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SUMMARY

Development of the vertebrate inner ear is characterized
by a series of genetically programmed events involving
induction of surface ectoderm, preliminary morphogenesis,
specification and commitment of sensory, nonsensory and
neuronal cells, as well as outgrowth and restructuring of
the otocyst to form a complex labyrinth.Hmx2, a member
of the Hmx homeobox gene family, is coexpressed with
Hmx3 in the dorsolateral otic epithelium. Targeted
disruption of Hmx2 in mice demonstrates the temporal and
spatial involvement ofHmx2 in the embryonic transition of
the dorsal portion (pars superior) of the otocyst to a fully
developed vestibular system. InHmx2 null embryos, a
perturbation in cell fate determination in the lateral aspect
of the otic epithelium results in reduced cell proliferation
in epithelial cells, which includes the vestibular sensory
patches and semicircular duct fusion plates, as well as in

the adjacent mesenchyme. Consequently, enlargement and

morphogenesis of the pars superior of the otocyst to form
a complex labyrinth of cavities and ducts is blocked, as

indicated by the lack of any distinguishable semicircular
ducts, persistence of the primordial vestibular diverticula,
significant loss in the three cristae and the macula
utriculus, and a fused utriculosaccular chamber. The
developmental regulatorsBmp4, DIx5and Pax2 all play a
critical role in inner ear ontogeny, and the expression of
each of these genes is affected in thdmx2 null otocyst
suggesting a complex regulatory role forHmx2 in this
genetic cascade. BottHmx2 and Hmx3 transcripts are
coexpressed in the developing central nervous system
including the neural tube and hypothalamus. A lack of
defects in the CNS, coupled with the fact that not all of the
Hmx2-positive regions in developing inner ear are impaired
in the HMx2 null mice, suggest thatHmx2 and Hmx3
have both unique and overlapping functions during
embryogenesis.
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INTRODUCTION

anterior-posterior (AP) axis is fixed first, followed by
specification of the dorsal-ventral (DV) axis. At the same time,

The vertebrate inner ear is derived from one of three pairs afonsensory epithelial cells maintain a certain degree of
sensory placodes located in the anterior embryonic ectoderplasticity, since they can be reprogrammed when placed in a
The other two placodes located more rostrally will contributenew environment (Wu et al., 1998). Different regions of the
to the development of the sensory organs for olfaction andtocyst possess distinct positional information and express
vision. Induction of the otic placode takes place at the 3- to Ginique combinations of inner ear marker genes, which in turn
somite stage in vertebrates, as characterized by the acquisitioltimately determines their specific identities (Fekete, 1996).
of competence by the surface ectoderm adjacent to thRegions with different identities display distinct capabilities in
hindbrain, and subsequent thickening of the placodal ectoderoell differentiation, proliferation and programmed cell death, a
(Torres and Giraldez, 1998). prerequisite for the transformation from an otocyst to an
During development, the otic placode invaginates an&laborate three-dimensional labyrinth. Precise outgrowth and
pinches off from the surface ectoderm to form an ellipsoidfusion of the otic epithelium are morphogenetic milestones in
shaped vesicle termed the otic vesicle (Hilfer et al.,, 1989the maturation of the inner ear. In the mouse, around E9.5 the
During the closure of the otic vesicle, positional information isanlagen of the endolymphatic duct bulges from the dorsal
gradually acquired by different regions of the otic epitheliumportion of the otic vesicle and elongates dorsally to form a
as indicated by the regionally restricted expression of differerftollow tube, which enlarges at its distal end to form a sac.
combinations of inner ear marker genes. Axial specification ilMeanwhile, the otic epithelium destined to give rise to the
the inner ear for sensory organs happens earlier than that fwochlea enlarges ventrally and finally develops into a coiled
nonsensory organs. Transplantation experiments performed duct. Morphogenesis of the otocyst pars superior into a
chick demonstrated that patterning of sensory organs along thiestibule requires very sophisticated shape changes. Formation
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of the semicircular ducts initiates from paired outpocketings 0£999). Murine Otx1, an orthologue of theDrosophila
otic epithelium. In the central regions of these pockets, the tworthodenticlegene, is expressed in the ventrolateral wall of
epithelial layers on the opposing walls first become thinnethe otocyst with a dorsal limit in the presumptive lateral
and then detach from the underlying mesenchymesemicircular canaDtxInull inner ears show an absence of the
Afterwards, these two walls approach one another to form dateral semicircular canals and a malformed cochlea
extensive region termed the fusion plate. Epithelial cell§Acampora et al., 1996; Morsli et al., 1999). However, it is
meeting at the fusion plate will meld into a single layer, andommon for a homeobox gene family that has several
subsequently disappear via a possible mechanism involvinrgembers to exhibit similar or even identical expression
either programmed cell death or epithelium cell retraction, oprofiles and to be functionally interchangeable in certain
both. The semicircular ducts and associated canals are formaspects (Greer et al., 2000). The Hmx homeobox genes belong
by the interactions between the remaining otic epithelium antb a distinct family, which is of ancient origin, and their
it's adjacent periotic mesenchyme (Fekete et al., 1997; Frerexistence has been reported in many species (Bober et al.,
and Van De Water, 1991; Lang et al., 2000; Martin and 994, Stadler et al., 1995; Stadler et al., 1992; Stadler and
Swanson, 1993). Undoubtedly, a balance between ceBolursh, 1994; Wang et al., 1990; Wang et al., 2000). Three
proliferation and programmed cell death plays a critical rolenembers of the Hmx homeobox gene family, designated
in this process. Previous work has confirmed the existence bfmx1, Hmx2andHmx3have been identified in mouse (Wang
several regions of programmed cell death in the developingt al., 2000; Yoshiura et al., 1998). Regions wire1likely
inner ear, including the fusion plates of the semicirculaexerts its developmental function are neural crest derivatives
canals, the ventromedial otic vesicle and the base of thacluding the dorsal root ganglion, cranial ganglia, branchial
endolymphatic sac. In the chick, the overexpression oérches and in the developing neural retina. Unhkaxl,
inhibitors of normal programmed cell death, suchbak, Hmx2 and Hmx3 are clustered together on the same
block semicircular canal fusion (Fekete et al., 1997). It hashromosome and have nearly identical expression domains
been proposed that the driving force pushing the apposirthat include the inner ear, CNS and uterus. Defects caused by
walls inward to form the fusion plate is generated by thehe inactivation oHmx3have been reported for the inner ear
interaction between the otic epithelium and the surroundingnd in female fertility (Hadrys et al., 1998; Wang et al., 1998).
mesenchyme. The analysis of the inner eamsetfin 1 null  An absence of horizontal cristae, a fused utriculosaccular
mice support this mechanism (Salminen et al., 2000). netrindhamber, a significant loss of vestibular hair cells and
appears to be involved in a signaling pathway regulating ceflerimplantation infertility have been observed, indicating
proliferation in the periotic mesenchyme. When netrin lunique functions foHmx3 However, analysis of these defects
production by the presumptive fusion plate was disruptedalso suggests that some aspectslmik3function might have
reduced cell proliferation in the underlying mesenchyméeen compensated for by its sibliHgx2,since not all cells
resulted in severe defects in fusion plate formation andxpressingdmx3are affected in théimx3null mice. In this
therefore semicircular duct morphogenesis. paper, we will present the defects exhibitedHoyx2null mice

In the mouse, by E14.5, the basic architecture of thé& reveal its unique developmental function.
membranous labyrinth of the inner ear has been fully
established. From E14.5 through adult stages, maturation
occurs and a functional inner ear emerges, with the vestibuMATERIALS AND METHODS
and cochlea being responsible for the senses of balance and
hearing, respectively. The identification of developmentallyrargeting of the Hmx2 locus and generation of the Hmx2
important genes expressed in the inner ear has been steadiéferozygous and homozygous null animals
increasing, and the function of certain of these genes has be®anomic cloning of thedmx2 gene has been reported previously
determined (Represa et al., 2000). Antagonizing the norm#&Wang et al., 2000). Plasmid pW64b was generated by inserting an
Bmp4 signaling pathway withnoggin disrupts inner ear 11 kbEcdRIl genomic fragment spanning timx2 gene into the
development and demonstrates that local signals in the otf€ctor pTZ18R (US Biochemicals). The BcaRl site is located in

epithelium are essential for the correct formation of the innef'® intragenic region between thimx2 and Hmx3 genes. The '3
ear (Chang et al., 1999 Gerlach et al., 2000). Differen caRl site is derived from the polylinker of the lambda Dashll phage

. . vector. In thisEcoRl fragment, there are twhd sites. One is
members of the homeobox gene superfamily are involved Bcated in theHmx2 homeobox and the other is 1.2 kbt8 the

all steps of inner ear development ranging from otic placodgomeobox. pw64b was double digested V@t andXhd and the
induction to maturation of a fully functional inner ear. Recenty 2 kbXhd fragment was re-inserted into tal andXhd site of
progress in mouse molecular genetics has allowed us pw64b, leaving an uniquéhd site in theHmx2homeobox. Finally,
acquire specific information regarding the developmentathe ires.lacZ.neocassette purified from p1099 (Wang et al., 1998)
contribution of individual genes to inner ear developmentwas inserted into the uniquéhd site in the Hmx2 homeobox,
Certain homeobox genes are involved in regional specificatioigsulting in the targeting vector pw78a (Fig. 1A). The transcriptional
of the inner ear, and some of these genes determine the faf§entation of theires.lacZ.neocassette was verified by DNA
of cells in their restricted expression domains. For examplg€duencing. The targeting construct was linearized EoyR|
Pax2 is predominately expressed in the ventral Oticdlgestlon for electroporation and ES cell transfection, screening for

theli dPax? i lack identifiabl recombinant R1 ES clones, production of chimeric animals and
epithelium, andrFaxz null INner ears lack an ldaentfiable testing of germline transmission were performed as previously

cochlea (Represa et al., 2000; Torres et al., 1996). In additiofescribed (Wang and Lufkin, 2000; Wang et al., 1998). Insertion of
expression of a function&Ix5 gene in the dorsal portion of the ires.lacZ.neccassette into thelmx2locus introduces newlal

the otic vesicle is required for proper morphogenesis of thand Xba sites, and Southern blot analysis was performed on tissue
semicircular canals (Acampora et al., 1999; Depew et alsamples to genotype embryos and pups carrying the inactivated
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Hmx2allele designatedimx22Z. RNAse protection was carried out B-galactosidase staining of whole-mount embryos,

essentially as previously described (Wang et al., 1998). PO preparation of inner ears for histology, RNA in situ

total RNA extracted from HmxZacZ+/+,  HmxJacZt/— hybridization and analysis of cell proliferation (BrdU

and Hmx22°Z—/— was used for RNAse protection assays. A 242abeling) and apoptosis (TUNEL)

bp DNA fragment was PCR-amplified using primers TL245Embryos between the ages of embryonic day (E) 8.5 and E18.5 were
(5 AGCGCCAAACCGGAGCGG 3 and TL246 (5 CCGACGC- collected from mating between viablemx22Z—/— males and
GTGTGCCATGT 3). This fragment contains the homeobox of Hmx2acZ+/— females. Staining fop-galactosidase was performed as
Hmx2 and spans the restriction site used for insertion of thereviously described with a minor modification in that 1% sodium
ires.lacZ.neocassette and was used to make-labeled anti-sense deoxycholate was added to the staining solution (Frasch et al., 1995).
riboprobe. A 271 bp cDNA fragment from the moysactin gene  Embryos older than E16.5 were decalcified in PBS containing 10%
was used as the internal control for the quantity and quality of tot&fDTA and 2.5% polyvinylpyrrolidone before being embedded in
RNA. paraffin wax, and then sectioned atr@. For standard histology, mice

Fig. 1. Disruption ofHmx2by
homologous recombination, A
MRNA analysis and genotypi
of embryos carrying an
Hmx22cZ mutant allele.

(A) Hmx2wild-type locus,
targeting construct andmx2
mutant alleles. Homologous
recombination of the targetine ~ Hmx2 wild type allele
construct into thédmx2locus
results in the insertion of
ires.lacZ.neanto theHmx2
homeobox. Owing to the
presence of translation stop
codons in all three open
reading frames in the Hmx2
ires.lacZ.necassette, this 5 —p 3
mutant allele producd® -

galactosidase and a Probe 1 RNAse ptxn Probe 2
nonfunctional truncated Hmx: probe

protein. The black boxes sho lacz
the positions of the twblmx2 Hmx2
exons. The homeobox is

located in the second exon. 1
transcriptional orientation of

Hmx2is shown by an arrow.

The positions and lengths of
the probes used in Southern

blot analysis and RNAse

protection are also indicated B c
small black rectangles.

(B) Southern blot assay from

yolk sac DNA of wild-type, —242 bp WT
HMx22¢Z+/— andHmMx23acZ—/— Notl+Clal digest Xbal digest

embryos. Probel and Probe = —175 bp mutant
are located outside of the
targeting construct. Probe 1
detects a 17.0 kb wild-type
Noti+Clal fragment, as well a: -_—— -17.0kb - = 6.7kb
a 12.5 kb mutariloti+Clal | W - 12.5kb - @ -5.7kb
band. Probe 2 hybridizes witt -

5.7 kb mutanXbad fragment Probe 1 Probe 2

instead of a 6.7 kb wild-type

Xbad band because of the

introduction of an additional

Xbd by theires.lacZ.neo

cassette. Note: thébd site 3 == — beta-actin (271 bp)

to theHmx2gene is methylate

in dam+ bacterial hosts.

(C) RNAse protection analysis Bfmx2RNA expression in wild-typesimx22¢Z+/— andHmx22°2—/— embryos. A 242 genomic fragment

spanning théimx2homeobox was amplified by PCR using primers TL245 and TL246, and used as a template to prepare an antisense RNA
riboprobe. RNA transcripts produced by the wild-type allele protect a fragment of 242 bp, whekrag2ineutant transcripts protect two
fragments of 175 bp and 67 bp.
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were prepared by cardiac-perfusion with 4% paraformaldehyde, arftomeodomain, (i) f-galactosidase, and (iii) neomycin
inner ears were dissected, trimmed and fixed as previously describptiosphotransferase. Five out of 96 G418-resistant ES clones
(Wang et al., 1998). Specimens were decalcified in 10% EDTCat 4 tested had undergone a correct homologous recombination
for 5 days, dehydrated in ethanol, and treated in histoclear igyent. Two of the five clones, 4H5 and 4D3 were injected into

preparation for embedding in paraffin waxumh microtome sections  p|astocysts and the mutant allele was successfully transmitted
were cut, stained with Toludine Blue and mounted onto glasfhrough the germline

microscope slides in Permount for histological examination. Inne Si oHMx2t ioti trol el t deleted
ears were obtained from embryos of E13.5, E14.5, E16.5 and E18.5. InCe norimxAtranscription control elements were delete

For each embryonic stage, three specimens were prepared from ihe the targeting strategy, integration of ties.lacZ.neo
Hmx22cZ+/— embryos (used as the controls) and three from th&€porter gene inteimx2exonic sequences enables us to follow
Hmx2a¢Z—/— embryos. In the E14.5-E18.5 specimens vestibular haifmx2gene expression by examinifggalactosidase activity.
cells were identified and counted in the cristae of the semicirculgs-galactosidase expression of th#mx22cZ heterozygotes
ducts and the maculae of the utricle and saccule under a magnificatifaithfully reproducedHmx2expression patterns as revealed by
factor of 40&. The total number of hair cells was counted in all threejn sjtu hybridization on paraffin sections and in whole-mount
cristae, as well as in the superior and posterior cristae individuallbmpryos (Wang et al., 2000). Unlikdmx3 Hmx2 is still
Neuronds ofdthe spiral fand ve?tibular fganglia }Nere Iidentif;)eid anﬂegative in the otic placode at E8.5 (Fig. 24ix2expression
counted under a magnification factor of 406listological variables ._ & . . .
were analyzed for statistically significant differences betwee s first detectable at '.59'0 and its expression bgcomes prom".‘e”t
HMX22Z+/— andHMx22%—/— at E14.5, E16.5 and E18.5, using the TOM E9.5 onward in the anteriodorsal portion of the otic
unpaired Studentstest and the SigmaPlot computer program. vesicle, as well as the cleft between the first and second
For the cell proliferation assay, pregnant mice were injected@ranchial arches (Fig. 2B,C). In addition to its expression in
intraperitoneally with BrdU (5Qug/g body weight) at E10.5, E11.5 the vestibular portion of the otic vesicle, from E1Z2Hbnx2
and E12.0. Embryos were collected 1 hour after injection and embrydganscripts are strongly present in the central nervous system,
processed as previously described (Tribioli and Lufkin, 1999; Wangncluding the developing neural tube, pons and hypothalamus.
and Lufkin, 2000). TUNEL was performed on paraffin sections agts expression in the CNS is maintained at later stages (Fig. 2D
previously described (Tribioli and Lufkin, 1999; Wang and Lufkin, gng Fig. 3A,C). After E13.5-galactosidase activity from the
2000; Wang et al., 1998). Embryos from E10.5 to E13.5 wereymxdacZy/_ gllele is detected in both the sensory and

collected. At least three control embryosHn{x2acZ+/+ or s ) .2
HMX226Z4/_) and thre#imx22Z/— embryos at each embryonic stage nonsensory epithelia of all three well-formed semicircular

were examined for both BrdU-labeling and TUNEL. Light canals, endolymphatic sac, ut_ricle and saccule (Fig. 3A,C,E).
micrographs were taken and the color was inverted using Adoderom E14.5, the stria vascularis of the cochlea begins to show

Photoshop 5.5. B-galactosidase activity (Fig. 3C,Bjimx22cZ+/— and wild-
355-Jabeled RNA in situ hybridization was performed as previoushtype mice are indistinguishable in their viability, behavior

described (Tribioli and Lufkin, 1999; Wang and Lufkin, 2000; Wangand fertility. Approximately 65% of thédmx22cZ—/— mice

et al., 1998) and embryos from E10.5 to E18.5 were collectedn the outbred genetic background C57BL¥629X1/SvJ

Comparable sections from at least three wild-typedox232—/—  (previously 129/SvJ; Jackson Laboratory #000691) show

embryos of different stages were examined for each in situ probe. Thgassic vestibular defects as indicated by hyperactivity, head

in situ probe foHmx3has been described previously (Wang et a"’g%ing and circling activity. The remainingmeaCZ—/— mice

1998). Other antisense probes used in this experiment were 1.2 : e . . .
Bmp4 1.0 KbBrain Factor XBF1; now known asfoxgl: 400 bp not display any abnormalities in their behavior or fertility.

DIx5; 0.6 kbOtxL: 600 bpnetrin 1 500 bpPax2 1.0 kbSeki(also Despite its strong gx_pression in the central nervous system, loss
known asEphad. Wild-type andHmx2acZ_/— embryos from E10.5 Of Hmx2was insufficient to cause any observable defect in the
to E12.5 were isolated for whole-mount in situ hybridization. CNS as determined by the behavipryalactosidase activity
Preparation of antisense digoxiginin-label@inp4 RNA probe, and histological analysis dfimx22¢?—/— mice and embryos
hybridization and visualization of signals were performed essentialljdata not shown). Furthermore, RNA in situ hybridization with
as previously described (Tribioli et al., 1997). Five embryos of thenumerous probes corresponding to neurogenic developmental
same genotype (+/+ or —/-) at different stages were pooled and probgsgulators from the paired, forkhead and homeodomain
with a dig-labeled3mp4probe. families (e.g.Pax Fox, DIx), as well as cell-cell signaling
molecules of theTGFS superfamily, failed to reveal any
alterations in expression between wild-type &imix2'acZ—/—

RESULTS null embryos in the CNS (data not shown).
Hmx2 null mice display hyperactivity, head tilting Structural abnormalities in the morphology and
and circling behavior histology of Hmx2 null inner ears

The function of Hmx2 during early mouse embryonic Multiple inner ear defects were evident in tHenx2acZ—/—
development was examined by generatingHamx2 loss-of-  embryos following examination of whole-mount embryos and
function allele in mice (Fig. 1). Homologous recombination oftissue sections stained ffrgalactosidase activity. The most
the targeting construct into the chromosome leads to thagnificant finding was a gross dysgenesis of all three
insertion of thares.lacZ.neccassette into the DNA sequence semicircular ducts seen as early as E13.5 days in
encoding the third helix of thdmx2homeodomain. Owing to approximately 70% of théimx2a°Z—/— embryos examined
the presence of translation stop codons in all three open readif@mpare Fig. 3B and 3A). The remaining 30% of the
frame in theres.lacZ.neaassette, thislmx22¢Znull allele will Hmx2acZz—/— embryos displayed variable defects in the
produce three protein products: (i) a truncated Hmx2 proteiuwestibule between different individuals, and even between the
lacking the C-terminal portion of Hmx2 along with the membranous labyrinths of the same homozygous mouse
third helix, the most critical DNA-binding portion of the embryos. At E18.5, in the most severe cases of malformation
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Hmx2+/- Hmx2-/-

Hmx2+/-

Fig. 2. Early embryonic expression patternHrhx2revealed by
stainingHmx2acZ+/— whole mounts fog-galactosidase. Embryonic
stages are indicated at the lower-right corner of each ganel.
galactosidase expression patterns are identical to that obtained by
RNA in situ hybridization. (A) N@-galactosidase activity canbe g 3 giructural alteration of themx22<Znull inner ears as shown
detected at E8.5imx2is first turned on at E9.0. (B) At E9.5 and (C) /g _galactosidase activity in whole-mount embryos and dissected
E10.5,Hmx2expression becomes more prominent in the anterior  ijharears. The embryonic stages are indicated on the left. The
portion of otic vesicle and otocyst, respectively and the cleft _betwee@enotype of each embryo is shown at the top. E and F are high power
the first and second bra_nchlal arches._(D) At E12.0, expression of  viaws of dissecteHimx22¢Z+/— andHmMx22%—/— inner ears. Arrows
Hmx2can also be seen in the developing neural tube and in A-D indicate the positions of the inner ear. Arrowheads in panel A
hypothalamus. Arrows indicate the positions of the otic anlagen. Theng g indicatedmx22cZexpression in the developing neural tube and
arrowhead in B indicates titmx2expression in the cleft between hypothalamus. In total, more than 20 embryos of each genotype from

the first and second branchial arches. Arrowheads in D indicate the different embryonic stages were examined. CD, cochlear duct; ES
Hmx2expression in the central nervous system. Letters AB, CD andendolymphatic sac; LD, lateral semicircular duct; PD, posterior

EF indipate_ the level and orientation of corresponding sections semicircular duct; S, saccule; SD, superior semicircular duct; SV,
shown in Fig. 6. stria vascularis; VD, vestibular diverticulum.

of the vestibule, theHmx2a°Z—/— inner ears had only a

primordial vestibular diverticula in place of well-developed Examination of the stained tissue sections also revealed the
semicircular ducts (compare Fig. 3D,F with C,E). Theabsence of semicircular duct formation as early as E13.5. As
primordial vestibular diverticula persisted without theseen in Fig. 4A, control embryos at E13.5 show normal
development of absorption foci (fusion plates) at the center afevelopment of semicircular ducts as evident by two transected
the diverticula until birth. Fig. 4 shows inner ears from E13.5emicircular duct loops dorsal lateral to the utricle and saccule.
to E18.5 embryos clearly demonstrating the vestibulaAtthe same level, thdmx2acZz—/— embryo has no semicircular
diverticula without any sign of apposition or fusion of the canatlucts with only a rudimentary attempt at their formation as
plate epithelia. At E18.5, the severity of the dysgenesis ddvident by the presence of two vestibular diverticulae and an
the semicircular ducts increased, with less distinct foldsbsence of any transected loops (Fig. 4B). Fig. 4 also illustrates
representing the vestibular diverticula in these older specimenthe fused utriculosaccular chamber in lrax2acZ—/— embryo,

In contrast, the development of the endolymphatic duct/sac anchich was evident as early as E16.5. At E18.5 the same defects
cochlear duct, appeared normal from the analysis of the botre still apparent with an increased severity in semicircular duct
B-galactosidase stained specimens and tissue sections (Figdysgenesis as well as enlargement of the fused common
and Fig. 4, respectively). utriculosaccular chambers (Fig. 4E,F).
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Fig. 4. Absence of semicircular duct formatiand

formation of a common macula in a fused

utriculosaccular chamber mx22acZ null mutants.

(A) Section illustrating normal development of the
semicircular ducts in the control embryo at E13.5.

(B) Hmx2acZ—/— inner ear at E13.5 illustrating the

formation of two vestibular diverticulae that are E13.5
dorsal and lateral to a fused utriculosaccular

chamber. (C) Control inner ear at E16.5 illustrating
normally developed utricle and saccule chambers

with associated maculae and horizontal ampulla.

(D) Hmx2acZ—/— inner ear at E16.5 illustrating a

common macula within a fused utriculosaccular

chamber, lacking any distinction between the utricle

and saccule other than the location of the maculae,

as both appear to be combined ventrally. (E) SectionE16.5
illustrating normal development of the horizontal

crista and ampulla coming off the utricular chamber

in a control embryo at E18.5. (FAmx2acZ—/— inner

ear at E18.5 demonstrating a more severe dysgenic
vestibular system and increased fusion and

enlargement of the common utriculosaccular

chamber relative to earlier stages. D, dorsal; HC,
horizontal crista; L, lateral; M, medial; MS, macula

of saccule; MU, macula of utricle; S, footplate of the g1 8.5
stapes; SD, semicircular duct; V, ventral; VD,

vestibular diverticum.

In addition to a fused utriculosacctL
chamber in thédmx22°Z—/— embryos, a portic
of this chamber had an area of a com
macula, which was identifiable as early as E
in the vestibule of thedmx2acZ—/— embryo
(data not shown). In other areas of the comi.u. o ) i ) ]
cavity, sensory epithelium corresponding to the macula of th@uantitative analysis of histological variables
utricle was located on the lateral wall of the caudabPetween controland Hmx2/a%?—/—embryos
utriculosaccular chamber where the utricle normally would bé&rogressive impairment of the sensory system of the inner ear
located (see Fig. 4). Accordingly, sensory epitheliumwas carefully examined during development. Statistically
corresponding to the macula of the saccule was also presentsignificant deficits in the total number of ampullary hair cells
the Hmx22Z—/— embryo, located on the medial wall of thewere found in thedmx2acZ—/— embryos, with an 86% loss at
rostral utriculosaccular chamber, which is where the sacculel4.5, 64% at E16.5, and 68% at E1®5/élue=0.02, 0.0017
would normally be located (Fig. 4B,D,F). In contrast, theand 0.00056 respectively; Fig. 5A). Hair cell counts revealed
thickened sensory epithelia of the maculae fuse on the caudshtistically significant deficits in the number of utricular hair
aspect of the utriculosaccular chamber in Hex2ac2—/—  cells in theHmx2a¢Z-/— embryos of 63% at E16.5 and 69% at
embryos at E16.5 and persist until later stages (Fig. 4C,D). THel8.5 of 63% P-value=0.006 and 0.0005 respectively; Fig.
posterior ampulla is presentimx2acZ—/— embryos along with 5B). In contrast, saccular hair cell counts revealed no
the posterior crista ampullaris. A distinctly formed superiorstatistically significant differences between the controls and
ampulla, however, is not present, although a patch of sensonyutants at all embryonic ages examinPev@lue=0.14, 0.25
epithelium that corresponds to the superior crista ampullaris cand 0.58 at E14.5, E16.5 and E18.5 respectively; Fig. 5C).
be identified in the area where the superior ampulla would Although the differences in the number of neurons at E14.5
normally be located (data not shown). Furthermore, the absenasd E16.5 were not significant, there was a progressive
of the lateral crista and lack of a distinct lateral ampulla becomiacrease in the percentage loss in the number of vestibular
evident as early as E14.5. In thBnx22cZ/— inner ear, the ganglion neurons among tiémx2acZ—/— embryos of 16% at
lateral crista ampullaris never forms and only a rudimentarfE14.5, 31% at E16.5, and 51% at E185(0.001; Fig. 5D).
attempt at formation of a lateral ampulla is evident off thdn contrast, there were no statistically significant differences
vestibular diverticula, with a lack of any transected loops tdetween the controls amtinx2acZ—/— embryos in the number
provide evidence of developed semicircular ducts. The attempf spiral ganglion neuronsP{value=0.1 at E14.5, 0.82 at
at formation of a lateral ampulla may also simply be &E16.5, 0.38 at E18.5; Fig. 5E). Analysis of the number of hair
transection through the lateral vestibular diverticulum, which isells in the superior ampulla showed statistically significant
melding with the superior/posterior diverticulum as thelosses of 73% at E14.5, 52% at E16.5, and 61% at E18.5 in the
Hmx22¢Z—/— embryo develops in utero, further illustrating theHmx2acZ—/— embryos R-value=0.003, 0.01 and 0.0094; data
increasingly severe lack of distinction in the vestibulamot shown). The number of hair cells in the posterior ampulla
diverticula as the mutants age. also showed statistically significant deficits in Hrax2acZ—/—
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Fig. 5. Histograms showing a progressive loss of
hair cells from most of the vestibular sensory
epithelia and of vestibular ganglion neurons in the
Hmx22cZ null inner ears. (A-E) Cell counts of the
cristae of all three semicircular canals, maculae of
the utricle and saccule, as well as ganglion
neurons in the vestibular and spiral ganglia, were
performed on thélmx22cZ+/— andHmxJacz_/—

inner ears. Black bars represent the number of hair
cells and ganglion neurons of tHenxJacZ+/—

inner ear; gray, those of th#mx22°Z—/— inner ear.
Statistical analysis was performed using an

of 82% at E14.5 R- 0 E14.5 E16.5
value=0.044), 53% at E1¢
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Interestingly, the  tot
volume measurement of
statistically significant deficit in theimx22cZ—/— embryos at
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Reduced cell proliferation in the otic epithelium and
the periotic mesenchymal cells inthe ~ Hmx2/acZnull
inner ears

the ampullae only showed aner

E18.5 unpaired Student'stest. Error bars indicate

standard deviations.

No significant differences were found between Hmx2+/-

ears stained forB-galactosidase revealed clear
differences in the epithelial invaginations between the
Hmx2acZ+/— andHmx22c2—/— embryos (Fig. 6A and 6B). At
this stage,Hmx2 expression visualized bf3-galactosidase
activity is present in the entire dorsal otic vesicle excluding
the otic epithelium cells destined to form the endolymphatic
duct and sac (Fig. 6A). A small region of the Iateral

Since gross morphogenetic abnormalities in the developingpithelium becomes thinner and the entire lateral aspect of
vestibular system can be observed as early as E13.5 (Fig. #)g otic epithelium begins moving medially (arrow in Fig.
molecular events mediating these defects must have occurréd). In theHmx2acZ—/— otic vesicle, neither the thinning nor
before this stage. Even though no gross morphologicdhe invagination of the lateral epithelium takes place (Fig. 6B)

alterations can be detected between controlHme2acz—/—

but instead, the thickness of the enthenx2acZ—/— otic

whole-mount inner ears at E11.5, transverse sections througpithelium remains uniform (Fig. 6B). In wild-type embryos
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Fig. 6.Cell proliferation in the developing inner ear is affected by the lossrof2 A-F show the morphological alteration of tHenx22cZ—/—
inner ear at E11.5 and E12.0 by examirfiagalactosidase activity. Arrows indicate the presumptive fusion plate that is undergoing thinning
and invagination. E and F are sections dorsal to C and D, respectively. The approximate level of sectioning is alsaifdic&e@L are

the comparable anti-BrdU-labeled sections showing the reduced rate of cell proliferation in the deletog@#fg—/— inner ears. Genotypes
and embryonic stages are indicated at the top of each column. Control corresponds Homeigief+/+ or Hmx2acZ+/— genotypes. Overt
morphological differences can be seen at E11.5 when the invagination of epithelial cells around the posterolateral bihenolécywesicle is
delayed in the homozygotes (A and B). At E12.0, the close apposition of epithelial walls to form the fusion plates wanhiot fivestocyst

of theHmx22°Z—/— embryo (C,D,E,F). Both the epithelial cells and underlying periotic mesenchymal cells of the corresponding regions are
undergoing reduced cell proliferation (J and L). M-P show the apoptotic activities of the otic epithelial cells in thamodHirot2acz—/—

inner ears at E11.5 and E12.0. Arrows indicate the regions of the fusion plates. A higher percentage of cells in thésfusi@enysldergoing
programmed cell death relative to other regions in both contrdHemd2cZ-/— embryos. However, thémx2acZ—/— otic vesicles do not show

an altered rate of cell death relative to the corresponding regions in the control embryos. L, lateral; R, rostral.

at E12.0, a thinned otic epithelial layer delaminates from theeason for the failed vestibular morphogenesis in mice
underlying mesenchyme and further moves toward the medi&cking Hmx2

face, forming a structure termed the ‘fusion plate’ (arrows in Our histological analysis has revealed that, in addition to
Fig. 6C,E). Fig. 6E shows the fusion plate that has beegross morphological defectdimx2acZ—/— inner ears also
pushed inward within close proximity of the medial face andlisplay severe cell loss in both the sensory and nonsensory
is about to fuse into a single epithelial layer (which will epithelia in the vestibular system. Cell proliferation and cell
eventually disperse) leaving behind an intact semicirculadeath both play critical roles in inner ear morphogenesis, and
duct. However, in theHmxZacZ-/— embryos, regional the spatial and temporal patterns of cell proliferation and cell
thinning and invagination of the lateral face of the oticdeath in the developing inner ear have been elaborately
epithelium towards the medial layer is not observed at thimapped (Fekete et al., 1997; Lang et al., 2000). The analysis
stage (Fig. 6D,F). Interestingly, at E13.5 when the 3of programmed cell death using the TUNEL assay was
dimensional structure of the otic labyrinth has been welperformed to examine cell death during inner ear
formed in the wild-type inner ear (Fig. 3A), the lateralmorphogenesis on serial sections of wild-type and
epithelial layer of theHmx2acZ—/— vestibular diverticulum Hmx2a¢%-/— embryos from E10.5 to E13.5. During the
begins to become thin and eventually detaches from thmorphogenesis of the wild-type inner ear, the developing
underlying mesenchyme (data not shown). However, th&usion plate is one of the ‘hot spots’ showing elevated
subsequent fusion plate process never occurs in thepoptotic activities, which have been suggested to be critical
Hmx2acZ—/— inner ear, and this appears to be a principah removing epithelial cells from the center of each canal and
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Fig. 7.Expression profile of e A
developmental control genes in th Hmx2-/
otocysts of wild-type and
Hmx22¢Znull embryos. Théimx2
genotype is indicated on the top o
each column. The molecular mark
examined are listed on the lower
right corner of each panel. The
embryonic stages are indicated or
the upper right corner of each pan
Arrows in K,L indicate the position
of the developing sensory patches
the otic vesicle. Arrowheads indic:
the presumptive fusion plate. (A,B
No discernible difference iHmMx3
expression can be seen between
wild-type andHmx2acZnull
backgrounds. (C,D) Altereix5
expression in thelmx22°Z—/— inner
ear is demonstrated by the loss of
expression in the discrete epitheli
patches and ectopiIx5 expression
in the presumptive fusion plate.
(E,F) Down regulation oPax2
expression in the lateral aspect of
Hmx22cZnull otocyst can be clearly
seen at this stage. (G-J) Although
both genes play a critical role in
inner ear development, no
discernible alteration of eith&F1
or netrin 1 expression was observ
in the developing inner ears in the
Hmx22%Znull embryos. At early
embryonic stage8mp4mRNA is
restricted to the sensory epithelial
cells in the developing otic vesicle
K-N show theBmp4expression in
the otic vesicles in the wild-type al
Hmx22cZ—/— embryos by whole
mount in situ hybridization. (K,L) #
E10.5,Bmpdis expressed in a
correct spatial fashion in the
Hmx22cZ_/— otocyst. No difference
in Bmpd4expression are seen at thi
stage of development. However,
from E11.5, the sensory patches f C
to expres8mp4(M,N). Instead,
preferential expression &mp4in discrete regions of the lateral portion of the wild-type otic vesicle is replaced by a homogenous expression in
the corresponding region in tkenxJ2cZnull mutants (O,V). P, R, T and V show the expression patteBmp#in the wild-type and
Hmx2acZ—/— otic vesicles examined by in situ hybridization on paraffin sections of embryos of E11.5 and E12.0. O, Q, S and U are the
corresponding bright-field views of P, R, T and V. C, caudal; L, lateral; M, medial; R, rostral.

finalizing the morphogenesis of the semicircular ducts. Arominent role in the mechanisms dimx2mediated
higher percentage of cells in the prospective fusion plate ddysmorphogenesis.

show apoptotic activities relative to other regions in the wild- However, when the BrdU incorporation rate was examined,
type mouse otic vesicle (arrows in Fig. 6M,0). Howeverreduced cell proliferation was observed in tHex2acz—/—
regions comparable with the presumptive fusion plate of theaner ears in both the otic epithelium and the periotic
wild-type inner ear showed no alteration in apoptotic activitiesnesenchymal cells (Fig. 6G-L). In the wild-type otic vesicle at
in the Hmx2acZ—/— otocyst (Fig. 6M and 6N; Fig. 60 and 6P). E11.5, epithelial cells, including the sensory and nonsensory
Similarly, in the other regions of the inner ear including theepithelial cells show active cell proliferation (Fig. 6G and 6H),
ventromedial otic vesicle, the base of the endolymphatic saghich was dramatically reduced in tHenx22°Z—/— otic vesicle

and the sensory organs, no significant difference in the rate (fig. 6G and 6H). In wild-type embryos at E12.0, when the
programmed cell death was observed inHhex22°Z—/— inner  fusion plate is being pushed toward the medial epithelial face,
ears relative to wild-type embryos of the same stage. Thuresenchymal cells underlying the presumptive fusion plate as
changes in programmed cell death do not appear to playveell as the recipient face of the medial epithelial layer display
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elevated cell proliferation activity as indicated by the manyateral otic epitheliumPax2expression is diminished (Fig. 7E
BrdU-labeled cells (Fig. 61,K). But in thelmx2acZz—/— otic  and 7F) indicating a requirement feimx2to maintainPax2
vesicle, less BrdU-positive cells were present in thexpression in these cells. At E10Bmp4 transcripts were
corresponding regions and the distribution of proliferating cellpresent in a stripe of epithelial cells in the rostro-dorsal otic
was quite uniform throughout the periotic mesenchyme (Figvesicle (arrow in Fig. 7K). At this stagBmp4mRNA can be
6J,L). Previous work has demonstrated that the periotidetected in a correct spatial manner in kex2acZz—/— inner
mesenchyme may provide the major driving force pushing thear (Fig. 7L). At E11.5Bmp4 transcripts mark presumptive
neighboring epithelial cells to undergo morphological changesensory organs in the developing inner ear and were present
(Salminen et al., 2000; Van De Water, 1983). Therefore, slowegtimarily in two cell clusters at the anterior and posterior edges
cell proliferation exhibited by the otic epithelium and theof the otic epithelium (arrows in Fig. 7M,P). These two discrete
surrounding periotic mesenchyme in thex22cZ—/— inner ear Bmp4positive domains, which normally are separated by the
may account, in part, for disruption of the morphogenesis afegion destined to form the fusion plate, will develop into cristae

the vestibular system. at later stages (Oh et al., 1996). Inactivatiohfx2results in
o ) ] the disappearance of sensory patch-restriBtag4expression

Inactivation of Hmx2 affects the expression profile in the otic vesicle (Fig. 7N). In additioBmp4is upregulated

of developmental regulators that control inner ear and expressed uniformly in the lateral aspect of the otic

ontogeny epithelium including the presumptive fusion plates which are

Expression of genes with a demonstrated role in inner eaormally negative foBmp4in wild-type inner ears (Fig. 7P,R),
morphogenesis and differentiation was examined on paraffisuggesting a role faimx2in repression oBmp4in the cells
sections and whole mounts of wild-type afiix22cZ—/— inner  constituting the future fusion plate. At E12.0 during fusion plate
ears at embryonic stages preceding and coincident with thermation,Bmp4expression is strictly confined to the sensory
disruption in vestibular morphogenesis. At E10.5, all genesrgans (arrow in Fig. 7T) and is completely absent from the
examined, includin®dF1, Bmp4 DIx5, Hmx3 netrin 1, Pax2  fusion plate in mouse (arrowheads in Fig. 7T). At this stage,
OtxlandSekl1 showed no overt alteration in their expression inectopic presence of BMP4 in the fusion plate persists in the
the Hmx22°Z—/— inner ear (Fig. 7K and 7L; data not shown).Hmx2acZ-/— otic vesicles (arrowheads in Fig. 7V).

Homeobox gene$imx3 and Otx1, as well as the receptor In summary, loss of functionddmx2leads to an alteration
tyrosine kinase gerfeéek1 which all play a critical role in inner of the molecular identities of the cells in the dorsolateral aspect
ear morphogenesis, do not show any altered expression patteafisthe otic vesicle including the sensory cells and the
at any of the embryonic stages examined (Fig. 7A,B; and daf@ospective fusion plate. Taken together with the results from
not shown). Either the lack of a gene regulatory relationshifhe cell proliferation assaydmx2acZ—/— fate-altered lateral
betweerHmx2and the above mentioned genes or the inabilityepithelium acquired a reduced cell proliferation capability,
of Hmx2 alone to alter the regulatory cascade may accoumhich in turn impacted on the adjacent periotic mesenchyme,
for these findings. Owing to the severe morphologicalwhich normally does not exprekinx2 Hence changes in cell
discrepancies between wild-type aRdhx22¢Z2—/— inner ears fate in restricted regions of the otic epithelium subsequently
older than E13.5, altered expression of certain markers at lataffects global morphogenesis of the entire vestibular system. In
stages may be caused by indirect structural changes rather ttaddition, the above RNA in situ data also indicate the existence
direct regulatory effects. Thus in situ hybridization results orof a genetic regulatory interaction betwddmx2 and other
sections of embryos immediately preceding and coincidinghner ear developmental regulatory genes sudBngs4 DIx5

with Hmx2acZ—/— inner ear dysmorphology (i.e. E11.5) areandPax2 Other factors showing restricted expression pattern
presented. in the inner ear were also investigated in Hhex2aZ—/—

In wild-type embryos, the homeobox ger@Ix5 is  embryos. Brain factor 1 (BF1), a winged helix transcription
preferentially expressed in three different regions including théctor is confined to the epithelium on the medial aspect of the
developing endolymphatic sac and epithelial patches which argic vesicle (Hebert and McConnell, 2000), however its absence
located between the twBmp4positive spots (presumptive in the dorsolateral face was maintained (Fig. 7G and 7H) in
anterior and lateral cristae) in the anterior portion of the laterdhe Hmx22¢2-/— embryos. Likewise netrin 1, a member of
aspect of the otic vesicle, as well as in the region anterior thhe laminin-related secreted proteins, is expressed in the
Bmp4positive sensory patch, in the posterior otic vesiclenonsensory epithelium known to form the fusion plate.
(arrows in Fig. 7C,P). Loss oDIx5 results in failed Expression ofetrin 1remains unchanged in th#mx2acz—/—
morphogenesis of the semicircular canals and faile@mbryos (Fig. 71 and 7J), indicating that inactivatiorHafix2
cytodifferentiation within the vestibular epithelium (Acamporaalone is insufficient to affeatetrin 1 expression even though
etal., 1999; Depew et al., 1999). In Himx22°Z—/— otic vesicle, loss-of-function alleles for these two genes present a similar
the lateral gap between the rostral and cabtled expression phenotypic mechanism affecting inner ear morphogenesis.
domains was now filled witBIx5-positive cells (arrowheads in
Fig. 7C,D) suggesting either the derepression Dik5
expression or the migration d@Ix5-positive cells into this DISCUSSION
region.Pax2is a paired-box containing transcription factor with ) o
a demonstrated role in patterning the inner ear. In addition tbhe role of Hmx2 in murine inner ear development
its expression in the medial epithelium of the dorsal otic vesicl&iemporally, Hmx2 expression exhibits a multi-phasic pattern
Pax2 is also seen in restricted otic epithelial cells slightlyin the developing inner ear. At the early otic vesicle stage
anterior to theBmp4positive sensory patch in the posterior (E9.5) Hmx2 is strongly expressed in the anterior aspect of
portion of the lateral layer (arrow in Fig. 7E). In tHenx2-/—  the vesicle. By E10.5 the strongest expression is in the



Hmx2 in inner ear development 5027

anterodorsal portion of the otocyst and at E12.5 the entimmatrix (ECM) in the basement membrane is a key event
dorsal portion (pars superior) of the otocyst strongly expressés axonal guidance, cell migration, angiogenesis and
this gene. The areas of otic epithelium that exptésx2  morphogenesis of complex organs. It had been proposed that
include areas that will form both sensory and nonsensorthe robust presence of netrin 1 in the fusion plate might either
epithelium and exclude those cells that form the futur&ompete with other laminin molecules to disrupt the laminin
endolymphatic duct and sac. Its expression in the dorsalketwork in the basement membrane, or upregulate the
endolymphatic duct becomes prominent at E12.5 after thgroduction of matrix metalloproteinases to remodel the ECM
overall structure has already been established. Its late onsetnaftwork. In the netrin 1 null otocyst, the epithelial wall of the
expression, together with the unaffected expression of earfyresumptive fusion plate became thinner. However, these
inner ear markers in thelmx2a°Z—/— otocyst, indicate that thinned layers failed to change their epithelial morphology and
Hmx2is unlikely to be involved in the induction of the otic subsequently detach from the underlying basement membrane.
placode or the initial morphogenesis of the otic vesicle. An ifThe strong expression pétrin 1in theHmx2acZ—/— inner ears
vitro fate map study of the murine otocyst (E11-E12.5) hasat all stages suggests that netrin 1 alone is insufficient for the
determined that the pars superior portion of the otocydormation of the fusion plate. It is possible that the prospective
participates in the formation of all the vestibular sensoryepithelium has to first become competent so that it can be
receptors and generates all three of the semicircular ducts (tgsponsive to netrin 1. In this respdd¢mx2may be needed to

et al., 1978). The functional data presented in this paper cleardietermine the fate of epithelial cells in specific regions of the
demonstrate thadmx2participates in the transformation of the otocyst. The reduced cell proliferation rate observed in the
pars superior of the otic vesicle into a complex maturddmx2acZ—/— periotic mesenchymal cells further suggests that
vestibular labyrinth. Defects resulting from the absence ofimx2 and netrin 1 may work cooperatively to control
Hmx2 includes the lack of any distinguishable semicircularfusion plate formation by affecting cell proliferation of the
ducts, persistence of the primordial vestibular diverticula, aeighboring mesenchyme. Also, the entry points when the two
fused utriculosaccular space in which a common macula igenes exert their functions are different sitax2 clearly
formed, as well as a severe loss of epithelial cells (both sensdignctions at an earlier stage thaetrin 1 Based upon our in
and nonsensory) in the developing vestibule, clearly indicatingitu hybridization data, although these two genes share many
a severe disruption of inner ear development. During theverlapping expression domains, a clear regulatory interaction
morphogenesis of complex organs, the production of cells armhnnot be established betwddmx2andnetrin 1 There are

the fusion of tissue layers at specific regions are critical eventiwo possibile mechanisms to account for this. First, both genes
Within the inner ear, cell proliferation provides both materialmay use independent pathways to regulate cell proliferation.
and a mechanical driving force for epithelial fusion initiated aSecond, there is a regulatory interaction existing between these
the fusion plate, the elaboration of which will ultimately two genes, however, inactivation ldmx2alone is insufficient
finalize the basic architecture of the vestibular system. Ao alternetrin 1 expression, as other genes might compensate
E11.5 in theHmx2a°Z—/— otocyst, a reduced rate of cell for the function ofHmx2 One such candidate imx3
division was observed in the otic epithelium whel@x2is  however, the persistence of netrin 1 in the developink3
normally expressed, as well as in the adjacent periotinull inner ear suggests either a possible functional redundancy
mesenchyme. At the same stage, thinning of the epithelial laybetweenHmx2and Hmx3in regulatingnetrin 1 (Salminen et

in specific regions of the otic vesicle fails to take placeal., 2000), or no regulatory interaction. The assessment of an
suggesting that at this stage no region in krex2aZ—/—  overlapping role oHmx2 and Hmx3in controlling netrin 1
otocyst has become competent to form a fusion plate. Howevéand other inner ear-specific genes) will be obtained from the
the finding of a thinned epithelial layer and its detachment froranalysis of embryos carrying combined loss-of-function alleles
the underlying basement membrane at E13.5 suggest far Hmx2andHmx3 Interestingly, certain phenotypic aspects
potential delayed initiation of fusion plate formation. However,of a previously generatelimx3-PGKneonull allele share

the eventual fusion of the apposing walls of the otocyst tsome overlap with thelmx2phenotype described here (Hadrys
form a semicircular duct never takes place. During theet al., 1998). However, this overlap was not observed in mice
transformation from an otic vesicle to an otic labyrinth,carrying either of two independeiktmx3 null alleles that
morphogenetic milestones such as the thinning of the epithelilicked PGKneo and which were additionally shown to have no
layer, loss of epithelial morphology, detachment from theaffect on the expression of the neighboritrmx2gene (Wang
basement membrane and fusion of the apposing epitheliat al., 1998). As PGKneo is notorious for affecting adjacent
walls, are strictly coordinated in a temporal and spatial manngene expression within tens of kilobases (Olson et al., 1996),
(Martin and Swanson, 1993). The delayed initiation of fusiora plausible explanation for the partial phenotypic overlap is that
plate formation in th&imx2acZ—/— inner ear may miss the time the previously describedmx3-PGKneallele (Hadrys et al.,
window when the otic vesicle and surrounding environment ar&998) is also affecting, in a negative manner, the expression of
competent to carry out the fusion process. the closely linkedHmx2gene.

Molecules from different gene families have been shown to Differential expression of varied combinations of
play a critical role in epithelial fusion. One well-characterizeddevelopmental patterning genes gives distinct molecular
molecule is the laminin-like protein, netrin 1. In addition to itsidentities to different cell populations, which consequently
function in axon guidance and cell migration in the centratisplay unique capabilities in cell proliferation, apoptotic
nervous system, netrin 1 is also required for fusion platactivity and responsiveness to the environment (Fekete, 1996).
formation during inner ear morphogenesis (Salminen et allp the Hmx2acZ—/— otocyst, cells in a subset of thenx2
2000). Laminins are a major component of the ECM an@xpressing domains have changed their fate as indicated by the
previous work has shown that remodeling of the extracellulaaltered expression of specific inner ear markers. The loss of
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expression in the presumptive sensory epitheliunBmofp4  seems to be later than thatHifnx2 Moreover, inactivation of
DIx5 andPax2 together with ectopic activation &mp4and Hmx3generates a milder phenotype, as fewer structures and
DIx5 in the prospective fusion plate, indicate a substantiaissue types are affected. It is also notable that some regions
alteration in cell fate in the otic epithelium of the pars superiorcoexpressindimx2andHmx3 such as the saccule, posterior
As a result of this cell fate alteration, the otic epithelium failsampulla and endolymphatic duct are not severely affected in
to communicate properly with the periotic mesenchyme, andither mutant. One explanation is thEimx2 and Hmx3

in return, proper inner ear morphogenesis is severely impaireday share redundant functions during inner ear and CNS
(Van De Water, 1983). Here we show thetmx2 a  development or they may be expressed in tissues where they
homeodomain transcription factor affects the rate of celéxert no developmental function, possibly owing to a lack of a
proliferation of the otic epithelium, as well as the neighboringhecessary cofactor(s). The unique and overlapping functions of
mesenchymal tissue. The identification of cell-cell signalingeach gene will be more clearly understood by comparing the
factors bridging the gap between the different tissues will baner ear phenotypes of mice carrying individual as well as a
important. In this study, it is interesting that BMP4, a putativecombined mutation itdmx2and Hmx3.

crista marker was present at E10.5, but disappeared by E11.5,

suggesting that the cristae might be specified initially but fail The authors gratefully acknowledge Yan-Jie Chang, Jingxian Liu,
to develop properly in the absenceHhx2 Wei Liu, Dilip Madnani, Steve Raft and Cynthia Shoemaker for their

In summary, a normal function ®imx2is to govern the technical assistance. We would like to thank Peter Gruss and Brigid

specification and commitment of epithelial cells in the pard!09an for providing RNA in situ probes.
superior portion of the otocyst to undergo the proliferative

growth and fusion processes to form a mature and functional
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