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Abstract

We have carried out an analysis of the expression of Prox1, a homeodomain transcription factor,
during mouse inner ear development with particular emphasis on the auditory system. Prox1 is
expressed in the otocyst beginning at embryonic day 11, in the developing vestibular sensory
patches. Expression is down-regulated in maturing (myosin VIIA immunoreactive) vestibular hair
cells and subsequently in the underlying support cell layer by E16.5. In the auditory sensory
epithelium, Prox1 is initially expressed at embryonic day 14.5 in a narrow stripe of cells at the
base of the cochlea. This stripe encompasses the full thickness of the sensory epithelium,
including developing hair cells and support cells. Over the next several days, the stripe of
expression extends to the apex, and as the sensory epithelium differentiates, Prox1 becomes
restricted to a subset of support cells. Double labeling for Prox1 and cell-type specific markers
revealed that the outer hair cells transiently express Prox1. After E18, Prox1 protein is no longer
detectable in hair cells, but it continues to be expressed in support cells for the rest of
embryogenesis and into the second postnatal week. During this time, Prox1 is not expressed in all
support cell types in the organ of Corti, but is restricted to developing Deiters’ and pillar cells. The
expression is maintained in these cells into the second week of postnatal life, at which time Prox1
is dynamically down-regulated. These studies form a baseline from which we can analyze the role
of Prox1 in vertebrate sensory development.
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INTRODUCTION

The organ of Corti is the sensory epithelium mediating auditory function in mammals. It
resides in the bony cochlea in the inner ear. In the mature organ of Corti, sensory hair cells
are arranged with nonsensory support cells in a highly stereotyped pattern. There are two
specialized types of auditory hair cells, inner hair cells, which form a single row along the
medial aspect, and outer hair cells, which form three rows more laterally. Hair cells are
arranged tonotopically along the length of the organ of Corti, with those responding to high
frequencies located at the base and those responding to low frequencies at the apex of the
cochlea. Support cells, which are highly diverse morphologically, are interposed between
hair cells. The inner hair cells are surrounded by inner phalangeal cells and border cells,
while the outer hair cells are surrounded by Deiters’ cells. Interposed between the inner and
outer hair cells are two rows of pillar cells, which surround a longitudinal fluid-filled space
called the tunnel of Corti (Retzius, 1884; Held, 1926; Lim and Anniko, 1985). The
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vestibular sensory epithelia (utricle, saccule and cristae) also contain hair cells and support
cells. There appears to be only a single type of support cell in the vestibular sensory
epithelia. As in the cochlea, in the vestibular structures there are two different types of hair
cells, termed type | and type II.

The epithelial components of the inner ear, including the organ of Corti, develop from the
otic placode, a patch of lateral head ectoderm that becomes internalized during early
development. In the organ of Corti, new cell production occurs in an apical-to-basal gradient
(Ruben, 1967), while overt differentiation of both hair cells and support cells occurs in the
opposite direction. In recent years, several important contributions to the understanding of
vertebrate inner ear development have drawn on advances in the field of Drosophila neural
development, since many of the molecular pathways underlying neurogenesis have been
conserved (Myat et al., 1996; Adam et al., 1998; Haddon et al., 1998; Lanford et al., 1999;
Shailam et al., 1999; Lanford et al., 2000; Zhang et al., 2000). While these studies have led
to fundamental insights into the molecules required for the differentiation of hair cells, far
less is known about the key regulators of support cell development. In the development of
the Drosophila sensory organs, the neuron and the non-neuronal support cells are all derived
from a common precursor, the sensory organ precursor (SOP). Several genes have been
identified as being critical for development of the non-neuronal cells in Drosophila sensory
organs through both genetic screens and, more recently, genomic approaches (Freeman et
al., 2003). One of the genes important in Drosophila glial development is Prospero, a
homeodomain transcription factor. Mutational analysis has shown that Prospero is necessary
for glial cells in both developing CNS and PNS. Prospero is required to upregulate a glial-
specific gene, gcm (glial cells missing) and induce glial cell differentiation (Freeman and
Doe, 2001). Prospero also regulates glial cell proliferation in the fly peripheral nervous
system (Griffiths and Hidalgo, 2004).

The vertebrate homolog to Prospero, Prox1, has been localized to the developing inner ear
of zebrafish (Glasgow and Tomarev, 1998) and chickens (Stone et al., 2003). In the chick
embryo, Prox1 is highly expressed in regions of the otocyst that will give rise to both the
auditory and vestibular sensory epithelia and the statoacoustic ganglion (Stone et al., 2003).
During development of the chick auditory epithelium, Prox1 protein is first identified in
progenitor cells throughout sensorigenic and neurogenic regions of the early otocyst by
stage 16 (Hamburger and Hamilton, 1992). Prox1 is expressed in immature hair cells and
support cells, but it is down-regulated very quickly in differentiating hair cells. Prox1
expression is down-regulated over a more protracted period in support cells as they
differentiate, starting with support cells in the center of the epithelium of the basilar papilla
and spreading out toward the neural and abneural sides. Support cells along the neural side
of the epithelium do not completely lose Prox1 immunoreactivity, but retain low levels into
adulthood (Stone et al., 2003; Stone et al., 2004).

To determine whether Prox1 plays a role in the development of the support cells in the
mammalian inner ear, we carried out an analysis of its developmental expression in mice.
Mice have several advantages for this analysis, including a highly specialized set of support
cells, in the organ of Corti, which can be differentiated from one another on the basis of
morphology and position within the sensory epithelium. Moreover, these studies form a
baseline from which we can analyze the effects of mutations in the neurogenic pathway to
further define the role of Prox1 in vertebrate sensory development.

In this study, we characterize the temporal and spatial patterns of Prox1 protein expression
in the developing mouse organ of Corti and the vestibular organs. Prox1 is expressed in the
vestibular epithelia from E11 until E16.5. At embryonic day 14.5 (E14.5), we first detect

Prox1 in the basal end of the developing cochlea in the precursors to hair cells and support
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METHODS

Animals

cells. Over the next several days we see expression spread to the apex, and as the sensory
epithelium differentiates, Prox1 becomes restricted to support cells. Prox1 is not expressed
in all support cell types in the organ of Corti, but only in Deiters’ and developing pillar cells.
The expression is maintained in these cells into the second week of postnatal life, at which
time Prox1 is down-regulated and undetectable by postnatal day 20.

Animals were housed in the Department of Comparative Medicine and all procedures were
carried out in accordance with the guidelines of the animal care committee at the University
of Washington. Embryos were obtained from timed pregnant matings of either Swiss-
Webster or CBA mice purchased from Harlan (Indianapolis). We used the staging system of
Theiler (1989) to accurately stage the embryos at the time of harvest
(http://genex.hgu.mrc.ac.uk/Atlas/intro.html). For the postnatal animals, PO is defined as the
day of birth. Math1-GFP mice were obtained from Jane Johnson (University of Texas
Southwestern); the generation and characterization of these mice has been previously
described (Chen et al., 2002; Lumpkin et al., 2003).

Histology/Immunofluorescence

Embryos were harvested from timed pregnant Swiss Webster females at embryonic days 11,
12, 14, 14.5, 15, 15.5, 16.5 and 18.5. Whole heads were fixed for 2 hours at room temp in
4% paraformaldehyde. Inner ear tissues were also harvested from PO, P3, P4, P5, P6, P10,
P12, P20 and adult mice (Swiss Webster and CBAs). At least three animals were examined
at each time point. For PO to P6 mice, entire heads were immersed in 4% paraformaldehyde
for 2 hours at room temperature. For P10 animals, the temporal bone was removed rapidly,
the stapes was removed, and a small opening was made in the apical turn of the cochlea
prior to immersion of the temporal bone in fixative for 2 hours. For P12 through adult
animals, an intralabyrinthine perfusion of fixative was performed prior to immersion of the
temporal bone in fixative for 2 hours. For the embryos and some postnatal tissues, the tissue
was washed in several changes of Phosphate Buffered Saline pH 7.4 (PBS) for over 1 hour,
cryoprotected in successive changes of increasing sucrose concentrations, embedded in OCT
and sectioned at 10 um. Sections were collected on SuperFrost slides and air dryed for no
more than 30 minutes. The plane of sectioning was oriented to produce midmodiolar
sections through the cochlea. Other postnatal tissues that were to be prepared as surface
preparations were washed 3 times in PBS, and segments of the organ (half turns) were
carefully dissected from the cochlea. Utricles and saccules were isolated from the inner ear
and otoconia were removed.

For immunofluorescence, sections were washed in PBS and sections or free-floating utricles,
saccules and segments of the organ of Corti were then incubated with 10% normal goat
serum in PBS/0.1%TritonX100 for 20-30 min and then incubated overnight at 4°C with
primary antibody, diluted in PBS/0.1%TritonX100. The following day, the tissues were
rinsed with PBS/0.1%TritonX100, incubated for 30-60 minutes (sections) or 90 minutes
(half turns) with a fluorescent-conjugated secondary antibody, rinsed with PBS and
coverslipped in Flouromount G (Southern Biotechnology Assoc., Inc.) (sections) or mounted
in Vectashield antifade mounting medium containing the nuclear label, propidium iodide
(Vector Laboratories) (half turns). Primary antibodies used were as follows: rabbit anti-
Prox1 (Chemicon, AB5475) used at 1:1000 dilution; mouse anti-p27 (BD Transduction labs,
610241) used at 1:100 dilution after antigen retrieval with steaming 10mM NaCitrate pH
6.0; guinea pig anti-Myosin VIIA (gift from Stefan Heller, Harvard Medical School) used at
1:5000 dilution; mouse anti-S100A1 (Dako) used at 1:300. Secondary antibodies used were
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goat anti-mouse Alexa 594, goat anti-rabbit Alexa 594 and goat anti-guinea pig Alexa 488,
all from Molecular Probes and used at 1:400 and goat anti-chicken Fluorescein from Aves
Labs. Images of sections were captured on a Zeiss Axioplan microscope using a
Photometrics CoolSnap CCD camera and Slidebook software. Organ of Corti half turns
were examined as whole mounts with an MRC-1024 confocal laser scanning microscope
(Bio-Rad), and images were collected by using Laser Sharp Version 2.1 (Bio-Rad).
Confocal images were further processed using NIH Object Image (2.10), ImageJ (1.32) and
Photoshop 7.0 (Adobe) software.

The Prox1 rabbit antisera used in these experiments was generated against the C-terminal 15
amino acids of the Prox1 protein (Bagri et al., 2002). This anti-serum gives the expected
immunostaining in early lens, and we have used the immunizing peptide to demonstrate that
the pattern we see in the inner ear is specific (see supplementary Figure S1). Comparable
results were seen with antiserum generated to a larger portion of the Prox1 protein obtained
from Stanislav Tomarev (NEI). The p27 antibody used in this study was generated against
mouse Kipl and has been shown by western blot to give a specific band of 27kD (BD
Transduction labs, 610241, package insert). The S100A1 from Dako was generated against
human S100A1 and has also been shown to be specific by western blot performed by the
manufacturer and the staining with this anti-sera has been described in mouse inner ear
Woods et al., 2004: Sage et al.2005) Polyclonal antibodies to murine myosin VIIA (gift
from Stefan Heller, Stanford University) were generated in guinea pigs (Covance) by
injecting affinity-purified hexahistidine-tagged myosin VIIA tail protein (amino acids
845-994), expressed in SF9 insect cells using the Gibco/BRL pFastBac baculovirus
expression system. This antiserum recognizes hair cells and shows identical staining patterns
to other rabbit myosin VIIA antibodies (Hasson et al., 1997; Sahly et al., 1997).

In situ hybridization

Tissue was dissected in Hank’s buffered saline solution pH 7.3 (HBSS) or PBS and fixed in
a modified Carnoy’s for 2-4 hours at room temperature. The samples were then dehydrated
and washed in 100% ethanol overnight at 4°C. The tissue was embedded in paraffin and 6-8
um sections were collected. Digoxigenin labeled Prox1 probe, NT 41-2210, (cDNA was a
gift from Stanislav Tomarev) was prepared and the hybridization carried out according to
Etchevers et al (Etchevers et al., 2001). The in situ product was visualized using anti-
digoxigenin alkaline phosphatase conjugated secondary antibody (Roche Biochemicals).

RESULTS

Prox1 expression in vestibular epithelia

Previous studies in non-mammalian vertebrates have shown that Prox1 is expressed in the
inner ear as early as the otic vesicle stage, and eventually becomes confined to the sensory
epithelia and the statoacoustic ganglia (Glasgow and Tomarev, 1998; Stone et al., 2003).
Therefore, we analyzed mouse embryos from embryonic day 11 for Prox1
immunoreactivity. In the section shown, three distinct regions of Prox1 expression can be
seen at this age in the developing otocyst (Fig. 1, arrows). Figure 2A shows in situ
hybridization with a Prox1 probe at E14. Labeling can be seen in the developing utricle
(arrow) and the three cristae of the semicircular canals (arrowheads). At E14, we also see
robust immunoreactivity for Prox1 in the developing vestibular structures. Figure 3 A, B and
C represents images from saccule, utricle and a crista respectively. It is interesting that the
immunoreactivity seems to be waning in the utricle relative to the other structures. This
observation may reflect the earlier development of this organ (Ruben, 1967). Figure 3D
shows another section through an E14 saccule in which hair cells that express both Myosin
VIIA and Prox1 can clearly be seen. Prox1 is down-regulated first in the developing hair
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cells and subsequently in support cells. We see no Prox1 labeling in the utricle after E16.5.
Postnatal saccule and utricle samples were also examined for expression of Prox1 but no
expression was detected.

Prox1 onset in auditory epithelium

At E14, the zone of non-proliferating cells (ZNPC: Chen and Segil, 1999) in the cochlea is
defined by p27 KiP1 Jabeling (Fig. 4A,C). This domain of early postmitotic cells prefigures
the location of the auditory sensory epithelium. At E14, Prox1 is not detectable in the
auditory sensory epithelium (Fig. 4B,D), but is expressed in the developing spiral ganglion
at this time. We detected Prox1 expression by in situ (Fig. 2B arrows) and
immunofluorescence (Fig. 4B, arrow) in the spiral ganglion; however, this expression is
much weaker than that seen in the developing sensory epithelia and does not appear to be
nuclear. The labeling in the spiral ganglion remained non-nuclear through all ages
examined. We were first able to detect Prox1 immunoreactivity in the mouse auditory
epithelium at E14.5, in the most basal region of the developing organ of Corti (Fig. 5D).
Prox1 labeling was nuclear and spanned the depth of the epithelium. The Prox1
immunoreactive cells constitute a subset of the cells within the ZNPC (Fig. 5A-C). Since
p27 Kipl expression coincides with the withdrawal of the sensory precursors from the cell
cycle (Chen and Segil, 1999), we conclude that Prox1 immunoreactivity is first detected in
the mouse cochlea shortly after the cells have completed their last round of division.

To determine which cell types were expressing Prox1 at early embryonic stages, we
analyzed sections for expression of two hair cell markers, Myosin VIIA immunoreactivity
and a GFP transgene under the control of the Math1 promoter (Helms et al., 2000; Lumpkin
et al., 2003)(Math1-GFP). We also used S100A1 to label the support cells and inner hair
cells (Woods et al., 2004). In E14.5 mice (Fig. 6), the earliest Math1-GFP expressing cells
do not express Prox1 (Fig. 6A). At this stage of early cochlear development it is not clear if
all the Math1 positive cells go on to differentiate into hair cells, or if some become support
cells. At E15, Myosin VIIA is beginning to be detected in the basal region of the cochlea.
The nuclei of the hair cells that express the highest levels of Myosin VIIA immunoreactivity
do not express Prox1 (arrowhead, Figure 7C). These data suggest that the earliest generated
hair cells do not express Prox1. Twelve hours later, at E15.5, more Math1-GFP positive
cells are present in the basal region of the developing organ, and Prox1 immunoreactive
cells are now present primarily in the support cell layer of the epithelium (Fig. 6 B, E). We
did not find cells that expressed both Prox1 immunoreactivity and the Math1-GFP transgene
in the greater epithelial ridge (GER), the region of the epithelium that gives rise to the inner
hair cells (Eggston and Wolff, 1947; Lim and Rueda, 1992). By contrast, we found many
examples of Prox1 immunoreactive nuclei in the Math1-GFP expressing hair cells in the
lesser epithelial ridge (LER), the area thought to give rise to the outer hair cells (Eggston
and Wolff, 1947; Lim and Rueda, 1992). The outer hair cells that express the highest levels
of Prox1 are typically found along the lateral edge (Fig. 6D, arrow). In the early embryonic
sections it appears that there are more Prox1 positive cells than ultimately will contribute to
the organ of Corti at this level. This is presumably because the cochlea grows after the cells
have stopped dividing by a process thought to include convergent extension (Chen and
Segil, 1999; McKenzie et al., 2004).

Late embryonic stages

As described above, Prox1 is initially expressed in the basal end of the cochlea at E14.5. As
development proceeds, expression of Prox1 proceeds apically in the p27 XiP1 domain. By
E16 (Fig. 7), Prox1 can be detected in the apical region of the developing cochlea (Fig. 7B).
At E16, Myosin VIIA is clearly expressed in developing inner hair cells (Fig. 7C,
arrowhead), and some of the outer hair cells in the basal end of the cochlea. Prox1
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expressing cells lie adjacent to the Myosin VIIA positive hair cells, but Prox1 is not
expressed in the inner hair cells. An occasional hair cell shows double labeling, but these are
exclusively in the outer hair cell region (Fig. 6 C-E). This finding was verified by confocal
analysis of double-labeled nuclei (data not shown). As expected, we find that the Prox1
immunoreactivity lags slightly behind the RNA expression. At E16 there is robust
expression of the RNA as detected by in situ hybridization in the base of the cochlea (see
arrowheads Fig. 2B,C) but the expression is much weaker in the more apical turns where
Prox1 immunoreactivity is just detectable (Fig. 2E). The Prox1 immunoreactivity resides in
a subset of the p27 kiPl positive cells (Fig. 7D).

At E18, the morphological distinction between the support cells and the hair cells is clear
throughout the cochlea. The hair cell nuclei are consistently unlabeled with the Prox1
antibody, whereas the support cells underlying the outer hair cells express high levels of the
protein (Fig. 8). It is interesting that the support cells underlying the inner hair cells do not
express Prox1 (asterisks, Fig. 8 B-D), distinguishing these two adjacent populations of
support cells. To directly determine whether Prox1 is expressed in the support cells, we co-
labeled sections from E17 embryos with antibodies against Prox1 and S100AL. Figure 9
shows an example of this labeling. Antibodies against SLO0AL label the Deiters’ cells, inner
hair cells, and inner phalangeal cells (red). Prox1 immunoreactivity is located in the nuclei
of the Deiters’ cells (co-labeled with S100A1), and the pillar cells (not labeled with S100A1;
Fig. 9D, arrowhead), but not the inner hair cells, and inner phalangeal cells (Fig. 9D, arrow).
Prox1 is also absent from the outer hair cells, Hensen’s cells and border cells.

Postnatal development

After birth, Prox1 continues to be expressed in Deiters’ and pillar cell nuclei. At this point,
the different support cells are easily distinguished by their position relative to the inner and
outer hair cells and the basilar membrane (Fig. 10). Co-labeling with Myosin VIIA and
Prox1 antibodies at postnatal day 0 (P0) demonstrate that there is no overlap between the
cells expressing these markers at this stage. The two pillar cells and the three Deiters’ cells
express Prox1, while the inner phalangeal cells, border cells and Hensen’s cells do not.
Thus, Prox1 immunoreactivity clearly distinguishes between the different classes of support
cells in the organ of Corti. Immunostaining of the spiral ganglion is still seen at this age
(Fig. 10A). The staining in the cartilage and at the lumenal surface of the epithelia is
assumed to be background, as this same pattern is seen with many antibodies.

Prox1 expression is down-regulated in support cell nuclei between birth and P20. In Swiss
Webster mice at P3, the basal region of the organ of Corti shows a reduction in Prox1
nuclear labeling in inner pillar cells and in the first and second rows of Deiters’ cells,
relative to the outer pillar cells and third row of Deiters’ cells (Fig. 11A). In the middle
region, which is developmentally less advanced than the basal end, Prox1 labeling only
appears reduced in the inner pillar cell nuclei (Fig. 11B). In the apical region, the least
mature region, all rows of support cell nuclei appear clearly labeled (Fig. 11C). At P5, the
basal region of the organ of Corti shows labeling similar to that observed at P3 (Fig. 11D);
however, in the middle and apical regions, Prox1 immunoreactivity is clearly reduced in
subsets of support cells, particularly those in the first and second rows of Deiters’ cells and
outer pillar cells (Fig. 11E). An interesting difference between the middle and apical regions
is that in the apex, more inner pillar cell nuclei retain strong Prox1 labeling than in the
middle region (Fig. 11F).

By P10, approximately the onset of hearing (Ehret, 1976; Kraus and Aulbach-Kraus, 1981),
Prox1 expression is not detectable in the basal region (Fig. 11G), and it is highly attenuated
in the middle and apical regions, being detectable only in the outer pillar cell and third row
Deiters’ cell nuclei (Fig. 11H,1). No signal could be detected in any region of the organ of
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Corti at P20 or in the adult mice (data not shown). We found that, at early postnatal stages of
development (P0-P5), patterns of Prox1 expression are similar in Swiss Webster and CBA
mouse strains. However, while Prox1 labeling is lost from the organ of Corti by P20 in
Swiss Webster mice, it is retained in the middle and apical regions of CBA mice at 8 weeks,
in the outer pillar cells and third row of outer Deiters’ cells (data not shown).

DISCUSSION

Many important regulators of neural development are conserved in vertebrates and
invertebrates (Chitnis, 1999). In the inner ear, several key transcription factors and signaling
molecules, first identified in Drosophila neurogenesis, have been shown to have critical
functions in hair cell development (Bermingham et al., 1999; Kageyama and Ohtsuka, 1999;
Zheng et al., 2000; Zine et al., 2001; Bryant et al., 2002). The Prox1 gene, a homolog of the
Drosophila Prospero divergent homeodomain transcription factor, is expressed in the
developing inner ear of vertebrates, but its detailed expression in mouse cochlea was not
previously known. In this report, we have described the expression of Prox1 in the
developing mouse inner ear.

Prox1 is expressed in the otocyst at E11 in what we presume are the developing vestibular
structures. Since at E12 most of the cells in the sensory epithelia of the developing
vestibular system have not yet exited the cell cycle (Ruben, 1967) it is likely that Prox1 is
expressed in dividing cells. We find that Prox1 expression continues until E16.5 in the
vestibular structures. After this time, Prox1 is no longer expressed in the vestibular system.
In the vestibular system Prox1 is expressed in the precursors of hair cells and support cells,
but it is down-regulated in the hair cells after they start to express Myosin VIIA. This
downregulation is not as rapid as we see in the cochlea, such that it is relatively easy to see
cells double labeled for Prox1 and Myosin VIIA in the vestibular structures. It is also
interesting to note that Prox1 is on early in the development of the vestibular structures
when most of the cells are still cycling whereas in the auditory epithelium we only detect
Prox1 after the cells have already exited the cell cycle.

We have made several observations that implicate the Prox1 gene in the development of the
organ of Corti in mice. We have found that Prox1 is first expressed in the developing organ
of Corti by embryonic day 14.5. Prox1 is initially expressed in the LER, the prosensory
region that gives rise to Deiters’, pillars and the outer hair cells; however, as the outer hair
cells differentiate, they rapidly down-regulate the expression of Prox1. After this initial
stage of expression, Prox1 continues to be expressed in two types of support cells, the
Deiters’ cells and the pillar cells. As the support cells further differentiate Prox1
immunolabeling is down-regulated in the nuclei of these cells, such that by P20, no nuclei in
the organ of Corti retain Prox1. The loss of Prox1 expression from these cells coincides with
the opening of the tunnel of Corti, which occurs in mice between postnatal day 7 and 10,
with a base to apex progression. We have also found that Prox1 is expressed in the sensory
ganglion, from at least embryonic day 14 until the second postnatal week, and may persist
into adulthood.

A comparison of Prox1 expression in the developing mouse inner ear with that of the chick
and the fish highlights some interesting similarities across vertebrate development. In the
embryonic chick, Prox1 is expressed in the statoacoustic ganglion (Stone et al, 2003), as it is
in mouse. In the chick, Prox1 is expressed earlier in the developing auditory sensory
epithelium than in the mouse, since co-labeling of embryonic chick sensory epithelium with
Prox1 antibodies and mitotic markers reveals Prox1 immunoreactivity in precursor cells that
are still mitotically active (Stone et al., 2003; Stone et al., 2004). By contrast, in the mouse
organ of Corti, Prox1 is expressed at least a day after p27XiP1, which is upregulated in cells
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of the ZNPC at their terminal mitosis (Chen and Segil, 1999). In the vestibular system in the
mouse, Prox1 is expressed early, prior to cell cycle withdrawal of the cells in the sensory
patches. In both the chick and the mouse, Prox1 is down-regulated in the hair cells as they
differentiate, and expression remains in a subclass of the support cells. While in the mouse,
Prox1 is expressed in the Deiters’ cells and the pillar cells, in the chick, on the first
posthatch day, Prox1 is expressed only in the support cells along the neural edge.

Another interesting feature of Prox1 expression is the fact that it is an early marker of
Deiters’ and pillar cell differentiation. Several other support cell-specific proteins are known
to be expressed in the mouse inner ear during embryonic development. S100A1, p75
(NGFR) and Fgfr3 are all expressed in various types of support cells in the developing organ
of Corti. S100A1 is expressed in nearly all the cells in the ZNPC at E14.5 (data not shown);
at later stages of development, S100A1 becomes restricted to the phalangeal cells and the
Deiters’ cells, though the inner hair cells are also labeled with S100A1 antibodies (Woods et
al., 2004; Sage et al., 2005). The neurotrophin co-receptor, p75 (NGFR), is expressed by the
developing pillars and Deiters’ cells at E15 (Mueller et al., 2002) and becomes restricted to
pillar cells at later embryonic stages (Pirvola et al., 1994; Schecterson and Bothwell, 1994;
Knipper et al., 1996; Knipper et al., 1999). Fgfr3 is also expressed in developing pillar and
Deiters’ cells (Pirvola, 1998; Pickles, 2001; Mueller et al., 2002) and is critical for pillar cell
development (Colvin et al., 1996). The earliest pillar cell marker appears to be Sprouty 1,
which is expressed in a two cell wide region of the developing organ of Corti at E14.5 and
continues to be expressed in pillar cells through P5 (Shim et al., 2005). Sprouty 2 another
member of the family, is expressed in a much wider region of the developing epithelium at
E14.5, but at E16.5 becomes restricted in its expression to pillar, Deiters’ and Claudius cells
(Shim et al., 2005). Components of the Notch signaling pathway are also expressed in the
support cells during development of the organ of Corti. Specifically, Notchl and Hes5 are
expressed in most, if not all, cells of the organ of Corti at E15, but by E18, the expression of
both Hes5 and Notch1 becomes restricted to pillar and Deiters’ cells (Lanford et al., 1999;
Zine et al., 2000; Zine et al., 2001). This pattern of expression is most similar to what we
have observed for Prox1 expression and suggests that there may be a link between these
pathways.

What is the function of Prox1 in the developing inner ear?

Prox1/Prospero can act either as a transcriptional activator (Lengler et al., 2001; Cui et al.,
2004) or as a repressor (Kauffmann et al., 1996; Cook et al., 2003). The function of Prox1 is
best understood in lens development. Prox1 is expressed in the early lens placode, and is up-
regulated in the elongating lens fiber cells (Tomarev et al., 1996; Duncan et al., 2002). In
Prox1 deficient mice, the lens fiber cells do not elongate, due in part to a reduction in
crystallin expression (Wigle et al., 1999). Prox1 activates several of the different crystallin
promoters, and acts synergistically with another lens transcription factor, Maf, to activate
transcription of 81 and 32 crystallins (Lengler et al., 2001; Duncan et al., 2002; Cui et al.,
2004). In the Drosophila eye, Prospero is expressed in the R7 photoreceptor and the
presumptive non-neuronal lens-like cone cells (Cook et al, 2003). In the photoreceptors,
Prospero functions to regulate the R7 vs. R8 fate by repressing R8 specific rhodopsin (Cook
et al., 2003). While the role of Prospero in the cone cells is not clear, recent evidence
indicates that the promoters of crystallins are conserved from Drosophila to mice (Blanco et
al., 2005), and it may be that Prospero and Prox1 have conserved functions in regulation of
lens-specific genes.

The differentiation of the lens epithelial cells into lens fiber cells is marked by dramatic

changes in cell shape. The support cells that express Prox1 in the inner ear are the pillar cells
and Deiters’ cells. Both of these cell types undergo dramatic cell shape changes during their
differentiation (Spicer and Schulte, 1993; Ito et al., 1995). This is particularly evident for the
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pillar cells, which line the tunnel of Corti and provide the rigid support for this structure.
The nuclei of these cells move apart from each other during differentiation to form the base
of the triangle structure of the tunnel. One possible function of Prox1 might be to regulate
the very extended morphology of the pillar cells, much like it does for lens fiber elongation.

Alternatively, the expression of Prox1 in the hair/support cell lineage may reflect its
functions in other regions of the nervous system. In the vertebrate CNS, Prox1 has also been
shown to be involved in several stages of development. In the retina, Prox1 is required for
the development of a particular class of interneuron, the horizontal cell (Dyer et al., 2003).
In the ventral forebrain, Prox1 and Mashl are transiently expressed in a subclass of
progenitors, after they no longer express markers of neural stem cells (Torii et al., 1999).
Thus, the function of Prox1 in the inner ear might relate to the state of differentiation of the
stem/progenitor cell. The retention of Prox1 expression in a subset of support cells in the
chicken basilar papilla suggests that this epithelium, unlike the mammalian counterpart,
retains some immature precursor/progenitor-like cells. It suggests some support cells are
poised at an early state of differentiation, which may reflect a pluripotency, including the
ability to generate hair cells and support cells by cell division (Corwin and Cotanche, 1988;
Ryals and Rubel, 1988) and to generate new hair cells by direct transdifferentiation
(Roberson et al., 1996, 2004). The dynamics of Prox1 expression that accompanies hair cell
regeneration in the chick is consistent with this possibility (Stone et al., 2004).

A comparison of Prox1 expression in the inner ear with that of Prospero in the developing
fly external sensory organ lineage, also suggests some common functions in sensory cell
development (Fig. 12). The external sensory organs of the fly are generated from two
successive cell divisions of the sensory organ precursor, or SOP. The first division of the
SOP generates the 11-a cell and the 11-b cell (Freeman and Doe, 2001). These cells divide
again to produce the socket and bristle cells from the 11-a and the sheath and neuronal cells
from I1-b. Prospero is initially expressed in the SOP, is then segregated to the I1-b cell and is
transiently expressed in the neuron produced by the 11-b cell and persists in the glial/sheath
cell (Freeman and Doe, 2001). An analogous expression pattern of Prox1 in the organ of
Corti is suggested by our studies. Prox1 is expressed in the precursors to the outer hair cells
and their associated support cells in the LER, but does not appear to be expressed in the
precursors to inner hair cells or phalangeal cells in the GER. Once the hair cells and support
cells are clearly differentiated from one another, Prox1 expression continues in the Deiters’
and pillar cells. While the expression patterns between the SOP and the inner ear thus show
an interesting similarity, one clear difference between the two systems is that the expression
of Prox1 is not directly tied to cell division in the organ of Corti, as is Prospero in the SOP.

Prospero is required in both the embryonic and adult SOP lineages, to produce the neuron/
glial producing Il-b cell. Prospero mutants lose the ability to generate the neuron/glial
lineage and instead generate bristle and socket cells. Occasionally a neuron is produced by a
Prospero-deficient SOP, but glial sheath cells are never observed. Likewise, experimental
over-expression of Prospero in the SOP lineage results in an overproduction of glial sheath
cells (Manning and Doe, 1999). Thus, Prospero seems to be important at several successive
stages of sensory organ development, but perhaps the most relevant to the present study is
the critical requirement in the non-neuronal cell of the I1-b lineage. By analogy with the
Drosophila, we would predict that loss of Prox1 in the inner ear would result in the failure
of Deiters’ and pillar cells to differentiate from the LER, and possibly an overproduction of
those cells derived from the GER, the inner hair cells and the phalangeal cells. Future work
will be necessary to determine whether Prox1 serves this analogous role.
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Figure 1.
Section through the otocyst at E11 labeled with Prox1 antibody (red). The arrows point to
three regions of Prox1 immunoreactivity. R = rostral, M = medial. Scale bar = 50pum
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Figure 2.

In situ hybridization with a probe to mProx1. (A) A section through the otocyst at E14
showing the developing vestibular structures which all express Prox1, arrow points to
developing utricle and arrowheads to developing cristae of the semicircular canals. (B) A
section of an E16 cochlea, arrowheads indicate the developing organ of Corti and arrows the
spiral ganglion. (C, D, E) Higher magnification images of the staining in the developing
organ of Corti. There is more intense labeling in the base (C, D) relative to the apex (E) at
this stage in development. The scale bar in A =50 um and applies also to B and the scale bar
in D =20 um and applies to C-E.
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Figure 3.
Sections through the otocyst of an E14 embryo showing Prox1 (red) and Myosin VIIA

(green) immunoreactivity in the developing vestibular organs. (A) A section through the
developing saccule. (B) A section through the developing utricle. (C) A crista from one of
the semicircular canals. (D) A section through the developing saccule that shows some
double-labeled hair cells (arrowheads). Scale bar = 50 um
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MyoVIIA

Figure 4.
Sections through the cochlea of an E14 mouse labeled with antibodies against p27 (A, C),

Myosin VIIA and Prox1 (B, D). The area in the box in A is shown at higher magnification in
C, while the area in the box in B is shown at higher magnification in D. The arrowheads in
A and C point out the zone of non-proliferating cells (ZNPC) expressing p27. The arrow in
B points out the spiral ganglion, SG, which shows Prox1 immunoreactivity at this age. (D)
shows the lack of labeling for either Prox1 or Myosin VIIA at E14 (arrowhead). In panels A
and B the apex is located at the top of the figure. Scale bar = 100um

J Comp Neurol. Author manuscript; available in PMC 2008 October 26.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Bermingham-McDonogh et al. Page 18

MyoVIIA

Figure 5.
Sections through the cochlea of E15 (A, B, C) and E14.5 mouse embryos labeled with

antibodies against p27 (A), Myosin VIIA and Prox1 (B, C), and Prox1 (D). (A) The ZNPCs
can be clearly identified with p27 labeling (arrowheads). (B) An adjacent section showing
the Myosin VIIA and Prox1 immunoreactivity. The cells of the SG are strongly labeled for
Prox1, while a subset of cells within the ZNPC at the basal end of the cochlea label for both
Myosin VIIA and Prox1. (C) The double-labeling in the region in the box in B is shown at
higher magnification. The arrow points out the Myosin VIIA (green) labeled hair cells,
while immediately adjacent to them are Prox1 labeled nuclei (red). (D) Prox1
immunoreactive cells at E14.5, at the base of the cochlea (arrow). In panels A and B, the
apex is located at the top of the figure. Scale bar = 100um in A and B and 25um in C and D.
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145 | Math1-GFP

Figure 6.

Sections through the cochlea of E14.5 and E15.5 mouse embryos that express GFP under the
control of the Math1 promoter. (A) The Math1-GFP labeled inner hair cells appear at E14.5
(green), and are located immediately adjacent to the Prox1 immunoreactive cells (red) at this
stage. (B) The Math1-GFP hair cells are now present in both the LER and the GER at E15.5;
Prox1 immunoreactive cells are present primarily in the support cell layer of the LER,
though several Mathl expressing hair cells are also immunoreactive for Prox1. (C-E) Higher
magnification of the organ of Corti shown in B, to better show the double-labeling (arrow)
of Prox1 (E) and GFP (C). LER: lesser epithelial ridge, GER: greater epithelial ridge. Scale
bar =20 um.
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LER GER

Figure 7.

Sections through the cochlea of E16 mouse embryos showing labeling of p27 (A, D),
Myosin VIIA and Prox1 (B, C). The micrograph shown in C is a higher magnification view
of the region in the box in B. The section shown in B is an adjacent section to that shown in
A. (B) The spiral ganglion (SG) cells express Prox1 at this stage, as do many of the cells in
the LER. (C) The inner hair cells (green, arrowhead) express Myosin VIIA at this stage, but
are not labeled with the Prox1 antibody (red). (D) A section of E16 mouse cochlea showing
that only a subset of the p27 positive cells (red) also label for Prox1 (green). LER: lesser
epithelial ridge, GER: greater epithelial ridge. Scale bar = 100 um in B and 20 ym in D.
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Figure 8.

Sections through the cochlea of E18 mouse embryos showing labeling of Myosin VIIA
(green) and Prox1 (red). (A) Low power micrograph showing the entire cochlea. (B-D)
Higher magnification views of the regions indicated by the arrows in A. Prox1 labels the
nuclei of the Deiters’ and pillar cells but not the inner phalangeal cell (asterisks). Scale bar =
100um
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A

Figure 9.
Confocal micrograph of a section through the apical cochlea of an embryonic day 17 mouse

labeled for S100A1 (red) and Prox1 (green). (A; B; C) Prox1, merged and S100AL1 labeling,
respectively. (D) Higher magnification view of B. Arrow points to the S100A1 labeling of
the inner hair cell, while the arrowhead points to the pillar cell nuclei, which are positive for
Prox1 and negative for SI00A1. H: Hensen cell, DC: Deiters’ cell, PC: pillar cell, IHC:
inner hair cell, OHC: outer hair cell, IPC: inner phalangeal cell and B: border cell. Scale bar
=10um
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Figure 10.
Sections through the cochlea of postnatal day 0 mouse showing labeling of Myosin VIIA

(green) and Prox1 (red). (A) Low power micrograph showing the entire cochlea. (B, C)
Higher magnification views of the regions indicated by the boxes in A. Prox1 labels the
nuclei of the Deiters’ and pillar cells but not the hair cells. SG = spiral ganglion. Scale bar =
100 pm
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Figure 11.

Confocal images of whole-mounted organ of Corti pieces from basal (A, D, G), middle (B,
E, H), and apical (C, F, I) regions of the cochlea at P3 (A-C), P5 (D-F), and P10 (G-H). All
panels show Prox1 immunolabeling in the support cell nuclear layer of the epithelium.
Approximately 10 1-um slices from Z series stacks were brightest-point projected to capture
the support cell nuclei in each image. IPC (inner pillar cells), OPC (outer pillar cells), DC-1,
DC-2, and DC-3 (first through third rows of Deiters’ cells). The arrowheads in E point to
regions lacking Prox1 immunoreactivity in the first and second rows of Deiters’ cells and in
the outer pillar cells. The arrow in F points to IPC nuclear labeling. Scale bar = 15um.
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Figure 12.

Diagram showing the relationship between prospero (grey) expression and the development
of the external sensory organ cells in Drosophila (top) and that of Prox1 (grey) and the
developing cochlear cells (bottom). SOP = sensory organ precursor; SEP = hypothetical
sensory epithelial precursor in the inner ear; GER = greater epithelial ridge; LER = lesser
epithelial ridge.
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