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Abstract

LIM-homeodomain transcription factors (LIM-HDs) are essential in tissue patterning and
differentiation. But their expression patterns in the inner ear are largely unknown. Here we report
on a study of twelve LIM-HDs, by their tempo-spatial patterns that imply distinct yet overlapping
roles, in the developing mouse inner ear. Expression of Lmx1a and Isl1 begins in the otocyst stage,
with Lmxl1a exclusively in the non-sensory and Isl1 in the prosensory epithelia. The second wave
of expression at E12.5 includes Lhx3, 5, 9, IsI2 and Lmx1b in the differentiating sensory epithelia
with cellular specificities. With the exception of Lmx1a and Lhx3, all LIM-HDs are expressed in
ganglion neurons. Expression of multiple LIM-HDs within a cell type suggests their redundant
function.
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Introduction

Development of the mammalian inner ear begins with the otic placode formation, through
thickening of the ectoderm adjacent to the developing hindbrain. Subsequently, the otic
placode invaginates to form the otic vesicle, which further undergoes a series of
morphogenetic changes, to ultimately give rise to a complex inner ear of six sensory organs
consisting of three cristae, two vestibular maculae and a cochlea (Bryant et al., 2002; Barald
and Kelley, 2004). Delaminating from the otocyst are neuroblasts that develop into auditory
and vestibular neurons during later stages. Within each sensory organ, sensory patches form
initially from a population of proliferating progenitors that exit the cell cycle as postmitotic
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committed precursors. Production of hair cells, the sensory cells of the inner ear, is
determined by the function of Atohl (Math1), a bHLH transcription factor (Bermingham et
al., 1999; Zheng and Gao, 2000; Kawamoto et al., 2003; Shou et al., 2003). Concomitantly,
the Notch signaling pathway plays essential roles in the patterning of the inner ear sensory
patch, establishing the arrayed configuration of hair cells separated by supporting cells
(Kelley, 2006).

LIM-homeodomain transcription factors (LIM-HD) are characterized by two zinc finger
motifs: the LIM domain for protein/protein interactions, and a homeodomain for binding to
the DNA control elements of target genes. LIM-HDs have been studied extensively, in
particular in spinal cord sub-type neuron specification and in pituitary gland development
(Hobert and Westphal, 2000; Shirasaki and Pfaff, 2002). For example, in the mouse spinal
cord, Lhx3 is necessary for the generation of motor neurons, whereas co-expression of Lhx3
and Isl1 results in production of interneurons (Thaler et al., 2002). Such combinatorial
functions of multiple LIM-HDs within a particular cell population are widely used in spinal
cord neuron sub-type specification (Allan and Thor, 2003). Increasingly, LIM-HDs are
found to be essential in defining stem/progenitor cells properties, such as the role of Isl1 in
the specification of heart progenitor cells and Lhx2 in determining the fate of hair follicle
stem cells (Laugwitz et al., 2005; Moretti et al., 2006; Rhee et al., 2006). Twelve LIM-HD
members have been described in the mouse genome, and can be divided into six sub-groups
based on their sequence similarities (Hunter and Rhodes, 2005).

We and others have previously shown that Isl1, a LIM-HD member, is expressed in the
proliferating progenitor pools that give rise to the inner ear sensory patch (Li et al., 2004;
Radde-Gallwitz et al., 2004). Lhx3 expression has been found only in hair cells (Sage et al.,
2005). A spontaneous mutation in the murine Lmxl1a gene causes deafness due to the lack of
inner ear formation, indicating an essential role of Lmx1a during early inner ear
development (Millonig et al., 2000; Chizhikov et al., 2006). However, most LIM-HDs have
not been examined for their expression profile and none has been linked to any pathway in
the developing inner ear.

In this study, we systematically examined expression of all LIM-HDs in the developing
mouse inner ear. We found that many LIM-HD genes are expressed during inner ear
development, with expression patterns that encompass early progenitor cells, differentiating
sensory epithelia and ganglion neurons. The expression patterns of LIM-HDs suggest that
they play diverse roles in the development and function of multi-inner ear cell types.

As the first step in elucidating potential roles for LIM-HDs during inner ear development,
we systematically examined their expression patterns in developing mouse inner ears using
RNA in situ hybridization. We chose stages from E10.5 to P6, encompassing otocyst
development, inner ear compartmentalization, hair cell fate specification and cell
differentiation. For early developmental stages, we used ISL1 and PAX2 immunostaining to
mark the presumptive sensory epithelia (Li et al., 2004; Radde-Gallwitz et al., 2004). In
addition, antibodies to ISL2 and LHX3 were used. For in situ hybridization, we validated the
ribo-probes for each LIM-HD gene by distinct expression patterns in the brain. Lhx1, 2, 4, 5,
6, 9 and Lmx1b labeled different areas of the medulla oblongata, and Lhx2, 4 and Lmx1b
also labeled areas of the retina. Lhx2 staining was strong in olfactory epithelium and Lhx8
was primarily expressed in the first branchial arch and notochord at E10.5 (data not shown).
The expression patterns of the LIM-HD probes in brain matched the published results
(Hunter and Rhodes, 2005). In the inner ear, fragments of all the LIM-HD gene-coding
regions were amplified by RT-PCR (data not shown), yet Lhx1, 2, 4 and 8 were not detected
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by in situ hybridization. It is likely that the expression levels of the four LIM-HDs are below
the threshold of detection sensitivity by in situ hybridization.

At E10.5, the otocyst is composed of progenitor cells destined to become sensory and non-
sensory epithelial parts of the inner ear. Of the LIM-HDs examined, two of them, Isl1 and
Lmx1a, were distinctly expressed at this stage (Fig.1A,B). As shown previously, labeling of
ISL1 delineated the future sensory epithelium and otic ganglions (OG), whereas PAX2-
positive domain defined the non-sensory and a portion of the sensory epithelium
(overlapping partially with Isl1) (Fig. 1A, bracket) (Burton et al., 2004;Radde-Gallwitz et
al., 2004). At this stage, expression of Lmx1a was prominently detected in the medial
portion of the otocyst that overlapped almost completely with the PAX2-positive domain,
indicating that LmxZ1a likely marked the future non-sensory epithelium (Fig.1B). Unlike Isl1,
Lmx1la expression was not detected in the otic ganglions. At E10.5, most otocyst cells are
proliferating, suggesting that Isl1 and Lmx1a have roles in proliferating sensory and non-
sensory progenitor cells, in addition to their functions in postmitotic cells (see below).

At E12.5, the otocyst undergoes morphological changes with the formation of the immature
vestibular organs. The future cochlea is not yet developed and the primordial cochlear
region is mainly comprised of progenitor cells exiting cell cycle (Chen et al., 2002). In the
vestibular system, the sensory epithelium begins to differentiate into hair cells and
supporting cells, by the appearance of nascent hair cells expressing Atohl and Pou4f3, two
hair cell-specific transcription factors (Xiang et al., 1998; Bermingham et al., 1999).
Prominent ISL1 labeling was restricted to a region of differentiating sensory epithelium,
which partially overlapped with PAX2 labeling (Fig.1C, arrow). Expression of additional
LIM-HDs became detectable at this stage including Lhx3, 5, 9 and Lmx1b (Fig.1D-F, H).
Following hair cell specification by Atoh1, Pou4f3 is one of the earliest transcription factors
expressed in all differentiating hair cells (Xiang et al., 1998). To delineate the timing
between Lhx3 and Pou4f3 expression, double labeling was performed with anti-POU4F3
and anti-LHX3 antibodies. POU4F3 was detected in all hair cells yet only a subset of them
was found to produce LHX3 (Fig.1D). Therefore, developmentally, the expression of Lhx3
was likely down-stream of Pou4f3. Weak expression of Lhx5 and Lhx9 was detected in the
developing saccule outside the sensory epithelial region and cochleovestibular ganglions
(CVG), with Lhx5 but not Lhx9 detected in primordial cochlea (Fig.1E,F). Consistent with
E10.5, Lmx1a was present only in the non-sensory epithelial region of saccule, and absent in
CVG or cochlea (Fig.1G). Comparison between Figures 1C and 1G showed that expression
of Isl1 and Lmx1a is mutually exclusive. Lmx1b was weakly expressed in CVG and saccule,
but not in the cochlea (Fig.1H). Among all the LIM-HDs expressed at this stage, only Isl1
and Lhx5 showed expression in the primordial cochlear region (Fig.1C,E).

By E14.5, the vestibular organs are further developed, with an increased number of
differentiating hair cells. ISL1 was predominantly stained in supporting cells, with decreased
production in hair cells (Fig.11), suggesting that Isl1 expression may no longer be required
for future hair cell differentiation. ISL2 labeling started to appear in hair cells, but was also
found weakly in supporting cells and stroma (Fig.1J). Labeling of LHX3 was upregulated
and confined to hair cells (Fig.1K), whereas Lhx5, 9 and Lmx1b were weakly expressed in
the sensory epithelium, mainly in hair cells (Fig.1L,M,O). Lmx1a was significantly
upregulated in the non-sensory epithelium region including the endolymphatic duct (Fig.
IN).

At E16.5, LIM-HD expression patterns became more defined. In the vestibular system, ISL1
labeling was most prominent in the supporting cells, and remained weak in some hair cells
(Fig.2A). ISL2 was detected at a level similar to E14.5, higher in hair cells than in
supporting cells or stroma (Fig.2B). Prominent LHX3 labeling was confined to hair cells
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(Fig.2C). Lhx5 expression showed an interesting pattern: its expression alternated between
hair cell and supporting cell regions, in which the expression in two discrete hair cell regions
(below the lumen, brackets) was separated by expression in the supporting cell region
(above the basal lamina, bracket) (Fig.2D). It is unclear about the structural significance of
the expression pattern, as it does not entirely correlate with striola vs. extra-striola regions
(data not shown). Lhx6, 9 and Lmx1b were weakly expressed in the sensory epithelium (Fig.
2E,F,H). Expression of Lmx1a, however, was markedly reduced and restricted to the
transitional epithelium and dark cells (Fig.2G, brackets).

In the E16.5 cochlea, hair cells have completed fate determination from the base to the apex,
and are undergoing differentiation. Distinct supporting cell subtypes in the organ of Corti
are clearly visible. ISL1 was prominently detectable in all cochlear epithelial cells (Fig.2l).
This observation contrasted to a previous study in which Isl1 was no longer detectable at this
stage (Radde-Gallwitz et al., 2004). In fact Isl1 expression was also detected at much later
stages, including the P6 postnatal inner ear (Fig.31,J). It is likely that the protocols we used
for immunohistochemistry and in situ hybridization were more sensitive, allowing detection
of Isl1 at later developmental stages. ISL2 was widely detected, with a slightly higher
labeling level in hair cells than in other cells including supporting cells and the greater
epithelial ridge (GER, Fig.2J). Similar to the vestibular system, LHX3 only appeared in the
cochlear hair cells (Fig. 2K), while Lhx5, 6, 9 and Lmx1b were detected in hair cells and
GER (Fig.2L,M,N,P). Lmx1a was exclusively expressed in the non-sensory epithelial cell
(NSE) regions that will give rise to spiral prominence, primordial stria vascularis and
Reissner's membrane (Fig.20, bracket). All the LIM-HDs maintained their expression in the
spiral ganglions, with the exception of Lmxla and Lhx3 (data not shown).

From E18.5 to P6, the vestibular system undergoes maturation with highly differentiated
hair cells by P6. In the cochlea, the patterning of the organ of Corti and hair cell
specification is complete by E18.5 (Chen et al., 2002), with hair cells expressing functional
channel genes by P6 (Kros, 2007). Expression patterns of LIM-HDs at E18.5 were generally
maintained as in E16.5, but with changed expression levels. In the vestibular system, ISL1
labeling was mainly in supporting cells and ISL2 was slightly up-regulated in hair cells (data
not shown). The expression patterns of Lhx3, 5, 6, 9 and Lmx1b were consistent with that
found in E16.5, with Lmx1a expression further reduced (data not shown). In E18.5 cochlea,
ISL1 labeling was greatly reduced in hair cells but maintained in other cochlear cell types
and GER (Fig.3A). ISL1 expression was subsequently down-regulated at P6 in all cochlear
cells, with the exception of Hensen cells and GER (Fig.3l). In situ hybridization with an Isl1
ribo-probe showed an expression pattern at P6 that matched the antibody study (Fig.3J). In
contrast, ISL2 level was maintained in hair cells, supporting cells and GER from E18.5 to
P6 (Fig.3B,K). As ISL2 labeling was generally weaker in comparison to ISL1, we further
performed in situ hybridization to verify the immunostaining results. For both E18.5 and P6,
in situ hybridization of Isl2 showed patterns that matched the immunostaining obtained by
using the antibody (Fig.3C,L). Prominent hair cell labeling of LHX3 was maintained in both
E18.5 cochlea (Fig.3D) and P6 utricle (Fig.3M). Lhx5, 6, 9 and Lmx1b were continuously
expressed in cochlear epithelium from E18.5 to P6 (Fig.3E,F,H,N,O). There was continuous
down-regulation of LmxZ1a in E18.5 cochlea, with expression maintained in the spiral
prominence (Fig.3G, arrow), but down-regulated in marginal cells (Fig.3G, arrowhead).
Little Lmx1a expression remained in the P6 utricular dark cells and transitional epithelium
(Fig.3P, bracket). Table 2 summarizes LIM-HD expression patterns during inner ear
development.
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Discussion

We comprehensively examined the expression patterns of all twelve known LIM-HDs in the
developing mouse inner ear. The overlapping yet distinct expression profile of individual
LIM-HDs, from the early proliferating progenitors (Isl1 and Lmx1a) to differentiating
sensory epithelia (Lhx3, 5, 6, 9, IsI2 and Lmx1b), suggests that these proteins are involved in
a number of developmental events in different cell types at different developmental stages.
We used immunostaining and in situ hybridization to study Isl1 and Isl2 expression patterns,
and observed the same pattern with the two methods, which further supported our results in
general.

Over two thousand transcription factors have been identified in the mammalian genome,
with only a handful studied in the inner ear for their expression patterns or functional roles
(Gray et al., 2004). LIM-HDs are a well-studied protein family, particularly for their
functions in the neuron sub-type specification, pituitary gland development and stem cell
properties (Hobert and Westphal, 2000; Allan and Thor, 2003; Hunter and Rhodes, 2005;
Andersson et al., 2006; Rhee et al., 2006). All LIM-HDs examined by in situ hybridization
or immunostaining, with the exception of Lmx1a and Lhx3, are expressed in inner ear
ganglion neurons at various stages, suggesting their roles in the development of
cochleovestibular ganglions. Mouse knockout models have been produced for all the LIM-
HDs (Hunter and Rhodes, 2005; Liodis et al., 2007). In all cases, LIM-HD knockouts
showed discernable phenotype changes, with many showing abnormalities in neuronal
development, demonstrating important functional roles of LIM-HDs in general. However,
the effects on inner ear development in the LIM-HD knockout mice have not been
investigated with the exception of Lmx1a. Our systematic analysis of LIM-HDs expression
in the inner ear sets the stage for further investigation of their functional roles.

Lmx1a expression, which is present from E10.5 otocyst to later in inner ear development,
has been consistent with its non-sensory epithelial origin. Its early expression largely
overlaps with that of Pax2, which is involved in specification within the cochlear duct, in
particular in the region between the stria vascularis and cochlear sensory epithelia (Burton et
al., 2004). However, unlike Pax2 that is also expressed in prosensory patches and hair cells
at later stages, Lmx1a expression is exclusively in the non-sensory epithelia, including the
vestibular transitional epithelia, the saccular roof (data not shown), dark cells, strial
vascularis and strial prominence. The expression pattern of Lmx1a makes it a good marker
for lineage tracing study of non-sensory epithelial cell types. In a spontaneous homozygous
Lmx1a mouse mutant, dreher, both cochlea and vestibular maculae fail to develop and the
mice exhibit abnormalities including circling, head-tossing, and deafness (Millonig et al.,
2000)
(http://www.informatics.jax.org/javawi2/servlet/WIFetch?page=alleleDetail & key=51666),
suggesting that normal development of non-sensory epithelia is disrupted in the absence of
LMX1A, and Lmx1a is essential for the genesis of the inner ear. Future studies of the dreher
mutant inner ear, based on the Lmx1a expression pattern, should help to elucidate the
mechanism underlying the specification of non-sensory epithelium and its relationship to the
development of the inner ear in general.

Early Isl1 expression in the otocyst suggests that it may have a role in cell lineage
specification of the prosensory progenitors (Li et al., 2004; Radde-Gallwitz et al., 2004), and
its subsequent downregulation in differentiating hair cells may be important for their proper
differentiation. This is supported by a separate study in which Lhx3 overexpression results in
suppression of Isl1 expression in the cochlea (ZY Chen, manuscript in preparation). The
non-overlapping, sensory vs. non-sensory expression patterns of Isl1 and Lmx1a make them
good candidates to label progenitors in the pro-sensory and pro-non-sensory regions
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respectively. The potential role of IsI1 in inner ear progenitor cells is consistent with recent
studies demonstrating that Isl1 is associated with cardiac multipotent progenitor cells, which
are capable of giving rise to all the major heart cell types accompanied by the reduction of
Isl1 expression (Laugwitz et al., 2005; Moretti et al., 2006). Interestingly, ISL1 labeling is
generally absent in late postnatal cochlea sensory epithelia yet is maintained in some
utricular supporting cells even in the adult (data not shown). It is tempting to speculate that
sustained Isl1 expression in adult utricles may contribute to the limited proliferation
potential in supporting cells after hair cell death (Forge et al., 1993; Warchol et al., 1993;
Lambert et al., 1997). Absence of Isl1 during early development may therefore result in
failure for the inner ear to develop, whereas sustained Isl1 expression in hair cells may lead
to impaired differentiation. These hypotheses can be addressed by conditional deletion of
Isl1 in the otocyst, and by hair cell-specific activation of Isl1 in a transgenic mouse model.

Initiation of expression of Isl2, Lhx3, 5, 6, 9, and Lmx1b in differentiating sensory epithelia
starts between E12.5-E13.5. Their expression is generally maintained throughout the
developmental stages examined. ISL2 labeling is slightly up-regulated in hair cells after
E12.5 but remains weak in supporting cells at later stages. Interestingly, the ISL2 staining
pattern, to a certain degree, is inversely correlated with the expression pattern of ISL1 from
E12.5 onwards. In the spinal cord motor neurons, ISL2 is expressed after expression of
ISL1, and IsI2 mutant mice display defects in the migration and axonal projections of motor
neurons (Thaler et al., 2004). In the inner ear, Isl2 may play a role in cells that initially
express Isl1, to further define subsequent differentiation.

The sequence of expression of some LIM-HDs in the inner ear is different from other tissues
such as neurons. For instance, during spinal cord development of chicks and mice, motor
neuron progenitors express Lhx3, and postmitotic motor neurons express Isl1 (Thaler et al.,
2002). In contrast, in the developing inner ear, the opposite is true, with dividing sensory
epithelia progenitors expressing Isl1 and postmitotic hair cells expressing Lhx3. The switch
in timing and cell subtypes of Lhx3 and Isl1 expression in the inner ear may reflect the
context-dependent functions of both LIM-HDs.

While Isl1 and Lmx1a are likely important in specification of progenitor cell populations of
sensory and non-sensory epithelia, what is the functional significance of expression of other
LIM-HDs in the differentiating hair cells and supporting cells? In the CNS, combinatorial
functions of LIM-HDs play critical roles in sub-type neuron specifications (Thor et al.,
1999; Shirasaki and Pfaff, 2002; Allan and Thor, 2003). The primary roles of LIM-HDs in
early differentiation processes are consistent with recent studies showing that most L1M-
HDs are bound by the Polycomb repressive complex subunit SUZ12, which suppresses
genes involved in differentiation of embryonic stem cells (Lee et al., 2006). Within inner
ear, combinatorial functions of LIM-HDs may be important in defining more cell subtypes
beyond what is already known. Indeed, expression of a specific LIM-HD is far from uniform
in a given inner ear cell type. Isl1, for instance, is predominantly expressed in the vestibular
supporting cells, but can still be seen in occasional hair cells. Lhx3 is expressed in all hair
cells, but with variable expression levels. The combination of subtle differential expression
levels and patterns of LIM-HDs may stoichiometrically specify a particular cell subtype.
Future experiments including expression profiling at single cell resolution and studies of
multiple LIM-HD gene conditional knockout mice should reveal the functional roles of
LIM-HDs and may identify novel inner ear cell types.
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Experimental Procedure

RT-PCR and In situ hybridization

Specific primers corresponding to each LIM-HD gene were designed (Table 1). RT-PCR
was performed using cDNA mixture prepared from mouse inner ears from E10.5 to P6,
which included both utricle and cochleas. The conditions for RT-PCR were as follows:
94°C, 2 min; 94°C, 30 sec; 67°C, 1 min; 72°C, 1 min 30 sec for 35 cycles; 72°C, 10 min. All
LIM-HDs were amplified by RT-PCR, indicating their expression in at least one of the
stages examined. All the RT-PCR amplified the fragments of expected size (data not
shown). RT-PCR fragments were further cloned into TOPO TA-Cloning vector (Invitrogen)
and two independent clones for each LIM-HD RT-PCR were isolated and sequenced. The
sequencing data showed all the LIM-HDs PCR products were proper clones (data not
shown). For in situ hybridization, timed pregnant CD1 female mice were purchased from the
Charles River Laboratories for embryo collection. Transverse sections of mouse inner ears,
from E10.5 to P6, were prepared as described (Sage et al., 2006). Ribo-probes preparation
and subsequent in situ hybridization follow the exact procedure as described (Sage et al.,
2006).

Immunohistochemistry

Antibodies against POU4F3 (1:100) (Xiang et al., 1997), PAX2 (1:100, Covance, Princeton,
NJ), LHX3, ISL1 (1:100, Developmental Studies Hybridoma Bank, University of lowa),
ISL2 (1:1000, Dr. Samuel Pfaff, Salk Institute) and Myosin Vlla (1:2000, Proteus
BioSciences) were used for immunohistochemistry. Frozen sections of the inner ear tissues
were dried for 15 minutes at 37°C, and re-hydrated in 1XPBS for 5 minutes. Then the
sections were subjected to an antigen unmasking treatment using the Antigen Unmasking
Solution (Vector laboratories) according to the manufacturer's protocol. The blocking,
primary and secondary antibody incubation followed the standard protocol. The secondary
antibodies were anti-rabbit Alexa Fluor 594 and/or anti-mouse Alexa Fluor 488 (Molecular
probes) for fluorescent labeling.
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Figure. 1.

Expression of LIM-HDs in the developing inner ear: E10.5 (A,B), E12.5 (C-H) and E14.5
(1-0). Each stage was labeled with sidebars. A: ISL1 labeling in the region of future sensory
epithelia (bracket) was distinct from primarily non-sensory PAX2 expression (red) in the
medial portion of otocyst (Ot). OG, otic ganglions. B: In adjacent section, prominent Lmxla
expression was in a region overlapping with PAX2 expression. C: At E12.5, ISL1
expression was prominent in primordial cochlea (coch), cochleovestibular ganglions (CVG)
and the developing saccular sensory epithelia, which overlapped slightly with PAX2
expression (arrow). D: Labeling with antibodies against LHX3 and POU4F3 showed
immunoreactivities in nascent utricular hair cells. Most hair cells were LHX3 and POU4F3
double-positive (arrows to show example), whereas occasional early hair cells were only
positive for POU4F3 (arrowhead). E-H: Expression of Lhx5, Lhx9, Lmx1a and Lmx1b in the
inner ear at E12.5. Among them, only Lhx5 was expressed in the primordial cochlea (Fig.
1E). Lmxla was detected in the non-sensory epithelial region, but undetectable in the
sensory epithelium positive for ISL1 (arrows, comparing to 1C) or in the cochleovestibular
ganglions (Fig.1G). The sensory epithelial region of saccule is indicated by brackets, which
correspond with ISL1 staining in adjacent section (data not shown). I: ISL1 expression in
utricle at E14.5 was mainly in supporting cells (SC), with little expression in hair cells (HC).
J: ISL2 expression was higher in saccular hair cells, weak in supporting cells and stroma. K:
LHX3 expression was only in the utricular hair cells, coinciding with Myosin Vlla
(MYOT7A). L, M and O: Lhx5, Lhx9 and Lmx1b were detected in the sensory epithelial cell
region. N: Robust Lmx1a expression was restricted to non-sensory epithelia including
endolymphatic duct (ED), and was excluded in the vestibular ganglions (VG). Ut, utricle;
Sac, saccule; Cri, crista; SE, sensory epithelia. Scale bar=20um.
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Figure 2.

Expression of LIM-HDs in E16.5 vestibular system (A-H) and cochlea (I-P). A: ISL1
expression was mainly in utricular supporting cells. B: ISL2 expression was similar to
E14.5, slightly stronger in hair cells than in supporting cells or stroma. C: LHX3 expression
was upregulated in hair cells. D: In utricle, Lhx5 expression was in two regions associated
with hair cells (brackets near the lumen), which was separated by a region with supporting
cell expression (bracket close to the basal lamina). E, F and H: Lhx6, 9 and Lmx1b showed
expression primarily in hair cell region. G: Lmx1a expression was greatly reduced and
restricted to the transitional epithelium and dark cells of utricle and crista (brackets). I: ISL1
was expressed in all cochlear epithelial cells including hair cells and spiral ganglions (SG).
J: ISL2 was widely expressed in the cochlea, with the labeling more prominent in hair cells.
K: LHX3 was specifically expressed in hair cells. L,M,N,P: Lhx5, 6, 9 and Lmx1b were
weakly expressed in cochlear hair cells, GER and SG. O: Lmx1a was expressed in the non-
sensory epithelia (NSE), including primordial spiral prominence, stria vascularis and
Reissner's membrane, as demarcated by the bracket. Scale bar=20um.
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Figure 3.

Expression of LIM-HDs in E18.5 cochlea (A-H) and P6 inner ear (I-P). Each stage was
labeled with sidebars. A: ISL1 was down-regulated in hair cells at E18.5, while was
maintained in all other cochlear cells. B: ISL2 showed the same expression pattern as in
E16.5, with slightly higher expression in hair cells than in other cochlear cells. C: IsI2 in situ
hybridization showed the same pattern as shown with immunostaining, including spiral
ganglions (SG). D: LHX3 showed the same hair cell expression pattern as in E16.5. E, F and
H: Expression of Lhx6, Lhx9 and Lmx1b was similar to their respective expression patterns
in E16.5. G: Expression of Lmx1a was maintained in the spiral prominence (SP, arrow) and
down-regulated in the marginal cells (MC, arrowhead). I: At P6, ISL1 expression was
completely absent in hair cells and most supporting cells, while it was maintained in Hensen
cells (HeC) and GER. J: IsI1 in situ hybridization showed the result that matched the
immunostaining in 31 with the exception in Hensen cells, which may indicate that the
immunostaining had higher sensitivity. K: ISL2 expression was up-regulated in hair cells
while was maintained at lower level in supporting cells and GER. L: IsI2 in situ
hybridization showed expression patterns nearly identical to that obtained from
immunostaining study (3K). M,O: Expression of Lhx3 and 9 in P6 utricle and cochlea. N:
Lhx5 expression was in the P6 cochlear hair cells, spiral ganglion neurons and very weakly
in the GER. P: Lmx1a expression was significantly down-regulated in the transitional
epithelium of utricle (bracket). Scale bar=20um.
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Table 1

Primers used to amplify individual LIM-HDs by RT-PCR.

Lhx1-1438f AAGTGCGTCCAGTGCTGTGAATGT
Lhx1-2308r ATGATGGCACAAAGGGTAGGTCCA
Lhx2-1291f ACCACCAGCTTCGGACAATGAAGT
Lhx2-2012r TTCCTAAGGCACGTGGCAGTCTTT
Lhx4-605f TGGGGCCAGTTCTACAAGAGTGTCA
Lhx4-1339r AGCCAACAAGCCAGCATCCTTAGA
Lhx5-1401f GATTCACCGACATGATCTCGCATC
Lhx5-2277r AGGCCCCTCAGACTCAAAGTATGGA
Lhx6-239f CAGCACACCGTCTGTCTGCTCG
Lhx6-999r TGTCGTCGGACAGGGCAGAAGG
Lhx8-605f CGGCCTGGAGATTGTGGACAAATA
Lhx8-1426r ACTTATTGGCAGCTGGGTCATTGG
Lhx9-191f GGAGGAGATGGAGCGCAGATCC
Lhx9-990r CAAGCTGTTTGAGGTCCTTGGC

Lmx1a-2085f

TGGCAGGCAGCATGCTATAGTGAA

Lmx1a-2965r

TGCTTCCCCAGAAGGATCCTAACA

Lmx1b-212f GCTACTTCCGGGATCGGAAACTGTA
Lmx1b-976r AGATGGAGTCGTTCCCTGGCATTT
1s11-218f TTCTGAGGGTTTCTCCGGATTTGG
1s11-1166r CTGGCTACCATGCTGTTGGGTGTAT
1s12-778f ATCCGCGTGTGGTTTCAGAACAAG
1s12-1761r TCGTCCCACTATTCGCCTCACAAT
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