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Abstract

The inner ear, projections, and brainstem nuclei are essential components of the auditory and
vestibular systems. It is believed that the evolution of complex systems depends on duplicated sets
of genes. The contribution of duplicated genes to auditory or vestibular system development,
however, is poorly understood. We describe that LmxZaand Lmx1b, which originate from the
invertebrate LmxI1b-like gene, redundantly regulate development of multiple essential components
of the mammalian auditory/vestibular systems. Combined, but not individual, loss of LmxIa/b
eliminated the auditory inner ear organ of Corti and disrupted the spiral ganglion, which was
preceded by a diminished expression of their critical regulator Pax2. Innervation of the remaining
inner ear vestibular organs revealed unusual sizes or shapes and was more affected compared to
Lmxla/bsingle-gene mutants. Individual loss of LmxZa/b genes did not disrupt brainstem
auditory nuclei or inner ear central projections. Combined loss of LmxZIa/b, however, eliminated
excitatory neurons in cochlear/vestibular nuclei, and also the expression of a master regulator
Atohl in their progenitors in the lower rhombic lip. Finally, in LmxZa/b double mutants, vestibular
afferents aberrantly projected to the roof plate. This phenotype was associated with altered
expression of Wnt3a, a secreted ligand of the Wnt pathway that regulates pathfinding of inner ear
projections. Thus, LmxZa/b are redundantly required for the development of the mammalian inner
ear, inner ear central projections, and cochlear/vestibular nuclei.
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Introduction.

The vertebrate inner ear detects sounds and vestibular stimuli (Grothe et al., 2004; Fritzsch
et al., 2013). Hair cells of the organ of Corti (OC) in the cochlea detect sounds that are
transmitted by spiral ganglia neurons, which connect with brainstem cochlear nuclei
(Macova et al., 2019; Filova et al., 2020). Vestibular components of the inner ear include
anterior, horizontal and posterior canals cristae, which detect angular acceleration, and
maculae in the utricle and saccule, which detect linear acceleration due to gravity, and
connect via vestibular ganglia to the brainstem vestibular nuclei (Sienknecht et al., 2014;
Fritzsch et al., 2019).

Transcription factors, including Pax2 and Atohl, play an important role in auditory system
development (Sanchez-Guardado ef al. 2019). Loss of Pax2disrupts development of the
cochlea (Bouchard et a/. 2010). Afohlis expressed in both the inner ear hair cells and the
hindbrain lower rhombic lip (RL), which, gives rise to neurons of auditory and vestibular
nuclei and some other excitatory neurons that populate the brainstem (Rose et al., 2009;
Fujiyama et al., 2009). Loss of Afoh1 prevents neuronal differentiation of RL progenitors
and the development of hair cells in the inner ear, suggesting that Azo/1 occupies a high
position in the genetic network that regulates the development of the auditory system (Wang
et al., 2005; Elliott et al., 2017).

It is believed that an origin and evolution of complex systems, such as the auditory and
vestibular systems, critically depend on gene duplications. Genetic redundancy is essential to
stabilize key developmental processes and allows one or both paralogs of duplicated genes
to gradually change during evolution to accommaodate the development of novel structures to
support novel functions (Fritzsch and Elliott 2017). In vertebrates, LIM-homeodomain
transcription factors Lmxla and Lmx1b that arose from the invertebrate LmxZb-like
ancestral gene (Glover et al., 2018) have both unique and redundant functions. For example,
Lmx1bhas a unique function in the establishment of the isthmic organizer at the mid-
hindbrain boundary, while LmxIahas a non-redundant role in the regulation of the
migration of granule progenitors from the cerebellar RL. In contrast, LmxZIa/b redundantly
regulate differentiation of midbrain dopaminergic neurons (Doucet-Beaupré et al., 2015;
Mishima et al., 2009; Chizhikov et al., 2010).

Lmxla/bare also expressed in the inner ear in mouse and chicken (Huang et al., 2008;
Mishima et al., 2009; Abello et al., 2010). In the mouse, LmxZa s initially expressed
throughout the otocyst, but, by embryonic day (e) 10.5, becomes restricted to non-sensory
epithelia, where its expression continues at least up to the time of birth (Huang et al., 2008;
Nichols et al., 2008; Koo et al., 2009). Although inner ear sensory epithelia cells do not
express Lmxla, short-term fate mapping confirmed that at least some of them originated
from LmxIa-expressing cells (Mann et al., 2017). qRT-PCR analysis revealed that in
postnatal mice, some spiral ganglion neurons express LmxZa (Grandi et al., 2020), although
in situhybridization did not find an expression of this gene in otic ganglia in mouse embryos
(Huang et al., 2008). Analysis of Lmx1a-/- (dreher) mice revealed that in the inner ear,
LmxIapromotes cell commitment to non-sensory fate and regulates boundary formation
between sensory and non-sensory epithelia. Loss of LmxZaalso leads to an ectopic
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production of vestibular hair cells within the auditory sensory epithelium (Nichols et al.,
2008; Koo et al., 2009; Mann et al., 2017; Huang et al. 2018; Nichols et al. 2020). Mutations
in LMXI1A have been described in patients with hearing deficits (Schrauwen et al. 2018;
Wesdorp et al. 2018; Lee et al., 2020). In contrast to LmxIa, in mouse embryos, weak
expression of Lmx1bwas reported in the inner ear sensory epithelium, mainly in hair cells,
and in the cochleovestibular ganglion and spiral ganglion neurons (Huang et al., 2008). The
function of Lmx1bin ear development has not been analyzed beyond experimental
manipulations in chicken, which confirmed that chicken Lmx1b (cLmx1b) regulates
expression of Sox2, Bmp4, and Jag1. Because cLmx1b is the functional homologue of
mouse LmxZ1a in the chicken inner ear (Mann et al., 2017; Huang et al. 2018), it remains
unknown whether mouse LmxI1b regulates inner ear development alone or in interaction
with LmxZa.

In addition to expression in the inner ear, in the mouse hindbrain, LmxIa/b are co-expressed
in the roof plate, the dorsal-most cellular population, which produces secreted molecules
regulating the specification of adjacent neuronal populations and axon guidance in the spinal
cord and cerebellum (Millen et al., 2004; Chizhikov et al., 2006; Kridsada et al., 2018).
Simultaneous, but not individual loss of LmxZIa/b genes ablates the development of the
hindbrain roof plate (Mishima et al., 2009), suggesting that function of LmxZIa/bin the roof
plate may be required for proper development of dorsally located auditory/vestibular
brainstem nuclei or inner ear projections.

Here we report that in contrast to LmxZa/b single-gene mutants, combined inactivation of
Lmxla/bcompletely prevents inner ear auditory development, disrupting OC and spiral
ganglia. While cochlear and vestibular nuclei and inner ear central projections were
essentially normal in LmxZ1a/b single-gene mutants, loss of cochlear/vestibular brainstem
neurons, and inner ear vestibular projections that aberrantly target the roof plate were
observed in LmxZa/b double knockout mice. These data show, for the first time, that
evolutionarily related LmxZa/b genes are required for the development of multiple essential
components of the mammalian auditory system — the peripheral auditory neurosensory
epithelium, central projections of the ears, and auditory and vestibular brainstem nuclei.

Materials and Methods.

Mice.

In this study we used £mxZanull (Lmx1a®, Jackson Laboratory strain #000636), (Millonig
et al., 2000; Chizhikov et al., 2006) and LmxZbnull (Chen et al., 1998) mouse alleles.
Lmxlaand LmxI1bknockout mice are referred to as LmxZa KO and Lmx1b KO mice
throughout this paper. To generate LmxZ1a KO, Lmx1b KO and LmxIa/bdouble knockout
(DKO) embryos, LmxZIaand Lmx1bdouble heterozygous mice were crossed and embryos
were collected at indicated stages. Noon of the day when a vaginal plug was observed was
considered embryonic day 0.5 (e0.5). Mice were genotyped as previously described
(Mishima et al., 2009). All live mouse work was approved by the University of Tennessee
Health Science Center IACUC committee.
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Lipophilic dye tracing.
Whole embryos at e11.5-12.5 or embryonic heads (for embryos older than e12.5) were fixed
in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer with 300 mM sucrose (to
minimize neuronal swelling) for 48 hrs. at 4°C and processed for dye tracing. To trace
projections of the ear to the brain and of the brain to the ear we used NeuroVue dyes (NV
Jade, NVJ; NV Red, NVR; NV Maroon, NVM) as previously described (Schmidt and
Fritzsch, 2019). Lipophilic dyes were applied using dye-soaked filter strips, which provide a
more precise and reliable way of a dye application compared to crystals or dye-injections
(Schmidt and Fritzsch, 2019). In some cases, embryonic heads were split into two halves
along the midline, and one half was used for dye tracing from the brain to the ear, while the
other half — for tracing from the ear to the brain. To study the distribution of afferents
relative to the brain dorsal midline, intact heads were used. Wavers soaked in different color
dyes were appropriately shaped and inserted into the facial/inner ear efferent nerve root, into
the rhombomere (r) 4 alar plate, and into the cerebellum to label inner ear efferents, spiral
ganglion afferents, and vestibular afferents projecting to the cerebellum, respectively. For the
tracing of inner ear central projections to the brain, the dye was placed into the otocyst to
label the spiral ganglion, OC, and vestibular neurons. For the tracing of central projections
of other cranial nerves to the brain, the dye was placed into their specific roots (Maklad et
al., 2010). The dye was allowed to diffuse for 24-72 hrs. (depending on the type of dye and
the age of the embryos) at 60°C in 4% PFA. Mutant and control embryos were always
processed in parallel, with an identical dye placement and an identical dye diffusion time.
Brains and ears were subsequently microdissected, mounted in glycerol and imaged using a
Leica SP8 confocal microscope. After imaging, some brains and ears were post fixed in 4%
PFA and either processed for immunochistochemistry (see below) or sectioned at 200 pm,
mounted in glycerol, and imaged to reveal the distribution of projections in sections.

Immunohistochemistry.

Immunohistochemistry was performed using sections from either dye-labeling experiments
(see above) or cryosections from embryos specifically prepared for immunohistochemistry
as previously described (Mao et al. 2014; Iskusnykh et al. 2018). The following primary
antibodies were used: mouse anti-Atohl (Developmental studies hybridoma bank,
supernatant, 1:5), rabbit anti-Pax6 (Covance, Prb-278p-100, 1:300), rabbit anti-Tbrl
(Abcam, ab31490, 1:300), rabbit anti-Pax2 (Proteintech, 21385-1AP, 1:200), mouse anti-
acetylated a-Tubulin (Sigma-Aldrich, T6793, 1:400), rabbit anti-Myosin 7 (Proteus, 25—
6790,1:500), and rabbit anti-Neurofilament 200 (Sigma-Aldrich, N4142, 1:200).
Appropriate secondary antibodies conjugated with Alexa 350, 488 or 594 fluorophores (Life
Technologies) were used to detect primary antibodies. In some cases, Hoechst nuclear
staining was used to visualize the tissue.

RNAscope in situ hybridization.
Embryos were fixed in 4% PFA in 0.1 M phosphate-buffered saline (PBS) for 16 hrs. at 4°C,
sequentially cryoprotected in 10%, 20%, and 30% sucrose solutions in 0.1 M PBS,
embedded in OCT, sagittally sectioned on a cryostat and mounted on Superfrost Plus slides
(Fisher Scientific). All reagents were prepared using DEPC-treated water. RNAscope /in situ
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hybridization was performed using the RNAscope® 2.5 HD Reagent Kit-RED (Advanced
Cell Diagnostics, Cat#322350) and a mouse Wnt3a RNAscope probe (20 ZZ pairs that
recognize the target region 667 — 1634 of the mouse Whnt3atranscript NM_009522.2). The
probe was designed and produced by Advanced Cell Diagnostics. /n situ hybridization was
performed according to the following protocol: slides were rinsed with PBS to remove OCT
and dried for 2.5hrs. at room temperature. Then, sections were treated with H,O, for 10
min., submerged in 1X Target retrieval solution (Cat#322000) for 5 min. at 98-100°C,
rinsed in distilled water, dipped in 100% EtOH to remove excess water, and dried for 1h.
Each section was treated with protease (Cat#322331) for 15 min. at 40°C and then rinsed in
distilled water. Then, Wnt3a RNascope in situ hybridization probe was added to each section
and incubated for 2 hrs. at 40°C. Unbound probe was removed by rinsing slides in 1X wash
buffer (Cat#310091). Then, reagents for signal amplification (AMP1-AMP6, Cat#322311-
14, Cat#322361-2) were sequentially added to each section according to the manufacturer’s
instructions. Finally, slides were washed twice in PBS and coverslipped with Fluoro-Gel
mounting medium (Cat# 17985-10, Electron Microscopy Sciences).

Experimental design, image acquisition, and data analysis.

Results

For each marker, at least three samples of each genotype at each developmental stage were
analyzed. Both male and female embryos were used for analysis. Given the altered
morphology of the LmxIab DKO brainstem, we identified cochlear nuclei based on Pax6
expression, as previously reported (Fujiyama et al., 2009). To ensure that we do not miss
Pax6+ cochlear nuclei neurons, we generated series of transverse sections spanning the
entire hindbrain and stained every section for Pax6 in control and LmxZ1a/b mutants. During
our analysis, we compared sections taken at the same anterior-posterior (A-P) levels of the
hindbrain in control and LmxZa/b mutant embryos. To facilitate the identification of the
position of each section along the A-P axis, the same number of sections was placed on each
slide. Fluorescent images were captured using a Zeiss Axio Imager A2 fluorescent
Microscope equipped with a Zeiss AxioCam MRm camera and Axio Vision Rel 4.9
software (Zeiss) or a Leica SP8 confocal microscope. Mutant and control samples were co-
imbedded, co-stained, and imaged under the same camera settings. Pax2
immunohistochemistry signal intensity in the inner ear of different genotypes and Wnt3ain
situ hybridization signal intensity in the hindbrain roof plate of LmxZa/b DKO embryos
were determined using ImageJ (NIH) software. Pax2 quantification was performed in the left
and right inner ears in three sections per embryo. Then, average Pax2 staining intensity was
calculated for each embryo. Whni3a staining intensity was determined using three sections
from each A-P level per embryo. Statistical analysis of Pax2 intensity (comparison between
multiple groups) was performed using one-way ANOVA with Tukey’s post hoc test.
Statistical analysis of Whi3a intensity was performed using two-tailed t-test. Quantitative
data are reported as mean + standard deviation. p<0.05 was considered statistically
significant. Picture panels were assembled using Adobe Photoshop or CorelDraw software.

To identify whether LmxIaand LmxI1b cooperate in the development of mammalian
auditory and vestibular systems, we analyzed inner ears of LmxZa/b single and double
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mutants followed by the analysis of central projections of the ears and cochlear and
vestibular brainstem nuclei.

Lack of inner ear auditory neurosensory development and aberrant inner ear vestibular
innervation in Lmxla/b double mutants.

To study the role of LmxZa/b genes in inner ear development, we first analyzed inner ear
innervation in LmxlIa/bsingle and double mutants at e12.5, when ear innervation begins
(Nichols et al., 2008; Dvorakova et al., 2020). Similar to control (wild type) littermates (n=5
embryos), in e12.5 single-gene LmxZIa (Lmx1aKO) and Lmx1b (Lmx1bKO) mutants (n=3
embryos per genotype), anti-acetylated a-Tubulin immunostaining revealed the innervation
of the auditory cochlear duct and vestibular anterior/horizontal and posterior canals cristae
(Fig. 1A-C). While e12.5 Lmx1a/b double knockout (Lmx1a/b DKO) embryos showed an
innervation toward the posterior canal crista, the innervation of the anterior/horizontal cristae
was severely reduced, and an innervation of the cochlear duct was absent in all three
Lmx1a/b DKO embryos investigated (Fig. 1D).

At el4.5, anti-acetylated a-Tubulin immunohistochemistry revealed an innervated OC in
wild type, Lmx1a KO and Lmx1b KO embryos (n=3 embryos per genotype), while LmxZIa/b
DKO littermates had only a cochlear sac-like extension without noticeable OC innervation
(n=3/3 embryos) (Fig. 2A-D’). In contrast, innervation of all vestibular inner ear epithelia
was recognizable in both single-gene and double e14.5 LmxIa/b mutants (Fig. 2A”-D™").
Anterior/horizontal cristae fibers, however, appeared thinner in LmxZa/b DKO mice (n=3/3
embryos) (Fig. 2A”-D”), while the innervation to posterior canal crista showed specific
abnormalities in Lmx1a KO and LmxZa/b DKO embryos (Fig. 2A™’-D””). Compared to
control littermates, in e14.5 LmxZ1a KO embryos, posterior canal crista innervation was
enlarged, consisting of multiple small branches, some of which aberrantly reached the basal
turn of the cochlea (n=3/3 embryos) (Fig. 2A, B, A”’, B”*). This unusual innervation likely
reflects the previously reported partial transformation of OC into an irregular epithelium that
shows a mix of vestibular and cochlear hair cells, resulting in the formation of an aberrant
cochlear-vestibular organ (CVO) in addition to a caudally located OC (Nichols et al., 2008;
Nichols et al., 2020). In LmxZIa/b DKO embryos, posterior canal crista innervation consisted
of multiple large and small branches that ran across the otocyst (n=3/3 embryos) (Fig. 2A™’,
D™’), the phenotype that was also observed at earlier stages (Fig. 1D).

To test whether inner ear abnormalities in LmxZa/b mutants were transient or resulted in
permanent deficits, we compared Lmx1a/b mutants with wild type controls (=4 embryos) at
£18.5, when mature inner ear structure is largely achieved (Kersigo et al., 2011), and which
is the last viable stage for LmxZa/b DKO mice (Mishima et al., 2009). Specifically, labeling
afferents and efferents with lipophilic dyes, identified spiral ganglia and showed a fully
developed and innervated OC and only minor vestibular innervation abnormalities, including
partially fused anterior and horizontal cristae fibers and reduced posterior crista fibers, in
e18.5 Lmx1b KO (n=4/4) embryos (Fig. 3A, B). e18.5 LmxIa KO mice showed partially
fused anterior and horizontal cristae fibers, and fiber projections to the saccule fused with
that to cochlea, containing aberrant CVO (Fig. 3C). Similar to earlier stages, in €18.5 LmxlIa
KO embryos posterior canal crista innervation was enlarged and extensively branched
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(n=4/4 embryos). As in control and Lmx1b KO embryos, spiral ganglia were consistently
labeled in LmxZa KO embryos (n=4/4) (Fig. 3C). In contrast, inner ears from all four
investigated e18.5 LmxZIa/b DKO embryos revealed complete absence of OC and cochlear
innervation and the lack of spiral ganglion labeling (Fig. 3D). Only a single bundle to the
anterior/horizontal cristae was present. Innervation toward the utricle was reduced. As in
younger embryos, innervation toward the posterior canal crista was enlarged and excessively
branched (Fig. 3D).

To complement dye labeling, we also investigated inner ear innervation using
immunohistochemistry against a-Tubulin, and sensory hair cells using
immunohistochemistry against Myo7, a protein required for the development of hair bundles
and proper functioning of hair cells (Boeda et al., 2002; Grati and Kachar, 2011; Kim et al.,
2017). This analysis revealed that although vestibular sensory epithelia were still present in
appropriate locations (anterior crista, utricle, saccule) in LmxZa/b DKO embryos, no Myo7a
labeling or a-Tubulin+ fibers were detected in the cochlear sac in any of three LmxZ1a/b
DKO embryos investigated (Fig. 3E-E”’), confirming the lack of OC development.

In conclusion, loss of LmxZ1aand Lmx1bleads to specific inner ear abnormalities (Fig. 3G-
J, Table 1). Loss of LmxZ1balone caused the least effect, resulting in only minimally affected
vestibular innervation. Loss of LmxZaalone leads to an intermediate effect with partially
fused projections to saccule and cochlea, formation of an aberrant CVO, and other, more
minor, vestibular innervation abnormalities. LmxZa/b DKO mice showed the most severe
phenotype with a complete lack of inner ear auditory development and innervation, and
additional vestibular innervation abnormalities. The inner ear phenotype of LmxZa/b DKO
mice, especially lack of auditory development, exceeds summation of single-gene mutant
phenotypes, indicating redundant function of LmxZa/b during ear development.

Lmxla and Lmx1b redundantly regulate expression of Pax2, a gene necessary for cochlear
and spiral ganglion development.

Inner ears of Lmx1a/b DKO mice resemble those of Pax2mutant mice, which lack cochlear
innervation, OC and spiral ganglia (Bouchard et al. 2010). To test whether LmxZaand
Lmx1bredundantly regulate inner ear development via Pax2, we studied Pax2expression in
L mxI1a/b mutant mice. Based on immunohistochemistry, at e12, Pax?2 is broadly expressed
in the control inner ear, including the developing cochlear duct (Fig. 4A). In Lmx1a/b DKO
but not LmxZa/bsingle gene mutants, expression of Pax2was significantly (p<0.05) reduced
in the ear (Fig. 4A-E), although this gene was still highly expressed in the adjacent
hindbrain neural tube (Fig. 4D). Thus, LmxZaand Lmx1b redundantly regulate expression
of Pax2in the ear and likely regulate inner ear development, at least partially, via Pax2.

Simultaneous loss of Lmxla and Lmx1b leads to an aberrant projection of inner ear
afferents to the hindbrain roof plate.

Given the absence of auditory OC and spiral ganglia dye labeling in LmxZIa/b DKO mice,
we focused on vestibular projections from the inner ear to the brainstem and compared them
with adjacent cranial projection afferents. For this purpose, lipophilic dye was placed into
the inner ear or roots of specific cranial nerves, and embryos were analyzed after the
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appropriate time needed for dye diffusion. Inner ear afferents reach and enter the hindbrain
in rhombomere 4 (r4) between €10 and e11. By e11.5 they extend anteriorly toward the
cerebellum and posteriorly toward the obex parallel to the hindbrain roof plate in left and
right halves of the brainstem, without entering or crossing the dorsal midline at this or later
stages (Maklad et al., 2010). There was no obvious difference in central projections of the
inner ear, trigeminal projections, or the solitary tract from cranial nerves VII, IX, X between
wild type controls and LmxZa/b single-gene mutants at e11.5 (n=3 embryos per genotype)
(Fig. 5A-C’). In contrast, the inner ear central projections of LmxZa/b DKO littermates
deviated massively from those of control, Lmx1a KO and Lmx1b KO mice. Specifically,
after entering the hindbrain, LmxZa/b DKO inner ear afferents aberrantly projected to and
crossed the dorsal midline roof plate, partially overlapping with trigeminal and solitary tract
afferents (n=3/3 embryos) (Fig. 5D-H).

At el2.5, we were able to simultaneously label afferents from both ears. This analysis not
only revealed that afferents from both left and right ears enter the roof plate in LmxIa/kb
DKO embryos, but also that afferents from the opposite ears do not fuse, excluding each
other (n=3/3 embryos) (Fig. 6A—C, E-G). The unusual projection of cranial nerves to the
roof plate in LmxIa/b DKO embryos, identified by the dye tracing, was also confirmed by
immunohistochemistry in transverse sections, which revealed Neurofilament/acetylated a-
Tubulin positive fibers extending across the roof plate in LmxZa/b DKO but not control
embryos (n=3 embryos per genotype) (Fig. 6D, H, I).

Notably, in LmxZa/b DKO embryos, facial motor neurons and inner ear efferents (Fritzsch
and Nichols 1993) showed normal bilateral location adjacent to the floor plate (n=3/3
embryos per stage) (Fig. 5E, F; 6E). Thus, while basal plate motor neuron development and
connectivity was unaltered, the pathfinding of the inner ear, solitary tract and trigeminal
fibers that normally target the alar plate, was specifically disrupted in LmxZa/b DKO mice:
rather than running parallel to the dorsal midline, these afferents abnormally project to and
cross the undifferentiated roof plate in LmxZa/b DKO mice.

Loss of Lmx1a/b disrupts anterior-posterior expansion of inner ear central projections.

Next, we studied the expansion of inner ear central projections and other cranial nerves
along the anterior-posterior axis in more detail. Neurofilament antibody staining revealed the
presence and appropriate location of all (\V-XI1) cranial nerve roots in e12.5 LmxZIa/b single
and double mutant embryos (n=3 embryos per genotype) (Fig. 7A-H), indicating that overall
anterior-posterior brainstem patterning was not grossly disrupted in any of these mutants.

Dye labeling revealed that while projections of cranial nerve 1X were comparable between
wild type controls and LmxZa/b single and double mutants, anterior-posterior expansion of
inner ear projections (nerve VIII) and trigeminal projections (nerve V) was altered in
Lmxla/b DKO (n=3/3) embryos. In particular, after entering the hindbrain in r4, inner ear
projections (nerve VIII) did not extend posteriorly, while the trigeminal nerve (V) showed a
massive expansion rostrally to the topographical equivalent of the cerebellum compared to
control and single-gene LmxIa/b mutants (Fig. 71-P).
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Combined, our data indicate that although general anterior-posterior hindbrain patterning is
not dramatically affected in LmxZa/b DKO embryos, simultaneous loss of LmxZaand

L mx1b affects anterior-posterior expansion of inner ear central projections and trigeminal
projections.

Simultaneous loss of Lmx1a/b alters expression of Wnt3a in the dorsal hindbrain.

Ear transplantation and gene knockout studies support the targeting of inner ear central
projections to a dorsal source of secreted Wnt molecules in the hindbrain, at least partially
via the Fzd3 Whnt receptor (Yang et al., 2017; Elliott and Fritzsch, 2018; Gordy et al., 2018;
Duncan et al., 2019). Wnt3a activates both canonical and planar cell polarity Wnt signaling
via several receptors, including Fzd3 (Endo et al., 2008; Rao and Kuhl, 2010; Chang et al.,
2014; Simonetti et al., 2014). In wild type embryos, Whi3ais expressed in the lower RL,
adjacent to the choroid plexus, along the anterior-posterior axis of the hindbrain (Parr et al.,
1993; Hatch et al., 2007) (Fig. 8A). In Lmx1a/b DKO embryos, a smaller ectopic Wnit3a
expression domain was observed in the roof plate (n=3/3 embryos), the region aberrantly
populated by inner ear central projections in the double mutant mice (Fig. 8B). Consistent
with a failed posterior expansion of inner ear central projections, virtually no Wnt3a
expression (appeared just as a few dots in the roof plate) was detected in the posterior
hindbrain of Lmx1a/b DKO mice (n=3/3 embryos) (Fig. 8C, D), suggesting that LmxlIa/b
control pathfinding of inner ear central projections at least partially via regulating expression
of secreted Wnt molecules.

Simultaneous loss of Lmxla and Lmx1b compromises the development of cochlear and
vestibular nuclei.

To study whether LmxZIaand LmxI1bare necessary for the development of cochlear and
vestibular nuclei, we analyzed LmxZa/b mutants at e18.5, when mature structure of these
nuclei is largely achieved (Wang et al., 2005; Fujiyama et al., 2009). Previous studies
identified Pax6 as a specific marker of excitatory neurons in cochlear nuclei, while 7b6r1
marks excitatory neurons in the superior vestibular nuclei (Wang et al., 2005; Fujiyama et
al., 2009). As in wild-type controls, numerous Pax6 +and Tbrl+ cells populated cochlear
and superior vestibular nuclei, respectively, in LmxZa KO and Lmx1b KO embryos (n=3
embryos per genotype) (Fig. 9A-D, F-I). In contrast, both Pax6 +and Tbrl+neurons were
absent in the corresponding nuclei in all three investigated €18.5 LmxIa/b DKO mutants
(Fig. 9€E, J).

During development, excitatory neurons of both cochlear and vestibular nuclei originate
from Atohl+ progenitors in the lower RL, a transient embryonic germinal zone that arises
adjacent to the IVt ventricle roof plate (Wang et al., 2005; Rose et al., 2009; Nothwang,
2016). Atoh1 immunohistochemistry revealed neuronal progenitors in the lower RL of wild
type and LmxZa and Lmx1b single-gene mutants at e12 (n=3 embryos per genotype) (Fig.
9K, M-0), when neurons are actively generated from Afoh1+RL progenitors (Wang et al.,
2005; Rose et al., 2009). In contrast, no Atoh1+ cells were detected in the lower RL in any
of three comparably staged LmxZa/b double mutants (Fig. 9L, P, P”), suggesting that the loss
of excitatory cochlear and vestibular neurons that we observed in €18.5 LmxIa/b DKO
embryos results from lower RL progenitor defects at earlier stages.
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Taken together, our data indicate that simultaneous, but not individual loss of Lmx1a/b
prevents the formation of excitatory cochlear/vestibular nuclei neurons, revealing that
similar to inner ear development and pathfinding of central projections, development of
hindbrain auditory nuclei neurons redundantly require LmxIaand Lmx1b.

Discussion.

The LIM-homeodomain transcription factors Lmx1a and Lmx1b represent a vertebrate
duplication of the invertebrate Lmx1b-like gene (Glover et al., 2018) and have both unique
and shared roles in the development of the mammalian cerebral cortex, midbrain
dopaminergic neurons, cerebellum, and spinal cord interneurons (Doucet-Beaupré et al.,
2015; Chizhikov et al., 2019). Here we report that combined, but not individual, loss of
Lmxla/b prevents auditory inner ear development, ablates excitatory neurons in the
cochlear/vestibular nuclei, and disrupts pathfinding of the inner ear central projections (Fig.
10). Thus, this study, for the first time, shows that development of multiple components of
the mammalian auditory and vestibular systems redundantly depend on LmxZ1a/b.

Lmxla and Lmx1b are redundantly required for the development of brainstem cochlear
and vestibular nuclei.

Excitatory neurons of both cochlear and vestibular nuclei originate from Afo/1+ progenitors
in the RL. The former arise from the lower RL in r2-5, while the latter arise from the RL
extending from a posterior domain of rl to r8 (Farago et al., 2006; Fujiyama et al., 2009; Di
Bonito et al., 2017; Lipovsek and Wingate, 2018). Loss of Afoh1 prevents the development
of both cochlear and vestibular excitatory neurons, demonstrating that Afo/1 is a master
regulatory gene for these neurons (Wang et al., 2005; Elliott et al., 2017).

Here we show that loss of only one LmxZ1a/b gene had no significant effect on the formation
of cochlear or vestibular nuclei. In contrast, in LmxZa/b DKO mice, both cochlear and
vestibular nuclei were compromised, as revealed by the lack of expression of markers
specific to their excitatory neurons and inner ear projections to alar plate regions normally
occupied by these nuclei. LmxZIa/b DKO cochlear/vestibular nuclei abnormalities were
preceded by the lack of Afohl expression in the lower RL, suggesting that LmxZa/b support
cochlear/vestibular nuclei development by maintaining Afo/1 expression in their
progenitors.

In early r2-8, Lmx1bis expressed in the roof plate and in dA3/dB3 neurons, while LmxIais
specifically expressed in the roof plate (Landsberg et al., 2005; Mishima et al. 2009; Sieber
et al. 2009; Iskusnykh et al., 2016). Thus, the only r2—8 hindbrain region where LmxIa/bare
co-expressed in early (before e13) embryogenesis is the roof plate, the signaling center
known to induce the upper RL (in rl) via secreted Bmp molecules (Chizhikov et al., 2006).
Combined loss of Lmx1a/bdisrupts hindbrain roof plate differentiation and signaling,
resulting in a compromised cerebellum (Mishima et al., 2009), whose excitatory neurons
originate from the upper RL (Machold and Fishell, 2005; Wang et al., 2005; Bultts et al.,
2014). Whether hindbrain roof plate regulates the development of the functionally distinct
auditory lower RL was not specifically investigated. Our current study reporting loss of
excitatory cochlear/vestibular neurons and Afoh1 expression in the lower RL in LmxZIa/b
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double mutants, however, strongly suggests that similar to the upper RL, LmxIa/t-
dependent roof plate also regulates the development of the lower RL and its neuronal

progeny.

Both cochlear and vestibular nuclei contain not only excitatory but also inhibitory neurons,
at least some of which originate from Ptfla-expressing progenitors located ventral to the
AtohI+ RL (Fujiyama et al., 2009). Whether LmxIa/b are essential for the development of
inhibitory cochlear or vestibular nuclei neurons remains to be investigated.

It is important to note that in addition to neurons of cochlear/vestibular nuclei and cerebellar
neurons, RL also gives rise to a broad array of other excitatory neurons, including those
involved in breathing, interoception, and arousal, which depend on Afoh1 expression in the
RL as well (Rose at al., 2009). Thus, it is likely that auditory/vestibular nuclei deficits that
we observed in LmxIa/b DKO embryos, are part of a broader phenotype that includes
defects in multiple dorsally-derived neuronal populations, resulting from the loss of Afohl
in the RL due to the disruption of roof plate function in these mutants.

In Lmxla/b double mutants, inner ear central projections aberrantly populate the dorsal

midline.

Inner ear afferents enter the hindbrain in r4 and extend anteriorly and posteriorly, without
crossing the dorsal midline, to unilaterally innervate their corresponding nuclei (Duncan et
al., 2019). In both auditory and other sensory systems, central projection formation is a
tightly regulated process that is significantly independent from the formation of peripheral
sensory epithelia and the corresponding brain nuclei (Fritzsch et al., 2019). For example,
auditory spiral ganglion neurons can project into the hindbrain without either OC or cochlear
nuclei development (Elliott et al., 2017; Fritzsch et al., 2019). Combined loss of LmxIa/b,
however, eliminated labeling of spiral ganglion neurons in our dye experiments and ablated
OC and excitatory cochlear nuclei neurons, preventing the analysis of auditory central
projections. In contrast, central vestibular projections still formed but showed massive
reorganization in LmxZIa/b DKO mice. After entering the hindbrain, rather than forming
longitudinal projections along the vestibular nuclei, in LmxZa/b DKO embryos, inner ear
vestibular afferents projected to the undifferentiated roof plate, overlaying the trigeminal and
solitary tract fibers that aberrantly targeted the roof plate as well.

In situ hybridization failed to detect expression of LmxZIain ganglion neurons during mouse
embryonic development (Huang et al., 2008), suggesting that inner ear central projection
pathfinding defects in LmxZa/b DKO embryos result from the disruption of non-autonomous
signaling, possibly signaling that involves secreted Wnt molecules. Mammals have 19 Wnts
and several Wnt receptors, which have both redundant and unique functions during
development (Rao and Kiihl, 2010). Previous studies supported the targeting of inner ear
afferents to a Wnt source in the dorsal hindbrain, at least partially via Fzd3 receptor (Duncan
et al., 2019). Wnt3a, known to activate Wnt signaling via Fzd3 (Endo et al., 2008; Simonetti
et al., 2014), is expressed in the lower RL, the dorsal-most region of the hindbrain
neuroepithelium, but not in the roof plate or its later derivative, the choroid plexus (Parr et
al., 1993; Hatch et al., 2007). Interestingly, inner ear neurons show a gradient of Fzd3
expression. Those that express Fzd3at a moderate level terminate afferents within the
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dorsal-most (Wnt3a-expressing) hindbrain, while those with high Fzd3 expression terminate
afferents at more ventral positions, before reaching the highest concentration of secreted
Wnt molecules. Reducing Whnt reception by knocking out Fzd3 shifts afferents, that
normally terminate adjacent to the Wnt-expression domain, dorsally, suggesting that inner
ear afferents stop dorsal expansion once they achieve a high level of Wnt signaling (Duncan
etal., 2019; Yang et al., 2017).

In Lmx1a/b DKO embryos, at the level of otic vesicles, where inner ear afferents enter the
hindbrain, Wnt3aexpression appeared in the dorsal midline roof plate, which became
populated by inner ear (vestibular) central projections. Consistent with the lack of posterior
expansion of inner ear afferents, virtually no Wni3a expression was detected in the hindbrain
posterior to otic vesicles in LmxZa/b DKO mice. Together, these data suggest that LmxZIa/b
function in the roof plate is required to exclude Wni3aexpression from the roof plate/
choroid plexus epithelium but establish it in the adjacent RL to navigate pathfinding of inner
ear afferents to create an appropriate sensory map. Interestingly, in the spinal cord, in the
absence of Lmxa, rather than extending ventrally, axons of dI1 dorsal interneurons
aberrantly target the roof plate, and axons of mechanoreceptor neurons do not properly
expand along the anterior-posterior axis (Millen et al. 2004; Kridsada et al. 2018),
suggesting the roof plate as a major regulator of neuronal projections throughout the central
nervous system.

Although changes in Wnt3aexpression is an attractive explanation for the LmxZIa/b DKO
guidance deficits, our study does not exclude a possibility that other roof plate-derived
secreted molecules also contribute to innervation defects in these mutants. Similarly, it is
likely that big changes in the environment, such as changes in sensory organ size,
composition, and availability, contribute to guidance errors in LmxZa/b DKO mice as well.

The aberrant anterior expansion of trigeminal fibers to the cerebellum could be secondary to
cerebellar defects in LmxIa/b DKO mice (Mishima et al. 2009; Marzban et al. 2019).

Lmx1a/b redundantly regulate inner ear neurosensory development.

Loss of LmxZ1aresults in the disruption of boundary formation between sensory and non-
sensory domains in the ear. Although abnormally sized, both vestibular and auditory sensory
epithelia, however, are still present in LmxZamutant mice (Nichols et al. 2008; Koo et al.
2009; Steffes et al. 2012; Mann et al. 2017; Huang et al. 2018; Nichols et al. 2020). Loss of
Lmx1balone does not significantly alter auditory inner ear development (this study). In
contrast, combined deletion of LmxZa/b prevents auditory OC development and disrupts
spiral ganglia, going beyond the limited effect of either LmxZaor Lmx1bsingle-gene
mutations (Fig. 10). Our conclusion regarding the lack of OC in LmxZ1a/b DKO embryos is
based on the lack of Myo7a immunostaining (a marker and an important regulator of hair
cell development) in cochlea and the absence of cochlear innervation, revealed by a-Tubulin
immunohistochemistry and lipophilic dye labeling (Fig. 3E, F, E”’; 3A, D; Fig. 2A, A’, D,
D).

In the developing mouse inner ear, LmxZaand Lmx1bare expressed in largely non-
overlapping pattern: LmxIa - in non-sensory domains, while LmxZ1b - in sensory cells.
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Short-term fate mapping studies, however, revealed that at least some sensory cells originate
from progenitors that expressed Lmx1a, suggesting that sensory epithelia defects in

L mx1a/b DKO embryos involve both cell-autonomous and non-autonomous mechanisms,
which, possibly, converge on transcription factors critical for inner ear development.
Interestingly, lack of cochlear development and spiral ganglion dye labeling in LmxIa/b
DKO mice resembles the phenotypes of Pax2-/-mice (Bouchard et al. 2010). In early
Lmx1a/b DKO embryos, we observed a significant downregulation of Pax2 expression in the
inner ear epithelium compared to control and LmxIa/b single-gene mutants, suggesting that
cochlear and spiral ganglion defects in LmxIa/b double mutants are at least partially
mediated by downregulated Pax2. Of note, otocysts-resembling inner ears of late LmxZa/b
DKO embryos are more severely affected than those in Pax2-/-mice, being somewhat more
similar to the phenotype of mice with a delayed Sox2 deletion (Dvorakova et al., 2020) or
Gata3—/-mice (Duncan and Fritzsch, 2013), suggesting Sox2and Gata3 as potential
Lmxla/bdownstream candidate genes in inner ear development as well. Also, spiral and
vestibular ganglia defects in LmxZIa/b DKO mutants could be secondary to overall changes
in the double mutant environment, such as alterations in sensory epithelia, brainstem nuclei,
and/or roof plate signaling.

In conclusion, we showed that development of the inner ear, central projections, and
brainstem cochlear/vestibular nuclei redundantly depend on LmxZ1a/b. Our data suggest that
Lmxla/bregulate inner ear auditory development, at least partially, by regulating expression
of PaxZ, while brainstem nuclei and central projection pathfinding defects in LmxZa/b DKO
mice likely result from roof plate-dependent disruption of Wnt3aand Afohl expression in
the RL. Future analysis of conditional LmxZa/bknockouts in specific cellular populations is
needed to more precisely dissect the origin and underlying mechanisms of the reported
phenotypes.
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Highlights

. Combined loss of LmxZa/b disrupts auditory inner ear development,
preventing formation of the organ of Corti.

. Loss of LmxZaand Lmx1bleads to milder inner ear vestibular innervation
abnormalities.

. In Lmx1a/b double mutants, vestibular afferents aberrantly project to the
hindbrain dorsal midline.

. Combined loss of LmxZa/b prevents the development of excitatory neurons of

cochlear and vestibular nuclei.
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E12.5 Control. B Lmx1aKO C Lmx1bKO D “Lmx1a/bDKO

Fig. 1. Auditory and vestibular inner ear innervation abnormalities of Lmx1a/b DKO embryos at
el2.5.

Whole inner ear innervation in €12.5 embryos revealed by anti-acetylated a-Tubulin
immunohistochemistry (green) combined with Hoechst nuclear stain (lilac).

Posterior canal crista (PC) innervation appeared as a single branch in control (A), Lmx1a
KO (B), and Lmx1b KO (C) embryos but consisted of two branches in LmxZa/b DKO
embryos (D). Innervation toward anterior/horizontal cristae (labeled as AC — anterior crista)
and cochlear duct (CD) was clearly detectable in control, LmxIa KO and Lmx1b KO
embryos (A-C). Innervation toward AC was poorly developed and no CD innervation was
detected in LmxZ1a/b DKO embryos (D). VG - vestibular ganglion.

Orientation is given in panel A. Scale bar: 100 pum.
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A , E14.5 control i , «Lmx1bKO | D Lmx1a/bDKO
ASA " v’

Fig. 2. Auditory and vestibular inner ear innervation abnormalities of Lmx1a/b DKO embryos at
el4 5.

Anti-acetylated a-Tubulin immunostaining (green) in the inner ear of indicated genotypes.
Some samples were co-stained with Hoechst nuclear stain (lilac) to visualize tissue.

Panels A-D show innervation in the entire inner ear at low magnification; panels A’-D’ show
auditory inner ear innervation at higher magnification; panels A”- D” and A”’- D’ show
vestibular inner ear innervation at higher magnification.

(A-D’) Organ of Cori (OC) innervation was clearly detectable in control, LmxZa KO and

L mx1b KO embryos (A-C, A’-C’) but no cochlear innervation was found in LmxZa/b DKO
embryos, in which a cochlear sac (COSac) formed (D, D”). Consistent with previously
described partial transformation of the OC into an irregular vestibular epithelium
(NICHOLS et al., 2008), innervation to an abnormal cochlear-vestibular organ (CVO) was
detected in LmxIa KO mice (B, B’).
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(A”-D™) In Lmx1a/b DKO mice, branches innervating anterior crista (AC) and horizontal
crista (HC) appeared abnormally thin compared to control, LmxZa KO and Lmx1b KO ears.
Some innervation to utricle (U) and saccule (S) was present in LmxZa KO, Lmx1bKO and
Lmx1a/b DKO ears.

(A’-D””) Innervation of posterior crista (PC) appeared extended in LmxZa KO and
Lmxla/b DKO embryos, consisting of multiple small branches in LmxZa KO and multiple
large branches in LmxZa/b DKO mutants.

Scale bar: 100 um for all images.
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Fig. 3. Lack of organ of Corti and spiral ganglion, and milder vestibular inner ear abnormalities
in Lmx1a/b DKO embryos at €18.5.

(A-D) Dye tracing of afferents (red) and efferents (green) in the inner ear of indicated
genotypes. In e18.5 Lmx1b KO inner ears, dye tracing revealed all auditory (organ of Corti -
OC, spiral ganglion - SG) and vestibular (anterior canal crista - AC, horizontal canal crista -
HC, posterior canal crista - PC, utricle - U, saccule - S) components. A reduced PC
innervation and partially fused AC/HC innervation, however, was observed in Lmx1b KO
embryos compared to controls (A, B). VG - vestibular ganglion.

In Lmx1a KO embryos, innervation to AC/HC was partially fused, innervation to PC
showed excessive branching, and innervation to saccule (S) was fused with OC, forming an
abnormal cochlear-vestibular organ (CVO) (C). Lmx1a/b DKO ears lacked the innervation
of OC and SG labeling. Innervation to AC/HC was partially fused, innervation to U was
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reduced, while innervation to PC was increased with excessive branching and abnormal
ventral expansion of fibers (D).

(E-F) Anti-acetylated a-Tubulin (green)/anti-Myo7 (magenta) double
immunohistochemistry. (E) Low magnification image showing the entire e18.5 LmxIa/b
DKO inner ear. (E’, E”) High magnification of vestibular components of €18.5 LmxZa DKO
inner ear. Myo7a labeling of hair cells confirmed that vestibular sensory epithelia (AC, U, S)
still formed in appropriate places in the LmxZa/b DKO inner ear (E-E”). (F) High
magnification image of OC in e18.5 control inner ear, showing properly arranged Myo7a+
outer hair cells (OHC) and inner hair cells (IHC), innervated by radial fibers (RF). (E”’)
High magnification e18.5 LmxIa/b DKO cochlear sac (COsac), which lacked OC based on
the absence of both Myo7a labeling and tubulin+ RF.

(G-J) Schematics summarizing inner ear abnormalities in LmxZa/b single and double
mutants.

Orientation is given in panel A. Scale bar: 100 um for all images.

Neuroscience. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chizhikov et al.

control

o8

Lmx1bKO

el12, Pax2
B

neural tube

Pax2
expression

arbitrary units

60 —

40

20 -

Lmx1aKO

Lmx1a/bDKO

[ ] control

[l Lmx1aKO
[ ] Lmx1bKO
[l Lmx1abDKO

Page 24

neural tube

Fig. 4. Simultaneous but not individual loss of Lmx1a and Lmx1b reduces Pax2 expression in the

inner ear.

Transverse sections of the e12 inner ear immunostained with an anti-Pax2 antibody. Pax2
was strongly expressed in the inner ear, including the developing cochlear duct (CD,
arrowhead) in control (A), LmxZ1a KO (B) and Lmx1b KO (C) embryos. Pax2 expression
appeared reduced in the inner ear, including the developing CD, of LmxZa/b DKO embryos
(D, open arrowhead). Note that Pax2was similarly expressed in the neural tube of LmxZa/b
DKO and control embryos (arrows in A and D) indicating that double loss of LmxZaand

Lmx1breduced Pax2expression specifically in the ear. (E) Quantification of Pax2

immunostaining intensity revealed no statistically significant difference between control,
LmxI1aKO and Lmx1b KO inner ears (p>0.05), but a reduction of Pax2 expression in the
inner ear of LmxZa/b DKO embryos (asterisk) relative to control (p<0.001), LmxIa KO
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(p=0.014) and Lmx1b KO (p<0.001) embryos. n=4 control, n=3 Lmx1a KO, n=3 Lmx1b
KO, and n=4 LmxIa/b DKO embryos. Scale bar: 200 um.
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Fig. 5. Inner ear central vestibular projections aberrantly target the hindbrain roof plate in e11.5
LmxZla/b DKO embryos.

Whole mounted hindbrains (A-D”) and transverse hindbrain sections (A’-C’, E-H) from
e11.5 embryos of indicated genotypes. Discrete sensory afferent projections were visualized
by labeling distinct cranial nerves (indicated by Roman numbers) with lipophilic dyes. V -
trigeminal nerve, dV - descending trigeminal tract, VII - facial nerve, VIII —inner ear
vestibular nerve, I1X - glossopharyngeal nerve, X - vagus nerve, XII - hypoglossal nerve. (A-
C, A’-C’) In control, Lmx1a KO, and Lmx1b KO embryos, different afferent projections run
parallel to the anterior-posterior axis of the hindbrain, do not significantly overlap with each
other, and do not cross the dorsal midline occupied by the wide choroid plexus epithelium
derived from the IVt ventricle roof plate.

(D-D”) Dorsal whole mount view showing that in LmxZa/b DKO embryos, inner ear
vestibular (\VI11), trigeminal (V), and solitary tract (ST) afferents extend aberrantly close to
or cross the dorsal midline. Arrow (D-D”) shows location of the dorsal midline, which is
heavily populated by inner ear vestibular (VI11) afferent fibers. D” and D” are high power
views of D.

(A’-C’, E-H) Transverse hindbrain sections showing that similar to control, LmxZa KO and
Lmx1b KO embryos, in LmxIa/b DKO hindbrain, the descending trigeminal tract (dV) was
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located ventral to inner ear vestibular (V111) fibers. However, in contrast to control, LmxIa
KO and Lmx1b KO embryos (A’-C’), inner ear vestibular (\VI11) fibers extended to and
populated the dorsal midline roof plate (RP) covering the central canal in LmxZIa/b DKO
littermates (E-H). Note the near normal location of facial branchial motor neurons (FBM)
and ventral motor neurons (Vm) in the LmxZ1a/b DKO (E, F) near the floor plate (FP), and
solitary tract afferents crossing the roof plate (G). G is a high power view of E, without the
magenta channel; panels F and H show two different sections from another embryo.

Scale bar: 100 pm.
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Fig. 6. In e12.5 Lmx1a/b DKO mutants, inner ear central projections from left and right ears
interdigitate but do not fuse at the hindbrain dorsal midline.

Dorsal view of whole mount hindbrain (A-B’) or transverse sections (C-I) of e12.5 embryos.
Selected afferents were labeled with dye (A-C, E-G) or anti-Neurofilament/anti-acetylated
a-Tubulin immunohistochemistry (D, H, 1). Cranial nerves are indicated by Roman
numbers. (A, C) Selected ipsilateral afferents labeled with dye (cranial nerves VII/VI1II are
green, nerves dV/VI are red, and nerves IX/X/XII are lilac. In control embryos, beyond r1-
derived cerebellum (CB) (A), vestibular inner ear (cranial nerve VIII) and trigeminal (dV)
projections do not come close to the dorsal midline.

(B-G) Labeling of the trigeminal (lilac), inner ear (red) and facial/inner ear projection from
the opposite side (green) in a LmxZa/b DKO embryo. B’ shows higher magnification of B.
Panels F and G show consecutive sections from the same embryo, Panel E shows a different
embryo. All these nerves, after entering the brainstem, aberrantly extend across the roof
plate (RP) that occupies the brainstem dorsal midline. Afferents from the two ears clearly
interdigitate at the roof plate but do not fuse (B, B’ F, G). In the double mutant, afferents of
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the cranial nerve VII-derived solitary tract and trigeminal afferents cross the roof plate below
the vestibular inner ear nerve VIII (F, G). In contrast to pathfinding errors of afferents that
normally target the alar plate, facial branchial motor neurons (FBM) and inner ear efferents
(IEE) were appropriately located in the basal plate of e12.5 LmxZa/b DKO embryos (E).
(D, H, I) In Lmx1a/b DKO mutants, fiber bundles crossing the roof plate can also be
visualized using anti-Neurofilament (red)/anti-acetylated a-Tubulin (green)
immunohistochemistry.

Hoechst counterstaining is blue (H, ). Panels H and | show sections from two different
embryos. No comparably located fibers were detected in control embryos (D). Note that
because the IV ventricle does not properly form in LmxZa/b DKO embryos, the double
mutant overall brainstem morphology is somewhat similar to the spinal cord (E-I).

Scale bars: 1 mm (A), 100 um (all other panels).
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Fig. 7. Anterior-posterior expansion of inner ear central projections is disrupted in e12.5
LmxZla/b DKO embryos.

In all panels, anterior is left, posterior is right, dorsal is up, ventral is down.

(A-D) Side view of dissected whole mount brains. Overall brainstem morphology is similar
in control, Lmx1a KO and Lmx1b KO embryos (A-C). While the overall shape and size of
the caudal brainstem show no obvious deviations in LmxIa/b DKO embryos, their
cerebellum (CB) and midbrain are reduced in size (D).

(E-H) Anti-Neurofilament immunohistochemistry shows the presence and appropriate
location of all cranial nerve roots (V-XII) in Lmx1a KO, Lmx1bKO and LmxZ1a/b DKO
embryos, suggesting that overall anterior-posterior hindbrain patterning is not grossly
disrupted in these mutants.

(1-P) Dye labeling of cranial nerve V (red), VII/VIII (green) and IX (lilac). Panels I-L show
co-imaging of three different colors, while panels M-P — only green labeling to better
visualize defects in vestibular (nerve VIII) projections. No gross deviation of overall
projections in LmxZa KO (J, N) and LmxIbKO (K, O) embryos was detected compared to
controls (I, M). In contrast, LmxZa/b DKO embryos show limited posterior expansion of ear
vestibular projections (nerve VIII) (L, P, arrow) and an abnormal trigeminal (nerve V)
expansion into the topographical equivalent of rl/cerebellum (L).

Scale bars: Imm (A-D), 100 um (E-P).
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Fig. 8. Ectopic expression of Wnt3a in the hindbrain roof plate in Lmx1a/b DKO embryos.
Transverse sections of e12.5 hindbrain stained with Wnt3a RNAscope /n situ hybridization.

Sections are taken at the level shown by dashed blue line in whole mount brain diagrams.
Sections shown in panels A and B are taken at the level of otic vesicles (ov, r4). Section in
panel C is posterior to otic vesicles. Tissue morphology on transverse sections is illustrated
adjacent to each whole mount diagram. Note, that in contrast to control embryos, in
Lmx1a/b DKO embryos, the hindbrain does not possess a large ventricle and shows a spinal
cord-like morphology. In LmxZa/b DKO embryos, the IV ventricle roof plate (RP) still
occupies the dorsal midline but does not differentiate into the choroid plexus epithelium
(ChPe) that covers the IVt ventricle in control embryos (Mishima et al., 2009).

(A) In control embryos, Wnt3ais highly expressed in the RL (arrowhead) adjacent to the
ChPe but not in the ChPe itself.

(B-D) In LmxIa/b DKO embryos, at the level of otic vesicles, a smaller ectopic Wnt3a
expression domain was located in the dorsal midline roof plate (RP, arrowhead) (B). At more
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posterior levels, Wnit3aexpression was virtually absent, appearing as just a few dots in the
roof plate (open arrowhead) (C). (D) Quantification of RNAscope /n situ hybridization
signal confirmed a significant reduction of Wnt3aexpression in the posterior hindbrain roof
plate relative to the roof plate at the otic vesicles level. n=3 LmxZa/b DKO embryos, ***
p<0.001.

Scale bar: 200 pm.
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Fig. 9. Simultaneous, but not individual, loss of Lmx1a and Lmx1b prevents the development of
excitatory neurons in cochlear and vestibular nuclei.

Pax6 (B-E), Tbrl (G-J), and Atohl (M-P’) immunostained transverse sections of the
hindbrain at indicated stages. High magnification panels correspond to regions boxed in
adjacent diagrams (A, F, K, L) or low magnification panels.

(A-E) Numerous Pax6+ neurons were present in the cochlear nuclei (CN) of wild type
control, LmxIaKO, and Lmx1b KO mutants (arrowheads) but were not detected in LmxZIa/b
DKO embryos.
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(F-J) Tbrl+ neurons were present in the superior vestibular nuclei (SuVe) of wild type
control, LmxIaKO, and Lmx1b KO mutants (arrowheads) but were not detected in LmxZa/b
DKO embryos.

(K, L) Diagrams illustrating location of sections showing lower RL in control and Lmxla/b
mutant embryos (M-P). Sections were taken at the level of otic vesicles (ov, blue dashed line
in whole mount diagrams in K, L). Tissue morphology is illustrated in right diagrams in K
and L. (M-P”) Numerous Atoh1+ progenitors were present in the lower RL of wild type
control, LmxIaKO and Lmx1b KO mutants (arrowheads) but not in LmxZa/b DKO
embryos.

Scale bar: 100 um.

Neuroscience. Author manuscript; available in PMC 2022 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chizhikov et al. Page 35

A Control A A”

B Lmx1a/bDKO

Floor plate

oor plate

Fig. 10. Simultaneous loss of Lmxla and Lmx1b disrupts the inner ear, central projections and
cochlear/vestibular brainstem nuclei.

(A, A’) Control mice have a large IVt ventricle covered by a choroid plexus. Specific nuclei
develop in the alar and basal plate of the hindbrain. CN — cochlear nuclei, which develop in
r2-5, VestN — vestibular nuclei, which extend from the caudal cerebellar vermis to the obex,
SN - solitary tract nuclei, Vsn — viscerosensory (trigeminal) nuclei, FBM — facial branchial
motor neurons, Vmn — ventral motor neurons. Each set of nuclei receives distinct sensory
afferents. For example, auditory information is provided by spiral ganglion neuronal
projections to cochlear nuclei.

(B, B”) In Lmx1a/b DKO mice, excitatory neurons of cochlear and vestibular nuclei do not
develop. Segregated projections to viscerosensory trigeminal nuclei (Vsn) and solitary tract
nuclei (SN) were detected in these mice. Inner ear vestibular afferents project to and cross
the roof plate in r4, with limited caudal extension. Similar to inner ear afferents, some
solitary tract and trigeminal fibers project to the roof plate. In contrast, basal plate
development and innervation (motor neurons) were not significantly affected in LmxZIa/b
DKO mice.

(A”, B”) Organ of Corti (OC), spiral ganglion (red oval near the ear in control mice) and
spiral ganglion projections were not detected in LmxZa/b DKO mice. In contrast, although
altered in size or shape, vestibular inner ear components (AC, HC, U, S, PC and vetibular
ganglion - pink circle near the ear) still develop in LmxIa/b DKO embryos.
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Table 1.
ocC AC and HC PC Saccule Utricle Central Central
Innervetion Innervation auditory vestibular
projecttions projecttions
Control oC AC +HC normal S ] normal normal
Lmxlb KO oC Partially fused AC Reduced S U normal normal
+HC
Lmxla KO OC fused Partially fused AC Excessive S fused U normal normal
with S, +HC branches with OC,
forming forming
CVO CVO
Lmxla/b none Partially fused AC Excessive S Reduced U none Target roof plate,
DKO +HC branches do not extend
posteriorly

OC - organ of Corti, CVO - cochlear-vestibular organ, AC- anterior canal crista, HC-horizontal canal crista, PC-posterior canal crista, S-saccule,

U-utricle.
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