression NeuroD and Ngnl expression is downregulated in the

domains expand

into anterolateral,

anteroventral

angosteroventral otocyst between E9.5 and E10, a period during

posteroventral portions of the invaginating placode (Figwhich theTbxldomain expands into this region (Fig. 4A,B, Fig.
1E,H,J) and overlap with low intensifjox1signal posteriorly S2, http://dev.biologists.org/supplemental/). Posteroventrally,

(Fig. 1G,H). By E9.5 a definitive border NEuroDexpression

epithelial NeuroD signal decreases 8-fold, while the total

emerges at the otocyst AP midline (Fig. 2D), and thenterior value (anterolateral plus anteroventral) increases 2.1-
posterolateral

A [ Thx1 on +/+

| |__E9.5

E10

remainsNgnZNeuroD negative

[ NeuroD on +/- H

Lfng on +/+

E10 Ngn1
[ventral view|lateral view]|

100pm

100pm

100pm

fold (Fig. 5A). By E10, no overlap ofbx1l and NeuroD
expression is detected in the ventral otocyst (Fig. 4A; Fig. S1A-
J, Fig. S2, http://dev.biologists.org/supplemental/). In the lateral
otocyst between E10 and EINeuroD and Thx1 expression
domains remain complementary, even as the shape of their
borders change (Fig. 2B,C,E,F, Fig. 3J,K). Between E10 and
E11.5, and despite a 2.5-fold increase in otocyst surface area
(n=4-6 otocysts), total otocysteuroDsignal (sum of all regions)
decreases 2.2-fold (Fig. 5A). In summary, peak expression of
neural fate markers occurs at E10, even though downregulation
of these genes in the posteroventromedial otocyst begins as early
as E9.5. By contrast, expansion of Tizx1postive otocyst area
persists through to at least E10.5, and transient overlapxdf

and NeuroD expression appears to precede downregulation of
the latter.

Suppression of neural determination in TBX1 gain-
of-function otocysts

To test whether an expanding domainTdifx1 activity can
suppress otic neurogenesigynlandNeuroDexpression was
analyzed in a transgenic mouse line carrying tandem copies
(eight to ten) of human BAC DNA (line 316.23) (Funke et al.,

Fig. 4. Tbx1determines the position of neural bHLH gene expression
domain borders. (A) Expression domain morphologies (colored
regions) revealed by 3-D reconstruction of serial section sets.
Otocysts are shown in ventral view and rendered transparently to
visualize dorsal'bxlexpression. Models are normalized for AP
length across stages. (B) 3-D reconstructions of the otocyst showing
theNgnlexpression domain (green) at E10 for each genotype.
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Fig. 5. Ectopic neurogenesis correlates with an expansion of
VIlith ganglion rudiment form. (A) Mean occurrence of
epithelialNeuroDsignals (perinuclear rings) by stage and
otocyst region for each of the phenotypes examined, obtained
by analyses of serialfm thick transverse sections. Between
four and eight right otocysts per genotype per stage were
analyzed. Data were normalized to account for differences
with wild type in average number of sections when this
exceeded 5% (normalization factors: E9.5 Tg, 1.08; E9.5
Thxt'-, 1.09; EA0Tbx1’, 1.22; E11Tbxt’, 1.53; E11

Thx1-, 1.09). Transgenic data are for*fg except at E10
(Tg*™). Values are plotted on a log scale, and non-overlapping
error bars represent significant differences Wii0.003. At

later stages these regions are distinguished as shown in A
(A") Tracings of E11 wild-type sections at 20 and 32% otocyst
(with anterior pole set to zero) showing spatial distributions of
NeuroDpositive lateral (red in B) and ventral (cyan in B)
cells.a, anterior cardinal vein. Lateral and ventral regions at
stages E9.5 and E10 are distinguished by line VL in Fig. S2,
http://dev.biologists.org/supplemental/. (B) 3-D
reconstructions of E10.5 otocysts and ganglia (red, lateral
subdivision; cyan, ventromedial subdivision), obtained by
analyses of sections reacted with mAb4D5 (anti-islet1/2).
Brackets demarcate regions of delamination in wild type.
Otocysts are rendered transparently. ed, endolymphatic duct
outgrowth. Scale bar: 1gim. (C) Representative section of
E10.5Thxt’- posterior otocyst reacted with mAb4D5.

Arrows highlight sites of cell delamination into the lateral
(red) and ventromedial (cyan) pools. epibr., epibranchial
ganglion. Scale bar: §0m. (D) Lateral (red arrows) and
ventromedial (cyan arrows) mAb4D5-positive nuclei in the
wild-type E10.5 ganglion. Scale bar: fith. (E) Section

through the posterior pole of the E10#5x 17~ otocyst shows
delaminating mAb4D5-positive cells.

transgenic embryos (Fig. 1F 1L, Fig. 2M-O, Fig. 5A).
The transgene suppresses neurogenesi§ bixt*,
TbxT*~ and Thxt’~ backgrounds (Fig. 1L; data not
shown). Transgenic otocysts show differences in neural
domain patterning when endogenous gene copy number
is varied, but in all instancebleuroD domain borders
are shifted anteriorly in the presence of the transgene
(Fig. 2N; Fig. S2, http:// dev.biologists.org/
supplemental/). At E10, TgbxI- ganglion volume,
identified byNeuroD signal, is 39% that of wild type
(0.314+0.1181C° vs. 0.798+0.20810° pm3; n=8
ganglia/classP<0.0005; compare Fig. 2N and E). No

qualitative difference with wild type is detected in size of the

expressed in transgenic embryos, suggesting the presence ad§hcent facial ganglion rudiment (Fig. 2, asterisks), the neural
activity of localTBX1regulatory elements. Of the four human progenitors of which derive from an epibranchial placode.

genes present, onl/BX1and PNUTL1 hybridization signals

are detected in the transgenic otocyst (Funke et al., 2001jbx1 loss-of-function causes ectopic neural

Transgenic embryos hybridized with a species-spethix1
probe show recapitulation of the endogendum1 signal

etermination
The generation of @abx1null mutation by gene targeting has

together with ectopic signal in the anterior otic placode antbeen described (Merscher et al., 2001). Thel’ otocyst is
otocyst (Fig. 1C, Fig. 2P,QT.BX1transgene and endogenous hypoplastic (Fig. 2K,L; Fig. S1P-T, http://dev.biologists.org/
Tbx1 otocyst expression patterns are similar at later otocystupplemental/), in accordance with previous accounts (Vitelli

stages (Fig. 2C,R). By contrasfiBX1 signal onset in

et al.,, 2003; Jerome and Papaioannou, 2001), and we find

transgenic mesenchyme is delayed (compare Fig. 1C and B aearlier evidence of impaired growth during placode
Fig. 2P and A), affording a period (E9-9.5) during which anyinvagination (Fig. 1K). Posteriorly, the invaginating placode

gain-of-function effects are probably of epithelial origin.

of Thxt’~ embryos shows an increase MgnlNeuroD

Ngnl1 and NeuroD otic epithelial expression is effectively expression over that in wild type (Fig. 11,K; data not shown).
abolished posteriorly and significantly reduced anteriorly irThe Thxt/-otocyst has a uniform distribution NfyjnZ/NeuroD
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Fig. 6. Tbxlis a determinant of otocyst anterior-posterior patterning. (fhtransverse section through the wild-type anterior otocyst shows
a lateral to medial gradient bfng signal, decreasing medially. Arrow marks the medial extent of detactable signal. Axes are as shown in I.
(B) Section, prepared as in A, through the postdft’- otocyst. (C-H) Lateral surface views of whole-mount hybridized embryos.
Arrowhead in C marks posteroventtdihg signal. Arrowheads in G and H indicate borders of midb@dii signal. Arrows indicate the

otocyst. (1,J) 4Qum transverse vibratome sections through the anterior otocyst. Arrows indicate common dorsal bBed@anafGata3
signal; asterisk, low intensity ventromed@ata3signal.

expression (laterally and ventrally) along its entire AP lengthTbxt/~ears commonly show a secondary compound ganglion
and no AP midline border forms (Fig. 2J,K,L, Fig. 3I, Fig. 4B,apposed to and innervating the epithelial posterior pole (Fig.
Fig. 5A). Extreme dorsal and medial borders of wild-type8E,F,G; 4/8 ears auditory and vestibular neuronal cytology;
NgnZNeuroD expression, together with signal intensity remainder vestibular only). No posterior VIlith ganglia
gradients for these markers along the medial-lateral axignalyzed possessed a central projection. Anterior to the
are preserved inTbxt’~ otocysts (Fig. S1F-J,P-T, http:// epithelium, all E13.5Tbx1’~ VIlith ganglia analyzed (8/8)
dev.biologists.org/supplemental/). showed auditory and vestibular neuronal cytology and partial
ThxI"~ otocysts show a stereotyped pattern of transientetention of auditory and vestibular ganglion morphology; in
ectopic neurogenesis, first posteroventromedially and thesddition, all anterior ganglia possessed both peripheral and
anterodorsolaterally (Fig. 2G,H,l, Fig. 4A,B). These locicentral projections (Fig. 8A-D)bx1/~ posterior and anterior
correspond to sites and times of conceridd1 expression VIlith ganglia are necrotic beyond E14.5 and largely absent by
onset and bHLH gene downregulation described abovd;16.5, suggesting an additional requirement Tdax1 in
suggesting that neurogenic suppression is delayed in timeuronal survival at late embryonic stages.
heterozygous state. Ectopic neurogenesis in heterozygotes ) ) )
correlates with increased accumulations of delaminatedbxl is a determinant of anterior-posterior otocyst
NeuroD-positive cells compared to wild type (Fig. S1K-O, patterning
http://dev.biologists.org/supplemental/). The foregoing results suggest thabx1 posteriorizes the
The more persistent and widespread ectopic neurogenesitocyst by suppressing anterior identity. To test this
observed inThx1 null homozygotes correlates with ectopic hypothesis, the distributions of various regional markers were
delamination (Fig. 5C,E) and duplication of VIlith ganglion analyzed inTbxt/~ embryos. Early otocystfng expression
rudiment form about the otocyst AP midline (Fig. 2K,L, Fig. co-localizes with bHLH gene expression and is absent from
5B). At E10, Tbx1’~ ganglion volume, identified bijleuroD  the ThxIpositive posterolateral region (Fig. 4A; Fig. 6C). In
signal, is 1.83-fold that of wild type (1.46+0.3@0°  ThbxI’'~embryos between E9.5 and E1Q.fhgis ectopically
vs. 0.798+0.20810° um3; n=8 ganglia/classP<0.001). By expressed throughout the posterolateral otocyst (Fig. 3A,E;
E10.5, anti-isletl/2 (mAb4D5) immunochemistry revealsFig. 6D). A medial-lateral intensity gradient bfng signal,
histodifferentiation of the wild-type ganglion into lateral similar to that present in the wild-type anterior otocyst
and ventromedial subdivisions (Fig. S3A,B, http:// (decreasing lateral to medial), is present along the entire AP
dev.biologists.org/supplemental/), and islet-positive nuclealength of the mutant otocyst (Fig. 6A,B). Dorsal and medial
size and packing density vary between subdivisions (Fig. 50gorder positions of wild-typelLfng expression are also
Fig. S3C, http://dev.biologists.org/supplemental/). Thesg@reserved in the mutant.
features are present along the entire AP length of the E10.5Fibroblast growth factors and their receptors are expressed
Thxt’~ ganglion rudiment (Fig. 5C). Evidence of ganglionin the otic epithelium, and FGF signaling functions have been
rudiment splitting near the otocyst AP midline is observed byroposed for various stages of inner ear development (Pauley
E11.5 (data not shown), and early labyrinth-stage (E13.5t al., 2003; Pirvola et al., 2002; Pirvola et al., 2000; Mansour
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et al., 1993)Fgf3is selectively expressed in the anterolateral | ' | E11
otocyst (McKay et al., 1996) and defines a portion of the : T ‘-
commonLfng/bHLH gene domain (Fig. 6EJgf3 expression

in E10-10.5Thxt’- otocysts is expanded posterolaterally and
forms a stripe extending from anterior to posterior poles (Fig
6F).

Pax2 and Gata3 expression was assayed to test for effect:
of Thx1 mutation on medial-lateral otocyst patterning. Along
this axis, their otocyst expression domains are reciprocal ar
partially overlapping (Lavoko-Kerali et al., 200Zax2 is
expressed medially and is required for genesis of the cochle
duct (Nornes et al.,, 1990; Torres et al., 1996ata3
hybridization at E10.5 yields a strong lateral signal (Zheng €
al., 2003), and the inner ear @Gata3’~ mice is severely
dysmorphic (Karis et al., 2001). No change was detected i
expression patterning of eithdtax2 or Gata3 in Tbx1/-
otocysts between E9.5 and E10.5. Wild-type features of the:
genes’ expression, such as dorsal borders and ventral gradie
are preserved in the mutant otocyst (Fig. 61,J). _ o -

Otx1 is expressed in the posteroventrolateral otocyst b¥ig. 7.OtocystBmp4expression is sensitive fdx1gene copy
E10.25 and loss-of-function results in sensory organ absen8dmber. (A-F) 3um transverse cryosections®ip4hybridized

: -embryos at the level of the anterior stripe (arrows in B). Asterisk in C
(lateral - vestibular - canal/ampulla) or dysmorphogene&%dicates the absence of a definitive anterior stripe inTBXI"-

(lateral crista, maculae, cochlea); no neurogenic phenoty ffocysts. Arrowheads in F indicate mesenchyBmp4signal of low
pertaining to the ear has been reported (Fritzsch et al., zogiiegsitylcompared to wild type. bisig

Morsli et al., 1999; Acampora et al., 1996). E10.5 and E11

ThxI’- otocysts lackOtx1 expression (Fig. 6H) and show

ectopic neurogenesis posteroventrolaterally (Fig. 2L, Fig. 3bilaterally in place of an anterior stripe (Fig. 7C), suggesting
Fig. 5A), which persists through to at least E11.5. TRbgl a requirement for propefbx1gene dosage in patterning of
loss-of-function causes anterior (neurogenic) transformatioBmp4otocyst expression.

of a posterior otocyst region that contributes to sensory organ

development. Thx1 loss-of-function blocks sensory organ

morphogenesis
Tbx1 is required for proper patterning and By E13.5, the six sensory organs of the membranous labyrinth
maintenance of Bmp4 expression are present in rudimentary form (Morsli et al., 1998). The

To further explore the effects ®bxlactivity on sensory organ cochlear duct is partially coiled, saccular and utricular
patterning, Bmp4 expression was analyzed ifbxt’~ and  outpouches are conspicuous, and, further dorsally, ampullary
ThxI"- embryos. Local antagonism of BMP signaling in theswellings are associated with each of the three semicircular
developing chick causes dysmorphogenesis of multiple inneanals (Fig. 8E and inset). The non-sensory endolymphatic
ear sensory organs, with the most severe and frequent defedtect projects dorsally from the medial wall of the labyrinth. At
related to vestibular canal formation (Chang et al., 199%his stage the labyrinth is composed largely of simple or
Gerlach et al., 2000). In the E10.5 mouse otocBshp4  pseudostratified epithelium, however a patch of stratified
hybridization marks the presumptive anterior and lateral cristagpithelium that will differentiate into mechanosensory
(anterior stripe) and posterior crista (Morsli et al., 1998) (Figepithelium is associated with each of the developing sensory
3G). We have localized the origin of the anterior stripe abrgans (Sher, 1971). Upper layer cells are innervated by
E10 to a juxtaposition oTbx1and Lfng/neural bHLH gene neurites of the VIlith ganglion (Sher, 1971) and express
expression domains (Fig. 2B,E, Fig. 3B,C). MATH1 (Chen et al., 2002; Shailam et al., 1999), a bHLH
Bmp4otocyst expression in E10 and E1UBx1/~embryos transcription factor that is necessary and sufficient for
is mis-patterned. E10 mutant embryos show a diffusenechanosensory hair cell differentiation (Bermingham et al.,
anterodorsolateral signal in place of an anterior stripe, whil@999; Zheng and Gao, 2000; Kawamoto et al., 2003).
an extreme dorsolateral band of signal terminating at the Identifiable vestibular and auditory sensory organs fail to
otocyst posterior pole is preserved (Fig. 3D). By E10.5, thdevelop inTbxt/~ embryos (Fig. 8E,l). The E13.3Bbx1/~
wild-type anterior stripe and posterior focus form discretd@nner ear is composed of two ventral chambers — a lateral tube
signals (Fig. 3G), buTbxt’ otocysts of this stage show a and medial sac — and a dorsal projection, which are continuous
pattern similar to that of E10 mutants (Fig. 3H, Fig. 7D,E)and communicate via a narrow duct near the AP midline.
The anterior stripe and posterior focus persist in wild-typ&/entral tube and medial sac formation begins with a furrow
otocysts through E11, howevaihxI’-embryos of this stage that runs anteroposteriorly along the ventral wall of the otocyst.
showed little to no signal in the otocyst epithelium (Fig. 7F)The furrow, which is positioned roughly at the otocyst medial-
Bmp4 otocyst signal in E10 and E10BbxI~ embryos lateral midline and intersects the neurogenic region, deepens
(15/15) was indistinguishable from wild-type (data notand fuses with the dorsal wall of the otocyst (data not shown,
shown). However, all E11 heterozygotes analyzed (foubut see Fig. 5C). The dorsal projection appears to derive from
embryos) showed a diffuse anterodorsolateral signghe endolymphatic projection of the mutant otocyst and
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Fig. 8. TbxI/~inner ear and VIlith
ganglion morphology at E13.5.
(A-D,F,G,J,K) Transverse sections
through wild-type andbxt/~
ears/ganglia at E13.5, reacted with
mAb2HS3 (anti-neurofilament) and
counter-stained with Cresyl Violet. Ax¢
in F apply to all except G. Red arrows
A and C indicate regions of vestibular
(vest) neuronal cytology and cyan arrc
in C auditory (aud) neuronal cytology.
The distinguishing cytological features
(nuclear size and basophilia) from a
mutant posterior ganglion are shown ¢
high magnification in G, with vestibula
neuronal cytology shown at right. Whi
asterisks in A and B indicate a branch
the facial nerve. Section shown in F
passes throughEbx 1/~ posterior
compound ganglion and epithelial
posterior pole. Pvest, presumptive
vestibular ganglion; Paud, presumptiv:
auditory ganglion. Brackets and
arrowheads in J and K indicate cellula
stratification. Scale bars: in D, @@n for
A-D; 20 um for J,K. (E) 3-D
reconstructions of serial sections reac
as described above. Presumptive
vestibular (red) and auditory (cyan)
ganglion tissue is shown in relation to
the inner ear epithelium. c, cochlea; si
superior ampulla; la, lateral ampulla; ¢
posterior ampulla; sc, superior canal;
lateral canal; pc, posterior canal; ed/e
endolymphatic duct/sac; u, utricle; s,
saccule; It, lateral tube; ms, medial sa
dp, dorsal projection. (H) Double
immunolabeling with mAb2H3 and an
MATH1 shows neurites (in green,
arrowheads) enveloping the base of a
MATH1-positive cell. Dotted line
indicates the basement membrane.
(1) Anteroventrolateral view of th&bxI/~inner ear; the region of stratification and innervation is mapped in brown. Approximate section levels
are indicated. (L) MATH1-positive nuclei occupy an apical position in the epithelium. Dashed line indicates the lumen colégisés.

Dotted line indicates the basement membrane.

exhibits simple cuboidal epithelial morphology typical of theDISCUSSIon
wild-type endolymphatic duct. The otocyst has been likened to msophilaimaginal disc

By E13.5, the mutant ventral epithelium, previously a(Fekete, 1996; Brigande et al., 2000). Both are transient
site of neurogenesis, is stratified, innervated, and MATHZEmbryonic structures derived by invagination of ectoderm and
positive (Fig. 8C,FJ,K,L). Neurites of the VIlith ganglion undergo extensive growth and morphogenesis during their
envelop the base of upper layer MATH1-positive cells (Figmaturation. Studies of imaginal disc patterning lead to a
8H,J,K), and MATH1 immunoreactivity and innervation three-step model (selector gene action, boundary formation,
patterns are similar across the epithelium (Fig. 8K,L; data ndioundary organizer function) for the transformation of
shown). These patterns consist of two patches separated pysitional information into differentiated structures (Garcia-
the cleft between lateral tube and medial sac (Fig. 8I), thuBellido et al., 1973; Lawrence and Struhl, 1996; Dahmann and
segregation of an initially unitary neural/sensory-competenBasler, 1999). Selector genes encoding transcription factors
region may be related to morphogenetic movements of thare regionally expressed in primordial epithelia and
late otocyst. Lateral patch structure is polarized along thspecify regional identity cell-autonomously and non cell-
AP axis with respect to the number and morphology ofiutonomously. Selector genes mediate compartment boundary
innervated, MATH1-positive cells (Fig. 8J,K,L). Architecture formation, a local process involving differential cell affinity
of the medial sac patch is similar to that of the posterioand Notch pathway signaling (Milan and Cohen, 2003). For
lateral tube. example,Fng, a Drosophila Notch signaling modulator, is
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regulated by the selector gempterousand is critical for A anterior/lateral
boundary formation at the wing imaginal disc (Irvine and cristae, ampullae
Weischaus, 1994; Kim et al., 1995). Boundaries, in turn

neurogenic,
utricular macula

B 7bx1

secrete long-range signaling molecules of the BMP or WN" o

families that serve as effectors of global growth anc SN Bmp4

morphogenesis (Nellen et al., 1996; Zecca et al., 1996; De

and Lawrence, 2000). . ovc1
cochlear

Thbx1 specifies regional identity and establishes a posterior duct Lfng

fate boundary in the otocyst canal xg:::an

It is hypothesized that compartment boundaries exist along tt :;:ﬁ:' gs:::":;‘ ulla Fgf3

three major axes of the otocyst (Fekete, 1996). At the later »amp

wall of the otocyst, a putative AP midline boundary is definec

by anterior expression dfNeuroDLfng/Fgf3 and posterior B

expression ofOtx1 (Fekete and Wu, 2002)0tx1 exhibits « Otxt —— sensory 2

particular attributes of an otocyst selector gene. Its region: & B | * morpi’:“:msls =

expression encompasses primordia of the non-sensory cochl Toxt 2 |2 -

duct, lateral canal and lateral crista, and it is required for propt Ngn1 -~ NeuroD - neural

morphogenesis of these end organs and the positionin Fgf3 5 _ | differentiation

segregation of the lateral crista and other proximate senso Ling 1?

epithelia (Morsli et al., 1999; Fritzsch et al., 2001). However
Otx1 otocyst expression is first detected at E10.25, whicl. _ )
precludes a role for this gene in early otocyst patterning.  Fig. 9. Summary. (A) Gene expression and predicted fates of the

We find thatTbx1expression is localized posterolaterally in E10-5 otocyst lateral IWa'L- Sﬁedf!caﬂonl of neural and sensory organ
vaginati - i : fates appears to involve both reciprocal compartmentalization
the invaginating placode and defines an AP midline expressi ﬁbxllep4/Otx1/s. bHLH gene expression domain) and change in

bor_der_ prio_r to otocyst formationTbx1 expression . is ompetence of a pluripotent progenitor field over time (bHLH
maintained n the posterolateral otocyst through the time (ﬁeneplfngdomain)? (B)pNeuraFI)ar?d particular sensory o(rgan fates
Otx1 expression onset. Apart from partial, transient overlapmay he specified in parallel through opposing actiorEbaf.on

Thx1 and NeuroD expression domains are complementarygene expression. Question marks indicate potential relationships that
throughout otocyst stageEBX1gain-of-function displaces the are unsubstantiated by genetic analyses.

NeuroD domain border anteriorly.Tbx1 loss-of-function

eliminates AP midline borders dfleuroD Lfng and Fgf3

expression as early as E9.5 and causes ectopic posterolatgyahglion rudiment form are highly suggestive of anterior
expression of all three genes. By contr&ik1 expression is otocyst identity duplication in the posterior otocyst. We failed
not detected iTbx1’- otocysts, and the posterolateral otocystto find an effect obx1loss-of-function on a number of early

is a site of ectopic neural progenitor delamination betweentocyst medial-lateral patterning features, arxkl may be
E9.5 and E11.5. At later stag&tx1-dependent sensory organ linked specifically to AP patterning at early otocyst stages.
structures are missing or indistinguishable by morphologicatHowever, the labyrinth-stagéox1/-inner ear shows structural
criteria. These results suggest thhk1patterns sensory organ variation along its AP axis, and one or more pathways probably
and neural fate assignment in parallel, through local control ahediate inner ear AP patterning in the absenceTlnfl
regional gene expression (Fig. 9Bx1appears to establish Transplantation studies of avian inner ear primordia provide
a midline boundary between an anterior region of combinedvidence for a multi-step acquisition of axial polarity (Wu et
neural and sensory epithelial competence and posterior tissak, 1998).

destined to form sensory organ structural components such asncomplete symmetry of th@bx1’/~ ear about the AP
the lateral wall of the cochlear duct and lateral canal plate (Fignidline may also result from complex and dynamic changes of
9A). Ectopic expression diignlin the Thxt’- posterolateral Thxlexpression border morphology during otocyst growth. At
otocyst further supports this hypothesis, Ngnl activates E10, the dorsal part of the AP midline border deviates
NeuroD expression and may mediate the selection of neuranteriorly from the midline. By E11, it has shifted to a position
progenitors from otic epithelium through Notch pathwayperpendicular to the AP midline and forms a dorsal-ventral

signaling (Ma et al., 1998). border. During these stages, a stripeBofp4expression co-

) . . localizes with Tbx1 expression at its interface with the
Otocyst fate boundaries deviate from the major NeuroD/Lfngdomain border (Fig. 9AHecapentaplegi¢dpp),
embryonic axes aDrosophilahomolog oBmp4 is expressed in a narrow stripe

Initially, the otic placode is symmetrical. Proceeding from aof cells adjacent to the imaginal wing disc AP compartment
simple model of otocyst compartmentalization, selector genkeoundary and encodes a morphogen that controls growth and
loss could result in a complete duplication of form about gatterning of the disc (Nellen et al., 1996; Lecuit et al., 1996).
major axis, and such ‘enantiomorphic twin’ ear phenotype3he existence of a DPP morphogen gradient is implied by
have been observed following surgical rotations of theexpression of its target genes, one of whiapi®motor-blind
amphibian otic primordium (Harrison, 1936) or perturbation ofa T-box gene that controls wing disc regional identity (Podos
Hedgehog signaling in zebrafish (Hammond et al., 2003). land Ferguson, 1999). Interestingly, in the otocyst, we find high-
Thxt’- embryos, gene expression patterning and early Vllitintensity Tbx1signal at all sites oBmp4expression.
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In the mouseBmp4expression marks sites of developing sensory epithelial competent states are expressed. Functionally,
cristae (Morsli et al., 1998), however the effectsBofip4 this differs from the effect ofbx1activity at the posterolateral
loss-of-function on inner ear development are unknowrotocyst, where neural competence is fully suppressed at all
because of early embryonic lethality (Winnier et al., 1995)times and sensory organ structural epithelium is formed.
Perturbation of BMP signaling in the chick ear causes a range )
of sensory organ defects, and vestibular canal morphogene&gnclusion
is most frequently and severely affected (Chang et al., 199% this study we have characterized the differential effects of
Gerlach et al., 2000} bxt’- ears lack vestibular canals and Thx1 mutation on neurogenesis and inner ear sensory organ
it was recently reported thatbx1 is required for otocyst developmentThx1specifies regional identity in the otocyst and
Bmp4expression (Vitelli et al., 2003). Contrary to this result,is required for the positioning of a fate boundary. Our data
we find thatThx1/~ otocysts expresBmp4but do not form  support the hypothesis of a relationship between neural and
an anterior stripe and epithelial expression is lost by Ellsensory epithelial competence in the otocyst. Furthermore,
Tbx1"~ otocysts show normal patterning Bimp4through absence ofrbx1causes expression of neural competence in a
E10.5 and a loss of the anterior stripe by E11. TBusp4  portion of the otocyst associated with formation of sensory organ
patterning appears sensitive Tox1 gene dose in a stage- structural epithelia. Taken together, our results suggestliat
specific manner. These results, together with the observatioagulates otocyst gene expression locally but affects inner ear
of high-intensityTbx1signal at all sites odBmp4expression, growth and morphogenesis in a global manfidax1 may
suggest that a complex regulatory interaction betwiedl therefore function as an otocyst selector gene in its control of
and Bmp4 is localized to a fate boundary in the neurogenesis and sensory organ development. Studies aimed at
anterodorsolateral otocyst (Fig. 9A,B). Studies ofdissecting the contributions of epithelial and mesenchyimel
comparative expression and epistatic relationships betweettivity to various aspects of inner ear development using tissue-
Tbxland other regulators @&mp4patterning and vestibular specific gene inactivation strategies are currently in progress.

canal morphogenesis, such Hsx2 (Wang et al., 2001), In Xenopusgastrula ectoderm, BMP signaling suppresses
Hmx3(Wang et al., 1998) andIx5 (Merlo et al., 2002) may neural competence and induces epidermal fate (Weinstein and
elucidate cooperative interactions among these genes. Hemmati-Brivanlou, 1999). In the mouse otocyst, the specific

) . effects ofBmp4on neural and sensory organ development and
Tbx1 suppresses neurogenesis at some prospective its range of action are unknown. Nevertheless, co-localization
sensory epithelial territories of Bmp4 expression and robust ectopic neurogenesis at the

Evidence of a common progenitor for VIlith ganglion neuronsTbxt’~ otocyst posterior pole through E10.5 provides a
and mechanosensory cells has been obtained by clonal analypesliminary clue thaffbxlmediated neural suppression may
in chick (Satoh and Fekete, 2003). Furthermore, expressigroceed independently Bmp4activity. Finally, the homeobox
overlap ofLfng and neural fate markers in both chick andgenesEyalandSix1(Xu et al., 1999; Zheng et al., 2003) may
mouse leads to the suggestion that neural progenitors afithction reciprocally toTbx1 with respect to neurogenesis,
utricular and saccular maculae derive from a common anteri@s both are expressed at regions of neural progenitor
otocyst region (Fekete and Wu, 2002; Cole et al., 2000). In theetermination and are required for VIlith ganglion rudiment
wild-type anterior otocyst, we find overlappiNgnl, NeuroD,  formation.

andLfngexpression that is complementary to Tex1domain

(Fig. 9A). Neural bHLH gene expression persists in this region We thank Paula Cohen, Andres Collazo, Andrew Groves, Jean
through E11.5, the latest stage assayed for these markeis. Hebert, Zaven Kaprielian, Doris Wu and two anonymous reviewers

_Af ; ; ; ~ iy, i-fOr their invaluable commentary. We also thank Jane E. Johnson for
loss-of-function has little to no effect on neurogenic activity in ift of anti-MATH1 antibody, Adam Hartley for suggestions on
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of anteroventral sensory epithelium. -independen analysis. This work was supported in part by grants from the March
pathways probably control neural and sensory epithelial fatgs pimes Foundation #1-FY02-193, American Heart Association

assignment at this otocyst region. _ _ Established Investigator Grant, and NIH #1RO1 DC05186-01.
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