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Abstract 31 
 LIM-domain containing transcription factors (LIM-TFs) are conserved 32 
factors important for embryogenesis.  The specificity of these factors in 33 
transcriptional regulation is conferred by the complexes they form with other 34 
proteins such as LIM-domain-binding (Ldb) proteins and LIM-domain only (LMO) 35 
proteins.  Unlike LIM-TF, these proteins do not bind DNA directly.  LMO are 36 
negative regulators of LIM-TF and they function by competing with LIM-TFs for 37 
binding to Ldbs.  Although the LIM-TF Lmx1a is expressed in the developing 38 
mouse hindbrain, which provides many of the extrinsic signals for inner ear 39 
formation, conditional knockout embryos of both sexes show that the inner ear 40 
source of Lmx1a is the major contributor of ear patterning.  Additionally, we have 41 
identified that the reciprocal interaction between Lmx1a and Lmo4 (a LMO 42 
protein within the inner ear) mediates formation of both vestibular and auditory 43 
structures.  Lmo4 negatively regulates Lmx1a to form the three sensory cristae, 44 
the anterior semicircular canal and the shape of the utricle in the vestibule.  45 
Furthermore, this negative regulation blocks ectopic sensory formation in the 46 
cochlea.  By contrast, Lmx1a negatively regulates Lmo4 in mediating epithelial 47 
resorption of the canal pouch, which gives rise to the anterior and posterior 48 
semicircular canals.  We also found that Lmx1a is independently required for the 49 
formation of the endolymphatic duct and hair cells in the basal cochlear region.   50 
  51 
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Significant Statement 52 
 The mammalian inner ear is a structurally complex organ responsible for 53 
detecting sound and maintaining balance.  Failure to form the intricate three-54 
dimensional structure of this organ properly during development most likely will 55 
result in sensory deficits on some level.  Here we provide genetic evidence that a 56 
transcription factor, Lmx1a, interacts with its negative regulator, Lmo4, to pattern 57 
various vestibular and auditory components of the mammalian inner ear.    58 
Identifying these key molecules that mediate formation of this important sensory 59 
organ will be helpful for designing strategies and therapeutics to alleviate hearing 60 
loss and balance disorders.  61 
 62 
Introduction 63 

The ability to detect sound and maintain balance is mediated by the 64 
auditory and vestibular components of the intricate inner ear.  In mammals, the 65 
auditory component is the snail-shaped cochlea. The vestibular component 66 
consists of sensory maculae of the utricle and saccule that detect linear 67 
acceleration.  Additionally, the three semicircular canals and their associated 68 
ampullae, which house the sensory cristae, are responsible for detecting angular 69 
acceleration.  Proper morphogenesis of this complex fluid-filled organ requires a 70 
dynamic interplay of intrinsic and extrinsic signaling pathways (Groves and 71 
Fekete, 2012; Wu and Kelley, 2012).  Notably, the hindbrain is a key tissue for 72 
providing many of the extrinsic signals required by the ear and some of these 73 
signals function indirectly because they are transcription factors such as Mafb 74 
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(Choo et al., 2006; Groves and Fekete, 2012; Wu and Kelley, 2012).  75 
Additionally, many of these extrinsic molecules are expressed within the inner 76 
ear as well during development.  For example, the LIM-TF Lmx1a is expressed in 77 
both the developing hindbrain and inner ear.  The dreher mutants are functional 78 
nulls for the Lmx1a protein and show developmental defects in both the hindbrain 79 
(missing the roof plate) and the inner ear, which is rudimentary in shape and 80 
missing the endolymphatic duct (Koo et al., 2009; Millonig et al., 2000; Nichols et 81 
al., 2008).  Parsing out the extrinsic and intrinsic requirements of Lmx1a or other 82 
signaling molecules for the intricate inner ear is important.  83 

Lmx1a belongs to the family of LIM-TFs which is named after three factors 84 
Lin11, Isl1, and Mec3, that exhibit similar cysteine and histidine rich zinc fingers 85 
in the protein interacting LIM domain (Retaux and Bachy, 2002).  Studies of 86 
apterous, a Drosophila homolog of Lmx1a, have provided insights into the 87 
molecular mechanisms of this class of TFs (Cohen et al., 1992; Milan and 88 
Cohen, 1999; Milan et al., 1998).  LIM-TFs mediate context-specific transcription 89 
by forming a complex with co-factors such as Ldbs, also known as 90 
CLIM2/NL1/Chip.  Transcriptional activities of LIM-TFs are negatively regulated 91 
by nuclear LMOs, which compete with LIM-TFs to bind to Ldbs (for review see, 92 
(Gill, 2003; Retaux and Bachy, 2002)).  Currently, 12 LIM-TFs and 4 LMO factors 93 
are known in mammals.  These 16 factors are implicated in a number of 94 
developmental events such as hematopoiesis, limb formation, and neurogenesis, 95 
even though their interacting partners are not always clear (Chen et al., 1998; 96 
Lee et al., 2008; Yamada et al., 1998).  All four known Lmo nuclear proteins are 97 
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expressed in the developing inner ear (Deng et al., 2006), but only Lmo4 has 98 
been shown to be required for both vestibular and cochlear development (Deng 99 
et al., 2014; Deng et al., 2010).  In Lmo4 knockouts, all three semicircular canals 100 
plus anterior and posterior ampullae are reported to be missing.  The cochlear 101 
duct is slightly shortened with a duplicated organ of Corti (Deng et al., 2014).  102 
The underlying mechanism of Lmo4 function and its possible relationship with 103 
LIM-TF in the inner ear however, are not known.  104 

In this study, we first investigated the significance of the inner ear source 105 
of Lmx1a on ear development by generating an inner ear-specific knockout of 106 
Lmx1a.  Phenotypes of Lmx1a cko recapitulate those of the dreher mutants, 107 
suggesting that intrinsic Lmx1a is a key mediator of inner ear development.  108 
Furthermore, we provide genetic evidence that Lmx1a and Lmo4 negatively 109 
regulate each other to form various structures of the inner ear.  110 
 111 
Materials and Methods 112 
Generation of Lmx1alox mice 113 

The Lmx1alox allele was generated by homologous recombination in 114 
mouse embryonic stem cells (ES) as described (Thomas and Capecchi, 1987).  115 
A targeting vector of replacement type was constructed first by Red/ET 116 
recombination (Testa et al., 2003) using a bacterial artificial chromosome (BAC) 117 
clone encompassing the entire locus of the target gene (Source BioScience). The 118 
targeting vector had two LoxP sites flanking a 491 bp exon 2 of Lmx1a.  The 119 
mouse R1 ES cells derived from SV129 background (Nagy et al., 1993) were 120 
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electroporated with the linearized targeting vector and homologous 121 
recombination events were selected by Southern blotting with appropriate probes 122 
(Fig.1) as described (Thomas and Capecchi, 1987).  Correctly targeted ES 123 
clones were introduced into recipient blastocyst embryos by microinjection and 124 
two high percentage male chimeras generated were crossed with wild type 125 
C57bl/6 females to recover germline transmitted founders carrying the lox allele. 126 
One of the founders was bred to a ubiquitous flp strain (JAX #005703, 127 
RRID:IMSR_JAX:005703) to remove the neomycin cassette.  The targeted 128 
Lmx1a locus of Lmx1alox/lox mice after flp recombination was further verified with 129 
genomic PCR.  130 

 131 
Mouse strains 132 

To generate Lmx1a conditional mutants, Foxg1Cre or Sox9-IRES-Cre 133 
(abbreviated as Sox9cre) was first bred to heterozygotes of dreher, Lmx1adr/+, to 134 
generate double heterozygotes.  Double heterozygotes males were bred to 135 
Lmx1alox/lox females and embryos were harvested at various ages as indicated.  136 
Lmo4-/-, Lmx1adr/dr, and compound mutants of Lmx1a and Lmo4 were generated 137 
by crossing Lmx1adr/+; Lmo4+/- double heterozygotes (Akiyama et al., 2005; 138 
Chizhikov et al., 2006; Deng et al., 2010; Hebert and McConnell, 2000).  All 139 
animal studies were conducted under the approved animal protocol (#1212-17) 140 
and according to the NIH animal user guidelines.  141 
 142 
Paint-fill, immunohistochemistry, in situ hybridization and imaging  143 
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Paint-fill and in situ hybridization of mouse specimens were performed as 144 
previously described (Morsli et al., 1998).  For whole mount immunostaining, 145 
dissected inner ears were incubated with blocking solution (4% donkey serum + 146 
0.2% Triton-X 100 in 1X PBS) for an hour prior to adding primary antibodies and 147 
incubating overnight at 4oC with gentle rocking.  After washing with 1X PBS, 148 
specimens were incubated with secondary antibodies diluted in blocking solution 149 
for 2 hrs.  Then, specimens were washed and mounted on microscope slides 150 
with Prolong Gold antifade.  Similar procedures were performed for 151 
immunostaining on sections except PBS containing 0.3% Triton X-100 (PBX) 152 
was used as the pre-block solution.  Samples subjected to immunohistochemistry 153 
were imaged using Zeiss LSM780.  Specimens processed for in situ hybridization 154 
were imaged using a Zeiss AxioPlan2 Microscope System. 155 

Primary antibodies and dilutions used for the studies are listed as follow: 156 
rabbit anti-Myosin VIIa (1:250, Proteus Biosciences, Cat# 25-6790, RRID:AB-157 
10015251), goat anti-P75Ngfr (1:250, Neuromics, Cat# GT15057-100, 158 
RRID:AB_1611758), mouse anti-2H3 (1:1000, Developmental Studies 159 
Hybridoma Bank, RRID:AB_2314897), Goat anti-Jagged 1 (anti-Jag1, 1:200, 160 
Santa Cruz SC-6011, RRID:AB_649689), goat anti-Sox2 (1:400, Santa Cruz SC-161 
17320, RRID:AB_2286684), mouse anti-GFP (1:100, Invitrogen A11120, 162 
RRID:AB_221568) and rabbit anti-Lmx1a (1:500, Millipore AB10533, 163 
RRID:AB_10805970).  Secondary antibodies were obtained from Invitrogen and 164 
used at 1:250 dilution: Alexa fluor 350 goat anti-rabbit IgG (H+L) 165 
(RRID:AB_2534101), Alexa fluor 488 donkey anti-rabbit IgG (H+L) 166 
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(RRID:AB_141708), Alexa fluor 488 and 555 donkey anti-goat IgG (H+L) 167 
(RRID:AB_142672 and RRID:AB_141788), Alexa fluor 647 donkey anti-mouse 168 
IgG (H+L) (RRID:AB_162542).  FITC or Rhodamine-labeled phalloidin (1:125, 169 
Life Technologies, Cat# F432 and R415, RRID:AB_2572408) was used. 170 
 171 
Hindbrain analyses 172 

Embryos for hindbrain analyses were examined under a dissecting 173 
microscope at the time of harvest at E10.5 and the size of roof plate was 174 
recorded as either normal or reduced/abnormal.  After genotyping, the size of the 175 
roof plate was compared to various genotypes.  Since the size of roof plate also 176 
varies in normal embryos at this age, smaller roof plates were found in both 177 
wildtype and mutant embryos (see Results section).  178 

 179 
Electroporation and analyses 180 
 Expression plasmids of pMES-GFP or pMES-Lmx1b-GFP (4 μg/μL) were 181 
electroporated into the presumptive anterior crista region of the right otocyst at 182 
embryonic day (E) 3.5, equivalent to Hamburger Hamilton (HH) staging of stage 183 
22-23 (Hamburger and Hamilton, 1951), in ovo as previously described (Chang 184 
et al., 2008).  Twenty-four hours after electroporation (equivalent to HH25-26), 185 
embryos were harvested. The efficiency of the electroporation was assessed by 186 
the GFP coverage within the anterior crista region and only the specimens with 187 
satisfactory GFP expression were cryosectioned into sets of three and processed 188 
for Bmp4 in situ hybridization, anti-Sox2 and anti-Jag1 immunostaining.  For 189 
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each specimen, qualitative assessment of differential gene expression pattern 190 
was made by comparing the electroporated right ear to the non-electroporated 191 
left ear as an internal control.  The assessment of gene expression changes was 192 
conducted separately by two individuals that were blinded to the plasmids used 193 
in the electroporation. 194 
 195 
Experimental Design and Statistical Analysis 196 
 Both male and female mice were used in this study and they were 197 
maintained on a mixed C3H3/C57Bl6 background.  Number of samples used for 198 
each experiment are listed in the Results.  Statistical analyses were performed 199 
using Student’s t-test or chi-squared test, and all P values are reported with each 200 
test.  201 
 202 
Results  203 
Inner ear source of Lmx1a is required for inner ear patterning 204 

To investigate the importance of the inner ear source of Lmx1a on ear 205 
development, we generated Lmx1alox/lox mice (Fig. 1).  These mice are viable and 206 
breed well with no apparent phenotype.  Inner ear-specific Lmx1a knockout was 207 
generated by using Foxg1cre, which expresses cre recombinase in the otic 208 
epithelium starting at the otic placode stage but does not express cre in the roof 209 
plate or rhombic lip of the hindbrain (Hebert and McConnell, 2000).  Inner ears of 210 
Foxg1cre/+; Lmx1adr/lox at E15.5 display a rudimentary phenotype that is 211 
indistinguishable from the dreher mutants: absence of the endolymphatic duct 212 
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and three semicircular canals as well as a shortened cochlear duct (Fig. 2A,B; 213 
n=8; (Koo et al., 2009; Nichols et al., 2008)).  Compared to controls (Fig. 2C), 214 
Lmx1a immunoreactivity is present in the dorsal hindbrain (Fig. 2D, arrows) but is 215 
much reduced in the otic epithelium of Foxg1cre/+; Lmx1adr/lox conditional knockout 216 
(cko) at E10.5 (Fig. 2D, arrowheads).  The residual immunostaining detected in 217 
the otic epithelium is attributed to the presence of the functionally null Lmx1a 218 
protein encoded by the dreher allele (Millonig et al., 2000).  These expression 219 
results suggest that Lmx1a functions in these cko are absent in the inner ear but 220 
intact in the hindbrain.  Consistently, expression of Atoh1 in the rhombic lip at the 221 
edge of the roof plate is present in the Foxg1cre/+; Lmx1adr/lox embryos (Fig. 2E,F), 222 
though much reduced in the dreher mutants (Millonig et al., 2000).  However, the 223 
size of roof plates in Foxg1cre/+; Lmx1adr/lox embryos is invariably smaller or 224 
abnormal compared to controls (n=10 from 5 litters). The cause for this hindbrain 225 
phenotype is not clear since cre is not expressed in the rhombic lip or roof plate 226 
of Foxg1cre/+; Lmx1adr/lox embryos (Hebert and McConnell, 2000).   227 

Although Lmx1a expression in the dorsal hindbrain is not disrupted in the 228 
Foxg1cre/+; Lmx1adr/lox embryos, it is possible that this defect in the hindbrain 229 
affected ear formation.  To address the possible impact of roof plate abnormality 230 
on inner ear development, we generated another inner ear-specific Sox9cre/+; 231 
Lmx1adr/lox using Sox9cre, in which cre reporter activity is present in the inner ear 232 
and its adjacent mesenchyme but not in the hindbrain (Raft et al., 2014).  As 233 
expected, the Sox9cre/+; Lmx1adr/lox cko ears show a strong reduction of Lmx1a 234 
immunostaining in the otic epithelium but not the hindbrain, similar to that of the 235 
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Foxg1cre/+; Lmx1adr/lox cko (Fig. 2G,H).  The paint-filled inner ears of Sox9cre/+; 236 
Lmx1adr/lox cko are also indistinguishable from those of the Foxg1cre/+; Lmx1adr/lox 237 
cko or dreher mutants (n=8, data not shown).  Despite the fully penetrant inner 238 
ear phenotypes in Sox9cre/+; Lmx1adr/lox cko (n=8/8), the roof plate phenotype is 239 
much milder than those in Foxg1cre/+; Lmx1adr/lox cko (Fig. 2I,J) and some 240 
hindbrains in Sox9cre/+; Lmx1adr/lox cko are indistinguishable from controls at the 241 
time of harvest (Fig. 2H; n = 4/7 from 5 litters).  Therefore, the inner ear and roof 242 
plate phenotypes are not well correlated in the Sox9cre/+; Lmx1adr/lox cko strain. 243 
Taken together the results from these two cre strains, we attributed the inner ear 244 
source of Lmx1a to play a more important role in mediating inner ear formation 245 
than Lmx1a expressed in the hindbrain. 246 
 247 
Foxg1cre/+; Lmx1adr/lox cko mutants have similar sensory defects as dreher 248 

Next, we investigated the sensory organs within the Foxg1cre/+; Lmx1adr/lox 249 
cko ears using anti-myosin VIIa antibodies and phalloidin, which label sensory 250 
hair cells and their stereociliary bundles, respectively (Fig. 3).  In Foxg1+/+; 251 
Lmx1adr/lox controls, myosin VIIa-positive sensory epithelia are 252 
compartmentalized into distinct chambers (Fig. 3A-B).  By contrast, most of the 253 
sensory organs within the Foxg1cre/+; Lmx1adr/lox cko ears are distinguishable but 254 
the maculae of the utricle and saccule and the organ of Corti are continuous and 255 
not well separated from each other (Fig. 3D-E, UM, SM, OC, arrowheads), 256 
similar to the dreher mutants (Fig. 3C, arrowheads; (Koo et al., 2009; Nichols et 257 
al., 2008)).  258 
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Another salient feature described for the dreher mutants is the presence of 259 
vestibular-like hair cells in the basal region of the cochlea (Koo et al., 2009; 260 
Nichols et al., 2008).  Similar features are present in the Foxg1cre/+; Lmx1adr/lox 261 
cko mutants.  The p75 Ngfr immunostaining, which is associated with the pillar 262 
cells of the organ of Corti, is missing from the basal cochlea of the conditional 263 
mutants (Fig. 3F,G,G’).  Some of the hair cells display short stereocilia and the 264 
cell bodies are surrounded by anti-neurofilament antibody staining that resemble 265 
developing calyxes in the maculae (Fig. 3G,G’,H; (Koo et al., 2009)).  Beyond 266 
this basal region, the organ of Corti is disorganized with multiple rows of inner 267 
and outer hair cells (Fig. 3G,G”) compared to controls (Fig. 3I).  Taken together 268 
the paint-fill results and the sensory organ analyses, the inner ears of Foxg1cre/+; 269 
Lmx1adr/lox cko embryos recapitulate well the phenotypes described previously for 270 
the dreher mutants (Koo et al., 2009; Nichols et al., 2008). 271 
 272 
Genetic interactions between Lmx1a and Lmo4 in inner ear patterning 273 

We next addressed the question as to how Lmx1a functions are regulated 274 
in the inner ear.  A large number of studies in both vertebrates and invertebrates 275 
suggest that LIM-TFs are negatively regulated by LMO proteins during 276 
embryogenesis (for review see, (Bach, 2000; Sang et al., 2014)).  Lmo4 knockout 277 
inner ears in C57Bl6 background were reported to lack all three semicircular 278 
canals and the anterior and posterior ampullae.  However, the endolymphatic 279 
duct, lateral ampulla, utricle, saccule and cochlea are present (Deng et al., 2014; 280 
Deng et al., 2010).  While it was not readily apparent how Lmo4 and Lmx1a 281 
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might interact with each other based on their mutant phenotypes alone, we 282 
investigated a possible interaction between these two proteins using a genetic 283 
approach by generating compound mutants of Lmx1a and Lmo4.   284 

Although none of the dreher or Lmx1a conditional mutants exhibit 285 
exencephaly (open brain phenotype), approximately 50% of our Lmo4 knockouts 286 
in the mixed C3H3/C57Bl6 background show exencephaly, which has been 287 
described previously (Table 1; (Deng et al., 2010; Lee et al., 2005)).  However, 288 
inner ear defects found among specimens with or without exencephaly are 289 
largely similar except the cochlear duct is distorted in embryos with exencephaly 290 
(Fig. 4B-C, Table 1; (Deng et al., 2010)).  Nevertheless, the phenotypes in the 291 
vestibule are more severe than those reported previously (Deng et al., 2010).  292 
For example, all three ampullae and their associated semicircular canals are 293 
usually missing and the utricle is often not well demarcated by paint-fill (Fig. 4B-294 
C, asterisk, Table 1; ampullae and canals, n=15/17; utricle, n=9/17), compared to 295 
controls and Lmo4 knockouts in C57Bl6 background (Fig. 4A; (Deng et al., 296 
2010)).  However, the presence of the endolymphatic duct, saccule, and the 297 
cochlear duct are similar to the Lmo4 knockout in C57Bl6 background. These 298 
phenotypic differences between the two Lmo4 knockout strains are most likely 299 
due to their genetic background.  300 

In compound Lmx1adr/+; Lmo4-/- mutants, the frequency of exencephaly is 301 
similar to Lmo4 knockouts alone (Table 1).  However, some of the ear 302 
phenotypes observed in Lmo4 mutants are rescued in these compound mutants.  303 
For example, ten out of eleven Lmx1adr/+; Lmo4-/- inner ears in embryos without 304 
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exencephaly show an anterior ampulla and eight of them show an accompanying 305 
anterior canal (Fig. 4D).  Fig. 4E shows an ampulla without a canal (Table 1).  306 
Two out of eleven specimens also show a lateral ampulla or a partial lateral canal 307 
but the posterior crista and canal are invariably missing (Table 1).  All specimens 308 
show a well-defined utricle and a normal cochlea and saccule (Fig. 4D-E, Table 309 
1).  These rescued ear structures are less prevalent in the compound mutants 310 
with exencephaly (Fig. 4F); the utricle is not well defined (Fig. 4F, asterisk, n=5/8) 311 
and only two out of eight specimens possess an ampulla and canal (not shown).  312 
These results suggest that although the inner ear phenotypes in Lmo4 knockouts 313 
with exencephaly are not more severe than those without exencephaly, the 314 
rescue of inner ear defects by removing one allele of Lmx1a is less efficient in 315 
embryos with exencephaly.  316 

Given the postulated stoichiometric relationship between Lmx1a and 317 
Lmo4, we also investigated the phenotypes of dreher inner ears that lack one 318 
allele of Lmo4.  None of these specimens exhibit exencephaly.  Two dissected 319 
membranous labyrinths (Fig. 4J) and two out of seven Lmx1adr/dr; Lmo4+/- 320 
embryos in which both ears were injected with paint (data not shown) show the 321 
dreher phenotype (Fig. 4G), whereas the remaining five specimens all show the 322 
presence of a canal in one of the two ears (Fig. 4H).  Four specimens with only 323 
one of the two ears injected show two ears with canals and two without (Table 1).  324 
The prevalence of canal recovery in Lmx1adr/dr; Lmo4+/- ears (Table 1, n=7/11), 325 
suggests that Lmx1a also negatively regulates Lmo4 in canal formation although 326 
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there is variability in this regulation even between ears within the same genetic 327 
background.   328 

In two of the four double-null mutants (Lmx1adr/dr; Lmo4-/-) processed for 329 
paint-fill or membranous dissection, there is a recovery of an canal (Fig. 4I,L), 330 
similar to Lmx1a mutants that lack only one allele of Lmo4 (Fig. 4H, Table 1) and 331 
the other two double mutants show the dreher phenotype (Fig. 4K).  The 332 
resemblance of the double mutant phenotype to those of dreher suggests that 333 
Lmx1a is epistatic to Lmo4 in inner ear development.  334 
 335 
Negative regulation of Lmx1a by Lmo4 is important for crista formation 336 

We further investigated the presence of sensory organs in the Lmx1a and 337 
Lmo4 compound mutants since their paint-filled ears do not always reveal the 338 
presence of sensory organs.  We conducted immunostaining of dissected ears or 339 
in situ hybridization of frozen ear sections.  Although Lmo4-/- ears do not show a 340 
bona fide ampulla in paint-fill (n= 15/17, Table 1) or presence of a crista in 341 
wholemounts (Fig. 5B, n=3/3), some crista tissues were detected by in situ 342 
hybridization based on its location next to the utricular macula (Fig. 5F, asterisk, 343 
n=5/6).   344 

By contrast, an anterior-positioned crista was found in all Lmx1adr/+;  345 
Lmo4-/- mutants analyzed by whole mounts or sections (Fig. 5C, asterisk, n=4/4; 346 
5G, n=7/7).  In Lmx1adr/dr; Lmo4-/- double mutants, a posterior crista and two 347 
patches of crista tissues in the anterior region are evident (Fig. 5D, asterisks; 348 
n=4/4).  These results indicate that removal of the Lmx1a allele rescues the loss 349 
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of crista phenotypes observed in Lmo4-/- mutants, in a gene dosage dependent 350 
manner. 351 

 352 
Negative regulation of Lmx1a by Lmo4 restricts organ of Corti formation 353 

In addition to the lack of cristae, a duplicated organ of Corti in the lateral 354 
wall of the shortened cochlear duct was reported in Lmo4-/- ears (Deng et al., 355 
2014).  We asked whether this duplicated organ of Corti phenotype also resulted 356 
from a lack of Lmo4 in regulating Lmx1a function. Two out of the three Lmx1a+/+; 357 
Lmo4-/- ears that contained a cochlea showed a relatively normal organ of Corti 358 
and no ectopic sensory tissues after wholemount staining with anti-myosin VIIa 359 
(Fig. 5B).  Since ectopic sensory organs in the lateral wall could be easily 360 
destroyed during wholemount dissection, we conducted additional in situ 361 
hybridization analyses.  Our results showed that although we did not recover a 362 
cochlea from two of the Lmx1a+/+; Lmo4-/- specimens, ectopic sensory tissues 363 
were usually found in three out of four specimens that contained a cochlea (Fig. 364 
5I, asterisk) compared to controls (Fig. 5H).  By contrast, most of the Lmx1adr/+; 365 
Lmo4-/- cochleae appeared normal (Fig. 5C, n =4/4; 5J, n=7/9).  In the double 366 
homozygous mutants of Lmx1a and Lmo4, in which the inner ear resembles that 367 
of the dreher, only one out of four specimens showed a relative normal organ of 368 
Corti (Fig. 5D).  The other three cochleae were similar to the dreher and Lmx1a 369 
conditional mutants showing disorganized organ of Corti and vestibular-like hair 370 
cells in the basal region.  These results suggest that although removal of a 371 
Lmx1a allele rescues the cochlear duct and ectopic organ of Corti formation in 372 
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Lmo4-/- ears, normal basal cochlear development is a function of Lmx1a that is 373 
independent of Lmo4.  374 

 375 
Overlapping expression of Lmx1a and Lmo4 in the developing cristae and 376 
cochlea 377 

While our genetic results support a plausible interaction between Lmx1a 378 
and Lmo4 in inner ear formation, we investigated whether this hypothesis is 379 
supported by an overlap of expression patterns in the prospective structures 380 
postulated to be dependent on Lmx1a and Lmo4 interactions.  In the canal 381 
pouch, which develops into anterior and posterior canals, Lmx1a is primarily 382 
expressed in the center of the canal pouch where most of the tissues are 383 
destined for resorption (Fig. 6A”, arrowheads).  By contrast, Lmo4 hybridization 384 
signals are primarily detected at the rim of the pouch, which forms the canals 385 
(Fig. 6A’, arrow), and signals are only weakly detected in the center of the canal 386 
pouch (Fig. 6A’, arrowheads).  In the Bmp4-positive presumptive anterior crista at 387 
E11.5, Lmx1a and Lmo4 are co-expressed although the level of Lmx1a 388 
expression seems lower by comparison to that of Lmo4 (Fig. 6B-B”, arrows).  389 
These expression results are consistent with the hypothesis that Lmx1a and 390 
Lmo4 interact to form the cristae and canals.  Whereas it is not clear when the 391 
ectopic sensory organ in the organ of Corti is specified in the Lmo4 knockout 392 
mutants, we observed overlapping expression between Lmo4 and Lmx1a in the 393 
lateral wall of the cochlear duct at E16.5 (Fig. 6C-C”), which is consistent with the 394 
location of ectopic sensory patches found in Lmo4 knockouts (Deng et al., 2014).  395 
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 396 
Ectopic Lmx1b expression in chicken inner ears affects crista development  397 

Based on the hypothesis that Lmx1a is required to be downregulated in 398 
order for crista to form properly, excess Lmx1a should be detrimental to crista 399 
formation as predicted in the case of Lmo4 knockouts.  To test this hypothesis 400 
further, we electroporated an expression vector encoding Lmx1b into the 401 
developing chicken anterior crista in ovo, since Lmx1b is the predominant Lmx1 402 
member expressed in the chicken inner ear (Abello et al., 2010; Giraldez, 1998).  403 
Plasmids pMES-Lmx1b-GFP or pMES-GFP were electroporated into the 404 
presumptive anterior crista region of the right otocyst at E3.5 and embryos were 405 
harvested 24 hours later.  Samples with good targeting to the sensory region and 406 
high GFP expression were collected and analyzed (Fig. 7A, E).  The expression 407 
of Bmp4, Jag1 and Sox2 were compared in adjacent cryosections.  Hybridization 408 
signals of Bmp4 were decreased with pMES-Lmx1b-GFP plasmid (Fig. 7H; 409 
n=16/19).  Anti-Jag1 immunostaining was decreased in 81% (Fig. 7F; n=13/16) 410 
and anti-Sox2 staining was only decreased in 50% of the samples analyzed 411 
(Fig.7G; n=8/16).  In contrast, expression patterns of most of the specimens 412 
electroporated with the control plasmids, pMES-GFP, were not changed (Fig. 7B-413 
D, Bmp4, n=17/18; anti-Jag1, n=18/18; anti-Sox2, n=15/17).  These gain of 414 
Lmx1b function results support the hypothesis that Lmx1 functions are normally 415 
required to be downregulated during crista development. 416 
 417 
 418 
Discussion 419 
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Inner ear source of Lmx1a is important for inner ear patterning  420 
 During embryogenesis, the hindbrain develops earlier than the ear.  The 421 
representation of mutant mouse strains with both hindbrain and inner ear defects has 422 
prompted the proposal that hindbrain influences ear formation (Deol, 1966).  Over the 423 
years, it has been shown that the hindbrain provides multiple signals such as Mafb, 424 
Fgf3, and Wnts, which mediate inner ear development (Choo et al., 2006; Hatch et al., 425 
2007; Riccomagno et al., 2005).  Although dreher is among one of the early mouse 426 
mutants described to have both hindbrain and inner ear defects, our tissue-specific 427 
knockout studies suggest that the inner ear defects in the dreher mutants are primarily 428 
caused by the loss of Lmx1a in the inner ear rather than roof plate defects in the 429 
hindbrain.  Furthermore, the regional reciprocal negative regulation of Lmx1a and Lmo4 430 
described here also supports a role of Lmx1a within the inner ear since Lmo4 has been 431 
demonstrated to function within the inner ear (Deng et al., 2010).  Nevertheless, due to 432 
the minor hindbrain phenotypes observed in the two conditional mutants, we cannot rule 433 
out a contribution of the hindbrain source of Lmx1a to inner ear formation. 434 
 435 
Lmo4 negatively regulates Lmx1a in mediating crista formation 436 

Our phenotypic analyses of the single and compound mutants of Lmx1a and 437 
Lmo4 indicate that these two genes interact genetically to mediate formation of various 438 
inner ear structures.  In addition, our results suggest that Lmx1a has functions in the 439 
inner ear that are independent of Lmo4 (Fig. 8).   440 

Several lines of evidence indicate that Lmo4 negatively regulates Lmx1a in crista 441 
formation (Fig. 8, red stripes).  Cristae fail to develop in Lmo4 knockout ears and this 442 
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phenotype is rescued by the removal of Lmx1a in a dose-dependent manner: recovery 443 
of more crista tissues with the absence of both alleles of Lmx1a than one (Fig. 5C-D).  444 
Consistently, loss of Lmx1a function does not affect formation of the cristae.  These 445 
results together with the observation of high levels of Lmo4 but low levels of Lmx1a 446 
transcripts detected in normal presumptive cristae suggest that Lmx1a’s functions need 447 
to be downregulated in the presumptive cristae in order for each crista to form properly. 448 
This hypothesis is further supported by the demonstration that ectopic Lmx1b 449 
downregulated crista-specific genes in the chicken inner ear (Fig. 7).  450 

 451 
Multiple roles of Lmx1a and Lmo4 in canal formation 452 
 In contrast to the presumptive cristae, the requirement of Lmx1a and Lmo4 in 453 
canal formation is more complicated and appears to be mutually inhibitory.  First, the 454 
high frequency of the anterior canal recovery in Lmo4 knockout ears with the absence 455 
of one copy of Lmx1a suggests that Lmo4 negatively regulates Lmx1a in the anterior 456 
canal formation, analogous to crista formation.  However, the recovery of canals in 457 
Lmx1adr/dr; Lmo4+/- in comparison to Lmx1adr/dr ears suggests that Lmx1a also 458 
negatively regulates Lmo4 in canal formation.  These results suggest that the levels of 459 
Lmx1a and Lmo4 are tightly titrated during canal formation (Fig. 8, left panel).   460 

Where could the titration of Lmx1a and Lmo4 levels be taking place during canal 461 
formation?  The three semicircular canals form from two epithelial out-pockets during 462 
the otocyst stage known as the canal pouches.  The vertical canal pouch gives rise to 463 
the anterior and posterior canal and the lateral pouch gives rise to the lateral canal.  464 
Within the canal pouch, the two-opposing epithelia in the center of each prospective 465 
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canal resorb (Fig. 8, tan color) and leave behind the rim of the canal pouch to form the 466 
toroidal-shaped canal (Fig. 8, blue color; for review see, (Wu and Kelley, 2012)).  In the 467 
case of Lmx1a and Lmo4, we propose that the strong Lmo4 expression at the rim of the 468 
canal pouch is required to inhibit Lmx1a function in order to form the canals.  By 469 
removing one allele of Lmx1a, the loss of canal phenotype in Lmo4 knockouts is 470 
alleviated resulting in the recovery of the anterior canal (Fig. 4D-E).  In contrast, we 471 
propose that the strong Lmx1a expression in the center of the canal pouch is required to 472 
mediate the resorption process and to block the function of Lmo4. While the non-473 
resorption phenotype in Lmx1a mutants is also alleviated by the removal of one allele of 474 
Lmo4, the extent of rescue is variable and not even consistent between two ears of the 475 
same embryo (Fig. 4H). These results suggest that the negative regulation of Lmx1a by 476 
Lmo4 could be indirect and may involve other co-factors or downstream pathways.  477 
Additionally, the inhibition can occur between the resorption and the prospective canal 478 
domains since other studies have shown that these domains reciprocally inhibit each 479 
other (Abraira et al., 2008).   480 
 The presence of the canal pouch in the Lmx1a and Lmo4 double null mutants 481 
indicates that neither Lmx1a and Lmo4 is required to establish the canal pouch 482 
formation but they function to pattern the canals.  Furthermore, the similarity in 483 
phenotypes between Lmx1a mutants and Lmx1a and Lmo4 double mutants suggests 484 
that Lmx1a functions are epistatic to Lmo4.  485 
 486 
Multiple roles of Lmo4 and Lmx1a in regulating organ of Corti formation in the 487 
cochlea 488 
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 Similar to the vestibular system, Lmo4 and Lmx1a interact to form the cochlea.  489 
The lack of Lmo4 causes an ectopic organ of Corti in the lateral wall of the cochlear 490 
duct (Deng et al., 2014).  Lmo4 is thought to function upstream of most known genes 491 
involved in the organ of Corti patterning such as Sox2, Jag1, and Notch1 (Deng et al., 492 
2014).  A number of mechanisms have been proposed for Lmo4’s function in the lateral 493 
cochlea including downregulation of Bmp4 expression, negative regulation of LIM-TFs 494 
and positive regulation of multimeric transcriptional complexes by bridging with factors 495 
such as GATA and basic helix-loop-helix proteins (Deng et al., 2014).  Here, we provide 496 
genetic evidence that Lmo4 mediates its function in the lateral cochlea by negatively 497 
regulating Lmx1a.  Considering that the length of the cochlear duct and the ectopic 498 
organ of Corti phenotype are rescued with the absence of one allele of Lmx1a in the 499 
Lmo4 knockout mutants suggest that a major role of Lmo4 in the cochlear duct is to 500 
restrict ectopic sensory tissue formation in the cochlea by negatively regulating Lmx1a.  501 
In support of the genetic evidence, Lmx1a and Lmo4 expression domains overlap in the 502 
lateral cochlea where ectopic sensory patches are located.  503 

While we show that Lmo4 negatively regulates Lmx1a functions in restricting 504 
sensory fate in the lateral cochlea, the conversion to vestibular-like hair cells in the 505 
basal cochlear region of the Lmx1a mutants appears to be only partially rescued in the 506 
Lmx1a and Lmo4 double mutants (n=1/4).  While the sample size is small, these results 507 
raise the possibility that excess Lmo4 in Lmx1a mutants may cause the basal cochlear 508 
phenotype in Lmx1a mutants, and this phenotype is alleviated partially in Lmx1a and 509 
Lmo4 double null cochlea.  Alternatively, Lmx1a’s function in the basal cochlear region 510 
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is independent of Lmo4, similar to its role in establishing the endolymphatic duct (Fig. 511 
8). 512 
 In summary, it has been well established that the combination of LIM-TFs and 513 
their cofactors determine the specificity of transcriptional targets, which can lead to cells 514 
adopting different fates. The presence of LIM-TFs such as Islet1 or combination of Islet1 515 
and Lhx3 dictates the type of motor neurons that forms in the spinal cord, whereas the 516 
presence of Lhx3 alone is important for forming the V2 interneurons.  Lmo4 is involved 517 
in the regulation of these fates by titrating the levels of Islet1 in motor neuron formation 518 
and mediating formation of V2 interneuron subtypes (Gill, 2003; Joshi et al., 2009; Lee 519 
et al., 2008; Song et al., 2009).  Although the inner ear also expresses transcription 520 
factors such as Islet1 and Gata3 that are known to interact with Ldb proteins in other 521 
systems, it is not clear whether they interact with Lmx1a and/or Lmo4.  Nevertheless, 522 
our results robustly identified an important piece of the puzzle.  Lmx1a and Lmo4 523 
interact to negatively regulate one another in the formation of the inner ear.   524 
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 630 
Legends  631 
Figure 1. Lmx1a conditional mouse knockout scheme. (A) Genomic organization 632 
of mouse Lmx1a gene and Lmx1alox alleles are shown.  LoxP sites were 633 
positioned to flank exon 2 of the target gene using ET recombination. 634 
Homologous recombination events in R1 ES cells were selected by genomic 635 
Southern analysis.  (B) Using 5’ and 3’ DNA probes against genomic DNA from 636 
wildtype (WT) and various ES clones (1-5) digested with NdeI and BglI, 637 
respectively.  638 
 639 
Figure 2. Dysmorphic inner ears have normal Lmx1a immunoreactivities in the 640 
hindbrain of Foxg1cre/+; Lmx1adr/lox and Sox9cre/+; Lmx1adr/lox cko mutants.  (A, B) 641 
Paint-filled inner ears of control Foxg1+/+; Lmx1adr/lox (A, n=4) and Foxg1cre/+; 642 
Lmx1adr/lox cko (B, n=8) embryos at E15.5.  The dysmorphic inner ear in the 643 



 

 29 

conditional mutant is indistinguishable from that of the dreher.  (C,D) Lmx1a 644 
immunostaining and (E, F) Atoh1 expression in the hindbrain of Foxg1+/+; 645 
Lmx1a+/lox control (C, E) and Foxg1cre/+; Lmx1adr/lox cko (D,F) embryos at E10.5.  646 
(C,D) Lmx1a immunostaining is markedly reduced in the otic epithelium 647 
(arrowheads) but maintained in the hindbrain (arrows) of Foxg1cre/+; Lmx1adr/lox 648 
cko.  No downregulation of Atoh1 expression is observed in the rhombic lip of 649 
Foxg1cre/+; Lmx1adr/lox cko hindbrains (F, n=3) compared to Foxg1cre/+; Lmx1a+/lox 650 
controls.  (G-I) Inner ears and hindbrain phenotypes of Sox9cre/+; Lmx1adr/lox cko 651 
mutants. (G, H) Anti-Lmx1a staining in the Sox9cre/+; Lmx1adr/lox cko mutants (H) 652 
is comparable to the Sox9cre/+; Lmx1a+/lox controls (G) in the dorsal hindbrain 653 
(arrows) but is much reduced in the inner ear (arrowheads).  (I, J) Msx1 654 
expression in the rhombic lip of a control (I) and Sox9cre/+; Lmx1adr/lox cko mutants 655 
(J).  The diamond-shaped roof plate is slightly smaller in the cko mutants.   656 
Abbreviations: AA, anterior ampulla; ASC, anterior semicircular canal; CO, 657 
cochlear duct; ED, endolymphatic duct; LA, lateral ampulla; LSC, lateral 658 
semicircular canal, PA, posterior ampulla; PSC, posterior semicircular canal; S, 659 
saccule; U, utricle. Orientations: A, anterior; D, dorsal; L, lateral. Anterior is 660 
towards the top of the panel for (E), (F), (I) and (J). 661 
 662 
Figure 3. Sensory defects in Foxg1cre/+; Lmx1adr/lox cko mutants.  (A-E) Hair cells 663 
labeled with anti-Myosin VIIa antibodies are in green, actin labeled with 664 
rhodamine-phalloidin are in red, and pillar cells labeled with anti-P75Ngfr are in 665 
blue.  (G-I) Developing calyxes labeled with anti-neurofilament antibodies (2H3) 666 
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are in green.  (A,B) Wholemount (A) and dissected (B) inner ears of Foxg1+/+; 667 
Lmx1adr/lox controls. Vestibular and auditory sensory organs are 668 
compartmentalized in chambers (A; n=9).  (C-E) Whole mount of dreher (C; n=2) 669 
and whole (D; n=5) and flat mounts (E; n=5) of Foxg1cre/+; Lmx1adr/lox cko ears, 670 
showing individual sensory organs are distinguishable but often fused with each 671 
other. The double arrowheads indicate the saccular macula and the organ of 672 
Corti are continuous with each other.  In addition to the lack of a distinct lateral 673 
crista, the posterior crista is malformed (D,E).  Sensory organs are identified 674 
based on their locations in the inner ear.  (D) and (E) are composites of images 675 
taken at a higher magnification.  (F) Percentages of the length of P75Ngfr-676 
positive cochlear region of Foxg1cre/+; Lmx1adr/lox cko (n=5) relative to that of 677 
Foxg1+/+; Lmx1adr/lox and Foxg1cre/+; Lmx1alox/+ controls (n=8, P < 0.005 (P value 678 
= 0.0012, Student’s t-test)).  (G) Higher magnification of the square region in (E).  679 
Continuous P75Ngfr expression only starts at the mid-base (G”) and not at the 680 
base (G’) of the cochlea.  At the base of the cko cochlea, 2H3-positive staining 681 
surrounding the hair cells is observed (G’; n=3), which resembles developing 682 
calyxes in the maculae of controls (H; n=4).  Multiple rows of hair cells are 683 
present in the mid-base of mutants (G”), compared to the one row of inner hair 684 
cells (IHC) and three rows of outer hair cells (OHC) in Foxg1+/+; Lmx1adr/lox 685 
controls taken from a comparable basal cochlear region (I).  Abbreviations: AC, 686 
anterior crista; OC, organ of Corti; LC, lateral crista; PC, posterior crista; SM, 687 
saccular macula; UM, utricular macula.  Orientations: refer to Fig. 2. 688 
 689 
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Figure 4. Paint-filled and dissected inner ears of Lmx1a and Lmo4 compound 690 
mutants.  (A) Lmx1adr/+; Lmo4+/- inner ears are normal (n=4).  (B) A Lmx1a+/+; 691 
Lmo4-/- inner ear in an embryo without exencephaly lack semicircular canals, 692 
ampullae and a well-defined utricle (asterisk, n=4/8).  (C) A Lmx1a+/+; Lmo4-/- 693 
inner ear in an embryo with exencephaly showing the presence of a saccule, a 694 
distorted cochlear duct and the absence of canals (C, n=8/9).  (D-E) Most 695 
Lmx1adr/+; Lmo4-/- inner ears in embryos without exencephaly consist of an 696 
anterior ampulla (AA), an anterior canal (asc) and a well-demarcated utricle (D, 697 
n=8/11) but some only show an ampulla without a canal (E, n=2/11).  By 698 
contrast, a well-define utricle (asterisk), ampulla and canal are not recovered in 699 
Lmx1adr/+; Lmo4-/- ears in embryos with exencephaly (F, n=5/8).  Other three 700 
specimens have no utricle.  Some Lmx1adr/dr; Lmo4+/- (H, n=7/11) and Lmx1adr/dr; 701 
Lmo4-/- (I, n=1/2, L; n=1) show the presence of a canal compared to the dreher 702 
mutants (G; n=4).  Other Lmx1adr/dr; Lmo4+/- (J, n=2) and Lmx1adr/dr; Lmo4-/- (K, 703 
n=1) dissected ears resemble the dreher.  (J-L) Dissected membranous 704 
labyrinths of Lmx1adr/dr; Lmo4+/- (J, n=2) and Lmx1adr/dr; Lmo4-/- specimens (K,L).  705 
Asterisks in (L) show the presence of a canal.  Orientations and abbreviations: 706 
ASC, anterior semicircular canal; LSC, lateral semicircular canal; PSC, posterior 707 
semicircular canal.  Refer to Fig. 2 for other abbreviations. 708 
 709 
Figure 5. Crista and ectopic organ of Corti formation are inversely related to the 710 
presence of Lmx1a.  (A-D) Anti-myosin VIIa staining is in green, actin staining 711 
with rhodamine-phalloidin is in red, and cristae are marked with red asterisks.  712 
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Insets show the anterior crista of control and the anteriorly-located crista in 713 
mutants.  (A) Lmx1adr/+; Lmo4+/- inner ears are normal showing six myosin VIIa-714 
positive sensory organs (n=4).  A cruciatum divides the anterior and posterior 715 
crista into two equal halves (arrowhead in inset).  (B) Lmx1a+/+; Lmo4-/- inner ears 716 
lack all three sensory cristae (n=2/3), whereas a crista-like sensory organ is 717 
present in Lmx1adr/+; Lmo4-/- ears (C; n=4/4).  (D) Anterior and posterior located 718 
cristae are present in Lmx1adr/dr; Lmo4-/- ears (asterisk, n=4/4).  It is not clear 719 
whether the two patches of crista tissues in the anterior region represent a small 720 
anterior and lateral crista or two halves of the anterior crista.  (E-J) Cryosections 721 
of the crista probed for Sox2 (E-G) and cochlea probed for Myosin15 (H-J) 722 
transcripts in Lmx1adr/+; Lmo4+/- (E, H), Lmx1a+/+; Lmo4-/- (F, I) and Lmx1adr/+; 723 
Lmo4-/- (G,J) sections.  Abbreviations and Orientations: M, medial. Refer to Figs. 724 
2 and 3. 725 
 726 
Figure 6. Overlapping expression domains of Lmx1a and Lmo4 in the developing 727 
crista and cochlea.  (A-A’’) and (B-B”) are adjacent sections of the inner ear at 728 
E11.5 taken at the level of vertical canal pouch (A-A”) and presumptive anterior 729 
crista (B-B”, AC).  In the Bmp4-negative, vertical canal pouch (A), Lmo4 is 730 
expressed strongly in the rim (A’, arrow) but weak in the center (A’, arrowheads) 731 
of the canal pouch.  By contrast, Lmx1a is strongly expressed in the center (A”, 732 
arrowheads) but weaker at the rim (arrow) of the canal pouch.  In the Bmp4-733 
positive anterior crista (B, double arrows), Lmo4 (B’) expression is strong and 734 
Lmx1a (B”) expression is weaker.  (C-C”) The expression pattern of Lmo4 and 735 
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Lmx1a overlap in the lateral cochlear duct at E16.5 (C’,C”, arrows).  Lunatic 736 
Fringe (Lfng) labels the organ of Corti (C, black bar).  Orientations: refer to Fig. 2. 737 
 738 
Figure 7.  Ectopic Lmx1b expression in the presumptive anterior crista of the 739 
chicken inner ear downregulates crista markers, Bmp4, Jag1 and Sox2.  740 
Sections of chicken inner ear electroporated with pMES-GFP (A-D) or pMES-741 
Lmx1b-GFP (E-H) plasmids at E3.5 and were harvested 24 hrs later and 742 
processed for anti-Jag1 (B,F) and anti-Sox2 (C,G) immunostaining and Bmp4 743 
gene expression (D,H).  The levels and domains of Jag1 and Sox2 744 
immunoreactivities and Bmp4 hybridization signals in the prospective anterior 745 
crista (marked by arrowheads) are reduced in specimens electroporated with 746 
pMES-Lmx1b-GFP (E-H) compared to pMES-GFP controls (A-D). 747 
 748 
Figure 8.  Summary diagram of the requirements of Lmx1a and Lmo4 in inner ear 749 
formation.  The vertical canal pouch (right panel) gives rise to the anterior and 750 
posterior canals.  The epithelial cells in the center region of each prospective 751 
canal (tan color) fuse and resorb resulting in the rim of the canal pouch (blue 752 
color) forming the anterior and posterior canals.  Lmo4 negatively regulates 753 
Lmx1a to form the three cristae (red stripes), anterior canal, proper shape of the 754 
utricle (yellow color), and to inhibit ectopic sensory tissue formation in the 755 
cochlear duct.  By contrast, Lmx1a negatively regulates Lmo4 to mediate 756 
resorption in the vertical canal pouch. The endolymphatic duct formation requires 757 
Lmx1a independent of Lmo4, whereas the hair cells in the basal cochlear region 758 
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may require Lmx1a independently or its negative regulation of Lmo4. Organ of 759 
Corti - grey color; saccule - green color. Orientations: refer to Fig. 2. 760 

 761 

Table 1: Morphological analyses of inner ears in Lmx1a and Lmo4 genotypes 

Genotypes ED Ampulla Canal Utricle Saccule Cochlea 

Lmo4-/- 
(exencephaly) 9/9 1/9+ 1/9+ 4/9 9/9 9/9++ 

Lmo4-/- 
(no exencephaly) 8/8 1/8a 0/8b  

1/8+ 4/8 7/8 4/8  
 1/8++ 

Lmx1adr/+; Lmo4-/-  
(exencephaly) 8/8 1/8  

 1/8+ 
1/8  
1/8+ 5/8 8/8 2/8  

  6/8++ 

Lmx1adr/+; Lmo4-/-  
(no exencephaly) 11/11 10/11a 

1/11+ 
8/11b  
1/11+ 11/11 11/11 11/11 

Lmx1adr/dr 0/4 0/4 0/4c 0/4 0/4 4/4++ 

Lmx1adr/dr; Lmo4+/- 0/11 0/11 7/11c 0/11 0/11 11/11++ 
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Lmx1adr/dr; Lmo4-/- 0/4 0/4 2/4 0/4 0/4 4/4+/+ 

+ refer to lateral ampulla or canal. No denotation: refer to the anterior ampulla or canal. 
++ malformed cochlea, refer to Fig.4B and 4C for respective Lmo4-/- without and with exencephaly, 
Fig.4G for Lmx1adr/dr and Fig.4H and 4I for respective Lmx1adr/dr; Lmo4+/- and Lmx1adr/dr; Lmo4-/- 
cochlear images. No denotation: refer to normal cochlea. 
Statistics: Chi-squared analyses, a, P value = 0.0006; b, P value = 0.0015; c, P value = 0.0289. 


















