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Abstract

The LIM homeodomain transcription factor LmxZashows a dynamic expression in the developing
mouse ear that stabilizes in the non-sensory epithelium. Previous work showed that LmxIa
functional null mutants have an additional sensory hair cell patch in the posterior wall of a
cochlear duct and have a mix of vestibular and cochlear hair cells in the basal cochlear sensory
epithelium. In E13.5 mutants, Sox2-expressing posterior canal crista is continuous with an ectopic
“crista sensory epithelium” located in the outer spiral sulcus of the basal cochlear duct. The medial
margin of cochlear crista is in contact with the adjacent SoxZ-expressing basal cochlear sensory
epithelium. By E17.5, this contact has been interrupted by the formation of an intervening non-
sensory epithelium, and Afoh1 is expressed in the hair cells of both the cochlear crista and the
basal cochlear sensory epithelium. Where cochlear crista was formerly associated with the basal
cochlear sensory epithelium, the basal cochlear sensory epithelium lacks an outer hair cell band,
and gaps are present in its associated Bmp4 expression. Further apically, where cochlear crista was
never present, the cochlear sensory epithelium forms a poorly ordered but complete organ of Corti.
We propose that the core prosensory posterior crista is enlarged in the mutant when the absence of
LmxIaexpression allows JAG1-NOTCH signaling to propagate into the adjacent epithelium and
down the posterior wall of the cochlear duct. We suggest that the cochlear crista propagates in the
mutant outer spiral sulcus because it expresses Lmo4 in the absence of LmxIa.
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Introduction

LMX1A is a LIM-homeodomain transcription factor most closely related to LMX1B and the
ISLET factors (Hunter and Rhodes 2005), and is among several such factors expressed in the
mammalian ear (Deng et al. 2010; Huang et al. 2008). In chick and mouse ears, LmxIais
expressed dorsally and posteriorly in the vesicle stage ear (Failli et al. 2002; Giraldez 1998).
In the mouse, its initial expression is excluded from the anteroventral neurosensory area and
the posterior crista to the non-sensory epithelium, including the developing endolymphatic
duct (Nichols et al. 2008). It is also expressed in the constrictions that separate the cochlear
part of the ear from the vestibular ear and in the outer spiral sulcus of the cochlear duct
(Huang et al. 2008; Koo et al. 2009; Nichols et al. 2008).

LMO4 is a LIM-only transcription cofactor known to participate in diverse transcription
complexes that can both activate and suppress transcription (Wadman et al. 1997). It has also
been shown to complex with LIM-homeodomain factors, including LMX1A and LMX1B,
via the LIM binding domain factor, LDB1 (Agulnick et al. 1996; Matthews et al. 2008). In
the mouse ear, Lmo4 expression is required for the formation of a posterior crista and is co-
expressed with LmxZain the outer spiral sulcus of the cochlear duct (Deng et al. 2014; Deng
et al. 2010). In the outer spiral sulcus, its expression is required to prevent the sulcus from
forming ectopic cochlear sensory epithelium (Deng et al. 2014).

The Dreher? mouse used here carries a recessive point mutation in the £mxZa gene
(Millonig et al. 2000). Dreher” is one of 14 L mxIamutations known to occur in rats and
mice, all of which are thought to be functional nulls (Bergstrom et al. 1999; Chizhikov et al.
2006a; Kuwamura et al. 2005; Steffes et al. 2012). Phenotypic manifestations of these
mutations include white spotting and ataxia (Bergstrom et al. 1999), skeletal defects, and
malformations of the hindbrain (Manzanares et al. 2000), roof plate and cerebellum
(Chizhikov et al. 2006b; Glover et al. 2018; Mishima et al. 2009), the midbrain (Deng et al.
2011), and ear (Deol 1964; Huang et al. 2018; Koo et al. 2009; Mann et al. 2017; Nichols et
al. 2008; Steffes et al. 2012).

Control of Lmx1agene expression is likely to be complex. For example, a LmxIa-cre-
containing BAC (bacterial artificial chromosome) with a ROSA26-lacZ reporter to visualize
LmxIaexpression in the roof plate and cerebellum of the mouse shows no expression in the
ear [e.g., Fig. 3B of (Chizhikov et al. 2006b)], suggesting that the BAC they used lacked an
enhancer for ear expression. Furthermore, several human LmxZaregulatory elements can
initiate expression in the zebrafish ear, while others direct expression elsewhere (Burzynski
et al. 2013). Thus, while rodents carrying inframe mutations are lethally affected, less
traumatic mutations, potentially including those to regions controlling LmxZa expression,
can result in human ear-specific pheno-types (Wesdorp et al. 2018) with variable penetrance,
depending on the mutation (Schrauwen et al. 2018). Judging from the various accounts of
mouse LmxZIamutants, it appears that not all descriptions show a similar effect on posterior
canal crista and/or interpret the data differently (Huang et al. 2018; Koo et al. 2009; Nichols
et al. 2008; Steffes et al. 2012). Specifically, mice mutant for LmxZashow an enlarged
posterior crista and the presence of a novel sensory patch in the lateral wall of the cochlear
duct (Nichols et al. 2008). This sensory patch is near the posterior crista and innervated by a
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branch of the crista’s nerve and is thus termed a papilla neglecta, in keeping with known
data on sensory epithelia and their innervation across vertebrates (Fritzsch et al. 2002;
Fritzsch and Elliott 2017). We here analyze this proposed relationship in more detail and
provide evidence suggesting that this papilla should be named a cochlear crista sensory
epithelium.

Specifically, we describe that the cochlear crista sensory epithelium forms from what would
otherwise be the non-sensory epithelium of the cochlear duct’s outer spiral sulcus. There it
forms a prolonged association with sensory epithelia of the basal cochlea when LmxIa
expressing constrictions fail to form and separate them. Where this association takes place,
the basal cochlear sensory epithelium lacks an outer hair cell band, and its inner hair cell
band fails to converge. Where the outer hair cell band is lost, the cochlear pattern of Brmp4
expression is reduced to patches separated by sometimes extensive gaps. In contrast, no
cochlear crista forms in the mutant’s apical cochlear duct. An imperfectly organized but
otherwise intact organ of Corti is present and shows a continuous band of Bmp4 expression
(Dvorakova et al. 2016; Dvorakova et al. 2019; Ohyama et al. 2010; Pan et al. 2012; Pan et
al. 2011).

Atoh1tm2Hz0 ( Atoh1-/acZ) mice were obtained from Dr. Huda Zoghbi (Bermingham et al.
2001; Fritzsch et al. 2005). B6.C3-Lmx1a” 6%/ ( Dreher’) mice were obtained from Jackson
Lab. Procedures were performed in accordance with the relevant ethical regulations and had
been approved by the local animal use and care authority. Applicable international, national,
and institutional guidelines for the care and use of animals were followed. All mice were
maintained in an AALAC certified facility under a Creighton University IACUC-approved
protocol.

Genotyping for LmxZ1awas performed by PCR according to a protocol obtained from the
laboratory of Dr. Kathleen Millen using the following primers: Forward ggc aac atc tgt tgc
tgt tg and Reverse gaa gca ggc act tac ttc tc. 10 pl of the PCR product was digested with 2 pl
of the following mix: 1.2 pul New England Biologicals buffer #4, 0.1 pl HpyCH4V
endonuclease (New England Biologicals), 0.7 ul H,O, for 3h @ 37° C and run on a 3%
agarose gel (GenePure HiRes; ISC Bioexpress). The wild type generated bands at 127 and
50 + 40 BP and the mutant at 127 and 90 BP. Genotyping for Afohl-lacZ mice used primers
for the /acZ gene (Echelard et al. 1994; Fritzsch et al. 1995). At least 3, and in many cases
eight ears from at least 2 litters, were examined at any given age/genotype/stain. Timed
breeding took place overnight, with midnight considered EO.0.

Mice used here were of mixed genetic background. In addition to C57/B6 and SVV129, our
colony included animals with some outbred CF1 (Charles River) background. Anecdotally,
phenotypes changed somewhat as we moved to a purer C57/B6 background, but remained
qualitatively similar.
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Histology

Atohl-lacZ was detected using R-galactosidase/X-gal histo-chemistry (Nichols et al. 1994).
E12 and E13 embryos were removed from the uterus to PBS, decapitated, and their mid/
forebrain and facial regions removed. They were then immersion fixed for 20-30 min in 4%
paraformaldehyde in PBS (PFA-PBS) at RT. Older embryos and pups were decapitated, and
the skin removed. The heads were then hemisected (scissors then scalpel), and the brains
removed. They were next rinsed in 0.1 M phosphate buffer, pH 7.4, for 10 min and
immersed in multiples of a solution consisting of 3.632 ml phosphate buffer, 40 ul 0.5 M
K3Fe(CN)g, 40 pl 0.5 M K4Fe(CN)g, 8 pl 1 M MgCly, 40 pl 1% Na deoxycholate, 40 pl 2%
NP-40, 200 pl 20 mg/ml X-gal (dissolved in dimethylformamide-stock stored at — 20° C).
Heads were stained overnight in a light-tight box on a rocker at RT, and staining stopped by
refixation in PFA/PBS overnight. Ears were dissected and observed as unflattened (except as
noted) whole mounts in 9:1 glycerin/PBS or rapidly embedded in a soft epoxy resin.
Embedded ears were sectioned at 5 um using a histology grade diamond knife (Pella and
Dumont). Some sections were counterstained with a 1:50 dilution of 0.5% sodium borate
buffered 0.5% toluidine blue stock on an LKB 2208 warming plate. Whole mounts were
photographed using an Olympus SZ61 dissecting microscope and DP21 digital camera.
Sections were photographed using a Nikon Eclipse 600 light microscope with bright field or
phase contrast optics and a Qlmaging digital camera.

In situ hybridization

Whole mount ISH were carried out according to standard procedures (Pauley et al. 2003)
using previously evaluated digoxigenin-labeled riboprobes for Brmp4 (Jones et al. 1991) and
Sox2 (Weston et al. 2011). Procedures performed without riboprobes resulted in pale,
homogeneous background stains. E12 and E12.5 ears were stained with capsules intact. For
E13.5 ears, the otic capsule was partially removed. For older ears, it was necessary to either
strip the capsule entirely from the cochlea (wild types) or to cut off the dorsal vestibule and
apical cochlea (mutants) to facilitate reagent penetration. Anti-digoxigenin-AP antibody and
BM purple (Roche) were used to detect riboprobe binding. Selected ears were embedded in
epoxy resin and sectioned as described above.

Three-dimensional reconstruction

This protocol was adapted from (Kopecky et al. 2012) to readily generate three-dimensional
renderings of the otic lumen.

Results

A new sensory epithelium forms in the lateral wall of the mutant cochlear duct

On E10.5, Nichols et al. (2008) demonstrate Sox2 expression with discrete margins in the
posterior prosensory field of the wild-type ear. In addition to Sox2, hybridization for a
second prosensory marker, Bmp4 (Chang et al. 2008; Macova et al. 2019; Morsli et al. 1999;
Pan et al. 2011), reveals a similar pattern on E11.0 (Fig. 1a). As previously described,
Lmxlais expressed in and surrounding the crista on E10.5 (Nichols et al. 2008). This
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expression persists in the non-sensory epithelium surrounding the posterior crista on E13.5,
but it has been excluded from the crista itself (Huang et al. 2018; Koo et al. 2009).

In the E10.5-11.0 mutant, both Sox2 (Dvorakova et al. 2019; Nichols et al. 2008) and Brmp4
(Fig. 1a’) expressions are enlarged in the posterior prosensory field, and while these
expressions are strong at their cores, their edges appear blurred. An extension of Bmp4
expression in the mutant crista forms a bridge to the posterior wall of the cochlear duct (blue
arrow). By E13.5, Sox2 (Fig. 1d’) and Bmp4 (Fig.1b’) expressions extend across the site that
would form the utriculosaccular constriction in the wild type and down the posterior wall of
the basal cochlear duct. Their expressions are broader and stronger proximal to the crista,
then become narrower, weaken, and terminate before the duct begins its apical spiral. This
cochlear crista subsequently elongates further (Nichols et al. 2008), but only enough to keep
pace with the similarly elongating basal cochlear duct. Mann et al. (Mann et al. 2017)
similarly describe the expression of JagZ, an additional prosensory marker, extending from
the vicinity of the posterior crista down the posterior wall of the cochlear duct in an LmxZa
mutant mouse. Koo et al. (Koo et al. 2009) describe a likely related ventral spread of
vestibular gene expressions.

On E13.5, serial sections of mutant ears demonstrate that a Bmp4 and Sox2-expressing
cochlear crista is located in the basal duct’s outer spiral sulcus, immediately adjacent to the
cochlear sensory epithelium (Fig. 1c, ¢’ e, €). In the wild type, the outer spiral sulcus is
known to express LmxIa(Huang et al. 2018; Nichols et al. 2008).

Atohl-expressing hair cells differentiate in the cochlear crista

By E17.5, an Afohl-expressing sensory epithelium has formed at the site occupied by the
Sox2-expressing cochlear crista sensory epithelium the previous day (Fig. 2a, a’). On E16.5
Sox2 expression appears uniform proximal to the posterior crista but becomes weaker
distally (Fig. 2a inset). Subsequent Afoh1 expression frequently forms larger patches
proximally and progressively smaller patches distally. This suggests that the cochlear crista’s
Sox2 expression field is not uniform but includes sites of stronger and weaker expression.
We speculate that stronger sites would go on to form AfohI-expressing patches, while
weaker sites would form intervening non-sensory epithelium (Nichols et al. 2008). At the
crista’s distal end, Afoh1 expression can either terminate more compactly (Fig. 2a) or taper
into an elongated series of patches and scattered cells (Fig. 2b). The size of the Atoh1
cochlear crista varied widely in our mixed strain animals. Rarely, ears lacked an Atoh1-
expressing cochlear crista altogether (not shown). However, a more typical example (Fig. 2a)
was 225 pm long and consists of approximately 50 hair cells. Exceptionally, the largest
cochlear crista, we encountered was 575 pm long and consisted of approximately 216 hair
cells (Fig. 2a’). Approximations were made by multiplying hair cells/unit length by total
length and then by an average of hair cells per width taken at five evenly spaced sites along
the length of Fig. 2a and ten sites along the length of Fig. 2a’.

On E18.5, in horizontal sections across the cochlear duct proximal to the posterior crista, the
cochlear crista is bilayered, with Atoh1-expressing hair cells in its luminal layer (Fig. 2b).
This figure also clearly demonstrates the separation of the cochlear crista from the cochlear
sensory epithelium at this age. A toluidine blue-stained matrix, distinct from tectorial
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membrane, is present in the lumen above the cochlear crista (Fig. 2b’). In serial horizontal
sections, cut from an E18.5 mutant, the posterior ampulla demonstrates the expected cupula
matrix capping the crista sensory epithelium (Fig. 2c). In the basal cochlear duct proximal to
the crista, a similar matrix caps the cochlear crista (Fig. 2c”).

In mutant ears, the medial arm of the posterior crista is both wider and variably longer than
the lateral arm. Its increased width appears to result from incorporating an extension of the
cochlear crista along its ventral margin (Fig. 2a, a’).

Utriculo-saccular and cochleo-saccular constrictions fail to form in the mutant

On E11.5, the wild-type cochlear duct opens broadly onto a common vestibular cavity that
includes the posterior ampulla (Morsli et al. 1999). However, by E12.5, the posterior aspect
of the utriculo-saccular constriction is separating the duct from the posterior ampulla and
crista (Fig. 3a). This constriction is completed and the cochleo-saccular constriction (ductus
reuniens) added prior to E14.5 (Fig. 3b). LmxlIais strongly expressed in both constrictions
(Fig. 3a/b, inset).

In the E14.5 mutant, the utriculo-saccular and cochleo-saccular constrictions are vestigial
(Fig. 3c) and remain so at E16.5 (Fig. 3d). As a result, the posterior ampulla and its crista
remain open to the basal cochlear duct and its cochlear sensory epithelium in a persistent
common vestibular cavity (CVC). As described below, this continuity, together with the
over-growth of the posterior crista to form the cochlear crista, will bring the two sensory
epithelia into contact.

The crista makes contact with the basal cochlear sensory epithelium

In the E13.5 wild type, horizontal sections across the cochlear duct identify a Sox2-
expressing cochlear sensory epithelium (Fig. 1e), the basal end of which is separated from
the saccular macula by the cochleo-saccular constriction by E14.5 (red line, Fig. 3b). In the
mutant, however, no cochleo-saccular constriction forms and the cochlear sensory
epithelium remains joined to the macula. To maintain this junction, the basal end of the
cochlear sensory epithelium turns anteriorly out of the basal cochlear duct and onto the
medial wall of a common vestibular cavity. There it joins the saccular macula. The
morphology of this junction is best visualized in the perinatal mutant ear (Fig. 4a, b). See
also summary Figure 8.

As noted above, the utriculo-saccular constriction is also absent in the mutant. In the absence
of both constrictions, the basal cochlear sensory epithelium, on its path to join the saccular
macula, associates laterally with the cochlear crista and its extension on the ventral margin
on the medial posterior crista. On E13.5, this association is so close that Sox2-expressing
cells in the cochlear crista and medial arm of the posterior crista make direct contact with
Sox2-expressing cells on the abneural margin of the basal cochlear sensory epithelium (Fig.
4c—d’). In the wild type, the future outer hair cell band would be located on this margin.
These relationships are diagrammed in Fig. 4f and Summary Figure 8. While contact
between the two Sox2 expressing sensory epithelia is broken by E16.5 and their Afoh1
expressions are separated on E17.5, the former extent of the association can still be
visualized in E16.5 and E17.5 whole mounts (Fig. 4g, h).
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A Noggin-expressing non-sensory epithelium separates the crista from the basal cochlear
sensory epithelium

In the wild-type cochlea, the BMP antagonist, Noggin (Nog), is expressed abneural to the
cochlear sensory epithelium on E13.5 (Fig. 5a). By E17.5, this expression extends from the
abneural (lateral) margin of the organ of Corti to the nearest margin of the stria vascularis
(Fig. 5b).

In the mutant, Mog is expressed at the interface between the crista sensory epithelium and
the basal cochlear sensory epithelium beginning on E12.5 (Fig. 5e). At E13.5 this interface
temporarily expresses both Sox2 (Fig. 4c) and Nog (Fig. 5f). By E17.5, the cells in the
interface have expanded into a flattened monolayer (Fig. 5g) that no longer expresses
detectable Sox2 (Fig. 5h). We thus identify this as a non-sensory epithelium. Nevertheless,
scattered AtohI-expressing hair cells are occasionally present (Fig. 5c, d).

The basal cochlear sensory epithelium of the mutant is altered where formerly associated
with crista sensory epithelium

Though separated by E16.5, the cochlear crista and medial arm of the E17.5 posterior crista
still parallel the basal cochlear sensory epithelium they previously contacted (Fig. 4h). This
basal region of the cochlear sensory epithelium is not in the cochlear duct, but on the medial
wall of the common vestibular cavity.

In the entire wild-type cochlea, as well as in the apical cochlea of the mutant, a narrow band
of inner hair cells, one-hair cell wide, is separated by the tunnel of Corti from a broader band
of outer hair cells, three-hair cell wide. In contrast, the basal cochlear sensory epithelium of
the mutant completely lacks an outer hair cell band, and the inner band is variably expanded
to several hair cells wide (Fig. 6a—d). Both (Koo et al. 2009; Nichols et al. 2008) note that
among the inner hair cells of this mutant basal cochlear sensory epithelium are hair cells
with stereocilia bundles resembling those of vestibular (crista?) sensory epithelia.

An abluminal layer of SoxZ2-expressing supporting cells is present (Fig. 6¢), though
differentiated pillar and Deiters’ cells are absent (Nichols et al. 2008). In the absence of
pillar cells, a tunnel of Corti is also missing. Where the cochlear crista is more compact, the
transition from altered basal cochlear sensory epithelium to intact apical organ of Corti is
abrupt (Fig. 6a, b). However, where the crista’s apical termination is elongated into patches
and scattered cells, patches of an outer hair cell band can be present in the vicinity of an
indistinct junction (Fig. 2a’).

These results suggest that a contact-mediated interaction between crista and basal cochlear
sensory epithelium is responsible for altering the basal cochlear sensory epithelium.
However, at the cochlear-saccular epithelial basal tip, it retains a junction with the saccular
macula through perinatal ages. Thus, this association too might be responsible for altering
the peri-junctional cochlear epithelia.
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Region of patchy basal cochlear Bmp4 expression approximates that of its former
association with the cochlear crista

In whole mounts of E13.5 wild-type ears, an unbroken band of Bmp4-expressing cells is
present immediately abneural to the cochlear sensory epithelium (Fig. 1b). In mutants, an
unbroken band is present apically, but it weakens basally (Fig. 1b’). In dissected E13.5
mutant ears, the weakened basal band observed in whole mounts resolves into patches that
taper to extinction as the cochlear sensory epithelium approaches its junction with the
saccular macula (Fig. 7a).

At E15.5, the patchy region has elongated, with longer gaps between patches (Fig. 7b). The
region of patchy expression approximates that of the basal cochlear sensory epithelium’s
former association with crista sensory epithelium, as suggested in Fig. 6b. Postnatally, gaps
are variable in length and can include much of the basal cochlear sensory epithelium (Fig.
7¢). Nevertheless, an unbroken band of Bmp4 expression is always present apically.

Discussion

We here demonstrate that LmxZIa expression participates in mechanisms that maintain the
separation between posterior crista sensory epithelium and basal cochlear sensory
epithelium. In the LmxZa mutant, this separation is breached, and a cochlear crista forms in
the posterior wall of the basal cochlear duct. There we propose it alters the basal cochlear
sensory epithelium.

Lateral induction forms an enlarged posterior crista in the mutant

Previous work (Huang et al. 2018; Mann et al. 2017) demonstrates that ectopic expression of
Lmx1b (the equivalent of mammalian LmxZa) suppresses Jagl expression in the chick ear.
Mann et al. (2017) then describe the spread of Jagl expression beyond core sensory epithelia
in an LmxIa mutant mouse and suggest this results when JAG1-NOTCH signaling
propagates itself into the surrounding epithelium by lateral induction (Hartman et al. 2010).
Similarly, we find that the expressions of Sox2and Bmp4 expand beyond the wild-type core
of the posterior crista into the surrounding epithelium. We thus propose that this expansion
results when LMX1A is unavailable to prevent lateral induction from propagating Jag?
expression beyond the core’s margins (Daudet and Lewis 2005; Neves et al. 2011). JAG1-
NOTCH signaling would then sustain Sox2 expression and thus assert a sensory fate
(Daudet et al. 2007; Hartman et al. 2010).

Additional factors must be responsible for shaping the cochlear crista. LmxZaand the LIM
transcription cofactor, Lmo4, are normally co-expressed in the posterior wall of the wild-
type cochlear duct. In addition to Lmo4's expression there, it is also required for the
formation of the posterior crista (Deng et al. 2010). Thus, one possibility is that the absence
of Lmx1aexpression in the mutant plus the continued presence of Lmo4 expression makes
the wall specifically susceptible to crista sensory epithelium propagation and thus defines
the path of its expansion.

However, the crista sensory epithelium fails to propagate beyond the basal cochlear duct,
into the outer spiral sulcus of the apical duct. This possibly suggests that its propagation is

Cell Tissue Res. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nichols et al.

Page 9

time constrained. Consistent with this, Sox2expression in the cochlear crista becomes
patchy at its distal end. The contrast between the cochlear crista’s indistinct margins and the
more well-defined margins of the posterior crista’s other two arms (Fig. 4g) further suggests
that the cochlear crista is less spatially constrained as well. This might allow cochlear crista
to propagate into the basal cochlear sensory epithelium, possibly directing some of its hair
cells to a vestibular (crista?) fate. Nevertheless, while propagation by lateral induction is
suggested, it should be noted that we have not ruled out prosensory cell migration from the
core posterior crista as a source of the cochlear crista.

Gene expressions for the formation of crista sensory epithelium are suppressed by LMX1A

LmxI1aexpression has been implicated in two mechanisms that oppose the formation of
posterior crista sensory epithelium. In the first, LmxZa expression suppresses the formation
of posterior crista sensory epithelium (Huang et al. 2018) by suppressing that of genes
essential for crista formation (Deng et al. 2010). These include Bmp4 (Chang et al. 2008)
and Fgf10 (Pauley et al. 2003). The expression of /s/et1 is also suppressed, but its role
sensory epitheliogenesis is not clear. Nevertheless, a role is suggested by its ubiquitous
expression in otic prosensory epithelia (Radde-Gallwitz et al., 2004; Li et al., 2004; Huang
et al. 2008), its role in reducing noise-related damage to adult hair cells (Huang et al. 2018),
and in enhancing Atohl-mediated conversion of adult supporting cells to hair cells
(YYamashita et al. 2018). In the wild-type crista, the suppression of these gene expressions is
prevented by the opposing expression of the LIM-only factor, Lmo4 (Huang et al. 2018).

In the second mechanism, LmxIa expression suppresses Jag expression that would
otherwise initiate NOTCH signaling and subsequent sensory epitheliogenesis. In the wild-
type crista, this suppression is prevented when JagZ expression instead suppresses that of
Lmx1a(Mann et al. 2017). Whether these two suppressions (Lmo4, Jagl-Notch signaling)
interact is unknown. However, in Drosophila, a LIM-homeodomain factor, Apterous, is
responsible for initiating the expression of the JagZ homolog, Serrate, in the dorsal
compartment of the imaginal wing disc. Furthermore, Apterous expression is subsequently
suppressed by the Drosophila LIM-only factor, dALMO (Milan and Cohen 2000). Thus, a
precedent exists for an interaction between a LIM-homeodomain factor and both a LIM-only
factor and Jagl/Serrate.

Our results combined with those of Mann et al. (2017) suggest wild-type LmxIaexpression
can successfully suppress JagZ-mediated sensory epitheliogenesis in the non-sensory
epithelium surrounding the posterior crista (Fig. 8). Both suppressive mechanisms might
apply in the wild-type outer spiral sulcus, where LmxZaand Lmo4 are co-expressed. When
suppression is successful, not only is a sensory epithelium absent but also the posterior wall
of the cochlear duct is freed to pursue other fates (e.g., stria vascularis).

The basal cochlear sensory epithelium is altered in the Lmx1la mutant

The work of others (Mann et al. 2017) suggests that LmxZa expression creates a barrier that
prevents the epithelium surrounding the posterior crista from assuming a sensory fate.
Lmxlais also expressed in constrictions that separate the wild-type posterior crista sensory
epithelium from the basal cochlear sensory epithelium. These physically separate the two
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sensory epithelia into mutually unavailable compartments (Mann et al. 2017). In the LmxIa
mutant, both sensory fate resistance and physical separation fail. As a result, lateral
induction propagates ectopic crista sensory epithelium into the posterior wall of the basal
cochlear duct and the cochlear crista is transiently located in contact with the basal cochlear
sensory epithelium.

Our results further demonstrate that where transient contact has occurred, the resulting organ
of Corti is characteristically altered. The outer hair cell band is missing, and while a
supporting cell layer is present, it lacks differentiated pillar and Deiters’ cells (Nichols et al.
2008). The absence of Deiters’ cells at least is consistent with the loss of the outer hair cell
band, of which they are a part. The remaining hair cell band mingles vestibular-like hair
cells with the expected inner hair cells (Koo et al. 2009; Nichols et al. 2008). This suggests
that contact has allowed the cochlear crista to propagate a crista hair cell phenotype among
uncommitted sensory pre-cursors in the cochlear sensory epithelium. The broad band of
inner/vestibular hair cells is consistent with the possibility that it has failed to converge and
extend. This failure could reflect its partially vestibular phenotype or possibly its ectopic
location on the medial wall of the common vestibular cavity rather than the elongating
cochlear duct. Consistent with the presence of both inner, and vestibular-like hair cells, Fgr8
expression is expanded in this band (Nichols et al. 2008).

In addition to defects in the basal cochlear sensory epithelium, cochlear-pattern Bmp4
expression is reduced to patches. We suggest this too results from the cochlear sensory
epithelium’s exposure to the propagating cochlear crista. However, the proposed role of
cochlear BMP4 signaling in organizing and differentiating the organ of Corti (Deng et al.
2014; Ohyama et al. 2010) suggests that reduced cochlear-pattern BMP4 signaling itself
might play a role in suppressing the outer hair cell band (Fig. 8a,b).

The cochlear crista suggests a papilla neglecta

In many vertebrates, including man, a patch of sensory epithelium, the papilla neglecta, is
located near the posterior crista (Brichta and Goldberg 1998). In wild-type mice, this patch
consists of no more than 5-8 hair cells in the utricular canal, near the lip of the utriculo-
saccular constriction (Nichols et al. 2008). Given the presence of this constriction, the
papilla’s position is equivalent to the cochlear crista in the LmxZa mutant. In addition, both
are innervated by the nerve to the posterior crista, and a cupula-like matrix has been
described capping both (Fritzsch and Wake 1988). However, the papilla is present in an ear
capable of expressing LmxZ1a, which our results suggest might be expected to suppress it
(Fritzsch and Wake 1988; Wu and Oh 1996).

Despite this, we suggest that the wild-type papilla results from the same mechanism we
propose responsible for the mutant’s cochlear crista. Thus a JagZ-expressing papilla pre-
cursor would originate as a propagation from the posterior crista. It would then be isolated
from the crista when additional factors are combined with LmxZa expression to suppress
JAG1-NOTCH signaling expression in the intervening epithelium. Secondarily suppressed
NOTCH signaling in a cell population resembling that of a cochlear crista/papilla neglecta
was noted by Mann et al. (2017). The existence of secondary factors influencing the extent

Cell Tissue Res. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nichols et al.

Page 11

of the cochlear crista is suggested by the crista’s variable size in our mixed strain mice (Fig.
2a vs. 2b).

Our results suggest that while the papilla neglecta of the wild-type mouse is small and
possibly vestigial, its posterior sensory field retains the capacity to generate a larger papilla.
Exploiting this potential could permit the evolution of alternate sensory configurations
(Elliott et al. 2018; Fritzsch and Elliott 2017; Fritzsch et al. 2013; Fritzsch and Wake 1988).

Mutant crista and cochlear sensory epithelia are eventually separated by a Noggin-
expressing non-sensory epithelium.

In the wild-type ear, the posterior crista and basal cochlear sensory epithelium form from
spatially separated sites and remain separated from one another (Morsli et al. 1999). Integral
to maintaining this separation are LmxZa dependent mechanisms that confine the crista and
form constrictions separating it from the cochlear duct. In the mutant, these mechanisms
play no role. Nevertheless, by E16.5 the crista sensory epithelia and the basal cochlear
sensory epithelium are separated by a NMoggin expressing (for the most part) non-sensory
epithelium. Scattered AfohI-expressing hair cells are, however, occasionally present in this
epithelium but their formation is delayed compared to control animals (Nichols et al. 2008).
Their presence suggests they have formed from an initially bipotential, sensory/non-sensory
epithelium generated at the interface between the crista and cochlear sensory epithelia
(Mann et al. 2017). The expression of AMoggin in this epithelium suggests that the
suppression of BMP signaling might play a role in its formation (Krause et al. 2011).
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Fig. 1.
Bmp4 and Sox2 are expressed in the cochlear crista. (a, a’) Whole mounts of E11.0 wild

type (a) and mutant LmxZanull mice (a’) ears stained for Brmp4 expression. Blue asterisks
mark posterior crista and red asterisks cochlear Bmp4 expression. Bmp4 expression is
absent from the utriculo-saccular constriction of the wild-type ear (black arrow in a), but
present in the mutant (blue arrow in @’). (b, b”) Whole mounts of E13.5 wild-type (b) and
mutant (b”) ears stained for Bmp4 expression. Black arrow marks the utriculo-saccular
constriction in b. Blue arrow mark the cochlear crista, and the black arrow the basal cochlear
sensory epithelium in b’. Black (b) and red (b”) asterisks marks the apical tip of the cochlea.
(c, ¢’) Horizontal sections across the cochlear ducts of wild-type (c) and LmxZanull mutant
(c’) ears stained for Bmp4 expression. To the right of the blue arrow crista sensory
epithelium (cochlear crista) is stained in the outer spiral sulcus; red arrows mark cochlear
sensory epithelium. (d, d’) Whole mounts of E13.5 wild-type (d) and mutant (d’) ears
stained for SoxZ2 expression. Blue asterisks mark the posterior crista, and red asterisks mark
the apical tip of the cochlear sensory epithelium. Blue arrow in d’ lies over the cochlear
crista. (e, e”) Horizontal sections across the cochlear ducts of E13.5 wild-type (e) and mutant
(e’) ears stained for Sox2 expression. Blue arrow marks crista sensory epithelium (cochlear
crista) in the outer spiral sulcus, red arrows mark cochlear sensory epithelium. All bars are
100 pm
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Fig. 2.

Tt?e cochlear crista differentiates AfohZ-expressing hair cells. (a, a”) Whole mounts of E17.5
ears stained for Afoh expression in LmxZanull mice. Note that the enlarged medial arm of
the posterior crista (medPC) includes an AfohI-expressing extension of the cochlear crista
(red curved arrow) along its ventral margin. This extension is not present on the ventral
margin of the smaller lateral arm (latPC). Boxed area in a’ marks a region in which the
cochlear crista ends in scattered cells and the previously associated basal CoSE retains
patches of outer hair cells (OHC). (b, b’) Adjacent phase contrast (b) and toluidine blue
stained (b”) sections in the plane marked B in a’. Red arrows mark basal cochlear sensory
epithelium and blue arrows, cochlear crista. Note cupula-like matrix beneath the blue
arrows.(c, ¢’) Selected phase contrast serial sections across the length of the posterior crista
(c) and the width of the cochlear crista (c’). Black arrows mark cupular matrix, blue arrows,
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hair cells, and yellow arrows mark a supporting cell layer. Abbreviations: bCoSE, basal
cochlear sensory epithelium; coCr, cochlear crista; latPC, lateral arm of the posterior crista;
medPC, medial arm of the posterior crista; OHC, outer hair cell patch. Bars are 100 um (a,
a’),and 10 um (b, b’, c, ¢’)
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Fig. 3.

Utriculo-saccular and cochleo-saccular constrictions fail to form in the mutant. (a) Lateral
view of the lumen of an E12.5 wild-type ear. Yellow and red bands mark the sites of the
utriculo-saccular and cochleo-saccular constrictions respectively. (b) Lateral view of an
E14.5 wild-type ear. Note that the constrictions now isolate the base of the cochlear duct
from the utricle and saccule (Utr, Sac a/b inset). Black ovals mark the approximate site of a
papilla neglecta. Note the segregation of the saccule is fully distinct. (a/b inset) Flat mount
of an E14.5 wild-type ear stained for LmxZaexpression. Yellow and red lines mark strong
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expression in the planes of the utriculo-saccular and cochleo-saccular constrictions,
respectively. (c) Lateral view of the lumen of an E14.5 mutant. An arrow marks the cochlear
crista, and the site of the transition from basal to apical cochlear sensory epithelia. (d)
Lateral view of an E16.5 mutant ear showing an enlarged but unchanged shape.
Abbreviations: AC/HC, anterior + horizontal crista; coCr, cochlear crista; CVC, common
vestibular cavity; Sac, sacccule; PC, posterior crista; Utr, utricle. All bars are 100 pm
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Fig. 4.

E17.5 Mut Atoh1

Mutant cochlear and crista sensory epithelia make contact. (a, b) P1.5 Whole mount (a) and
section (b) stained for Afoh1 expression in hair cells. Note the crista is parted from the basal
cochlear sensory epithelium (bCoSE) at this age and is not included. Black line in (a) marks
the plane of section in b where the basal CoSE approaches the saccular macula (Sac) and
joins it in an adjacent section (not shown). (c, d, d’,e) Selected horizontal serial sections cut
from an E13.5 ear stained for Sox2expression in planes indicated in f. Blue lines
approximate crista sensory epithelium. Red asterisks mark the abneural edge of the basal
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cochlear sensory epithelium. Red arrows mark the region of contact between crista and
cochlear sensory epithelia. The cochlear sensory epithelium is artifactually broken in (d).
(d”) shows the boxed area in (d). In (e), the plane of section is dorsal to the cochlear sensory
epithelium. (f) Diagram illustrating the association of the crista sensory epithelium with the
basal cochlear sensory epithelium along the dashed red line. Here the cochlear sensory
epithelium will lack an outer hair cell band and cochlear Bmp4 expression will be patchy.
(9) Whole mount of an E16.5 posterior and cochlear crista stained for Sox2 expression.
White arrows mark the proposed directions of crista propagation by lateral induction. Blue
arrows mark distal patches of SoxZ2expression. Note the broad and elongated medial arm of
the posterior crista (medPC). Dotted black line marks the now separating zone of contact
with the basal cochlear epithelium. (h) By E17.5, the cochlear crista and medial posterior
cristae are separated from the basal cochlear sensory epithelium, but the former contact zone
can still be recognized (double headed red arrows). Abbreviations: aCoSE, apical cochlear
sensory epithelium; AC/HC, anterior and horizontal cristae; bCoSE, basal cochlear sensory
epithelium; coCr, cochlear crista; CVC, common vestibular cavity; latPC, lateral arm of the
posterior crista; medPC, medial arm of the posterior crista; Sac, saccular macula; Utr,
utricle. Bars in a, g, and h are 100 pm. All others are 10 pm
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Fig. 5.
A Nog-expressing epithelium separates basal cochlear sensory epithelium from crista

sensory epithelium. (a) Section across the cochlear duct of an E13.5 wild-type ear stained
for Nog expression (red arrow). Red asterisk marks the site of the cochlear sensory
epithelium. (b) Similar section across an E17.5 wild-type duct stained for NMog expression in
the outer spiral sulcus. Red asterisk marks the site of the cochlear sensory epithelium. A
black arrow marks the edge of the stria vascularis identified by black melanocytes in its
forming intermediate layer. A red arrow marks the outer spiral sulcus. (c) Afoh1 stained
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cochlear duct from the E17.5 mutant ear in Fig. 2a’. Note several hair cells (e.g., red arrow)
are located in the epithelium separating the cochlear sensory epithelium from the crista
sensory epithelium. (d) Flat mount of the basal CoSE of a P1.5 mutant immunostained for
MYOSIN Vlla to label maturing hair cells. White arrow marks the abneural margin of the
basal cochlear sensory epithelium. Note scattered hair cells to the right of the margin. (e)
Horizontal section across the posterior crista and basal cochlear sensory epithelium of an
E12.5 mutant ear. The medial arm of the crista (blue asterisk) and cochlear sensory
epithelium (red asterisk) are in direct planar contact (red arrow). Nog expression stains the
interface between the two. (f) similar section from an E13.5 ear. The contacting edge of the
crista is thinning. (g) Horizontal section across the common vestibular cavity (CVC) of an
E17.5 mutant ear stained for Mog expression. A red asterisk marks the abneural (lateral)
margin of the basal cochlear sensory epithelium, and a blue asterisk marks the facing margin
of the cochlear crista. The double headed arrow parallels the Nog stained epithelium
separating the cochlear sensory epithelium from the crista sensory epithelium. (h) Vertical
section across the common vestibular cavity of an E17.5 mutant ear stained for Sox2
expression. The double-headed red arrow parallels the unstained non-sensory epithelium
separating the cochlear sensory epithelium from the crista. Abbreviations: bCoSE, basal
cochlear sensory epithelium; coCr, cochlear crista; CVC, common vestibular cavity; latPC,
lateral arm of the posterior crista; medPC, medial arm of the posterior crista; Sac, saccular
macula. Bars in ¢, d are 100 um. All others are 10 um
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Fig. 6.
The mutant basal cochlear sensory epithelium is altered. (a, b) Whole mounts of E17.5 (a)

and E18.5 (b) basal-apical cochlear sensory epithelial junctions. Red arrows mark the inner
hair cell bands, and black arrows the blunt end terminations of the outer hair cell bands at
the junctions. The black line in b suggests unbroken cochlear Bmp4 expression in the apical
cochlear sensory epithelium (solid line) and patchy expression in the basal cochlear sensory
epithelium (dashed line). (c, d) Sections across the basal cochlear sensory epithelium of an
E16.5 mutant ear stained for Sox2 expression (c, bright field) and an E18.5 mutant ear
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stained for Afoh1 (d, phase contrast) expression. Black arrows bracket hair cell layers and
white arrows, supporting cell layers. In d note that the inner hair cell row of the basal CoSE
is eight hair cells wide and the tunnel of Corti is missing. Abbreviations: aCoSE, apical
cochlear sensory epithelium; bCoSE, basal cochlear sensory epithelium; IHC, inner hair
cells; OHC, outer hair cells. All bars are 25 pm
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B:sal cochlear Bmp4 expression is patchy in the mutant. (a) Flat mount of the posterior and
medial walls of the common vestibular cavity in an E13.5 mutant ear stained for Bmp4
expression. The junction of the basal CoSE with the saccular macula is out of view in the
direction of the white arrow here and in b, ¢. Asterisks mark patches of Bmp4 expression
here and in b, c. (b) Similar view of an E15.5 ear. Black arrows here and in ¢ mark the
transition from unbroken expression apically to patchy expression basally. (c) Similar view
of a P4.5 ear. Abbreviation: aCoSE, apical cochlear sensory epithelium; bCoSE, basal
cochlear sensory epithelium. All bars are 50 pm
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Control

Fig. 8.

Sugmmary Figure. (a) In the E14.5 wild type, cochlear sensory epithelium forms in an
cochlear duct separated from the posterior crista sensory epithelium and saccular macula. (b)
In the E16.5 mutant the absence of constrictions has permitted an enlarged medial arm of the
posterior crista and an ectopic cochlear crista to interact with the basal cochlear sensory
epithelium, eliminating its outer hair cell band and altering its inner hair cell band. At this
age these have now separated, but remain adjacent. Note this is a view of the lateral side of
the otic lumen, but the elongated arm of the posterior crista and the basal cochlear sensory
epithelium are actually facing its medial side. Abbreviations: AC, anterior crista; aCoSE,
apical cochlear sensory epithelium; bCoSE, basal cochlear sensory epithelium; CoSE,
cochlear sensory epithelium; coCr, cochlear crista; HC, horizontal crista; PC, posterior
crista; S, saccule; U utricle
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