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Abstract
Little is known about signaling pathways, besides those of neurotrophic factors, that are operational
in adult spiral ganglion neurons. In patients with sensorineural hearing loss, such pathways could
eventually be targeted to stimulate and guide neurite outgrowth from the remnants of the spiral
ganglion towards a cochlear implant, thereby improving the fidelity of sound transmission. To
systematically identify neuronal receptors for guidance cues in the adult cochlea, we conducted a
genome-wide cDNA microarray screen with two-month-old CBA/CaJ mice. A meta-analysis of our
data and those from older mice in two other studies revealed the presence of neuronal transmembrane
receptors that represent all four established guidance pathways—ephrin, netrin, semaphorin, and slit
—in the mature cochlea as late as 15 months. In addition, we observed the expression of all known
receptors for the Wnt morphogens, whose neuronal guidance function has only recently been
recognized. In situ hybridizations located the mRNAs of the Wnt receptors frizzled 1, 4, 6, 9, and 10
specifically in adult spiral ganglion neurons. Finally, frizzled 9 protein was found in the growth cones
of adult spiral ganglion neurons that were regenerating neurites in culture. We conclude from our
results that adult spiral ganglion neurons are poised to respond to neurite damage, owing to the
constitutive expression of a large and diverse collection of guidance receptors. Wnt signaling, in
particular, emerges as a candidate pathway for guiding neurite outgrowth towards a cochlear implant
after sensorineural hearing loss.
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The cochlear implant is one of the most successful neural prostheses (Clark, 2003). It can
initiate or restore hearing in patients with sensorineural deafness, which is commonly caused
by noise, age, ototoxic drugs, or inherited mutations and is the most common sensory deficit
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in developed countries among humans at any age (Gates and Mills, 2005; Smith et al., 2005).
With current implant designs, however, the effective number of frequency bands is inadequate
for conversing in a noisy environment, grasping tonal and prosodic elements of speech, or
listening to music (Shannon, 2005). A major reason for this functional deficit is the current
spread over the considerable distance between the electrodes implanted in the scala tympani
and their targets, the somata of the spiral ganglion neurons in Rosenthal’s canal. Minimizing
this distance by promoting and guiding the growth of neurites towards the electrodes could
reduce the electrical interference and substantially improve the quality of hearing (Wilson et
al., 2003). This would be a major improvement for the increasing number of implantees who
became deaf post-lingually and are used to a higher fidelity of sound reception (Zeng, 2004).

Sensorineural hearing loss characteristically results in the rapid degeneration of the neurites
between the spiral ganglion and the organ of Corti because the sensory hair cells are damaged
or missing and cannot provide trophic support (Spoendlin, 1975; Gillespie and Shepherd,
2005). However, the somata and axonal projections to the brainstem can survive for many years
(Nadol et al., 1989). Moreover, spontaneous, but sparse reinnervation of the organ of Corti has
been observed in damaged animal cochleae in vivo (Lawner et al., 1997; Sugawara et al.,
2005) as well as in vitro (Martinez-Monedero et al., 2006). Furthermore, neurites can regrow
in vitro from the trunks of dissociated and cultured adult spiral ganglion neurons (Wei et al.,
2007; reviewed in Vieira et al., 07). Together, these observations indicate that adult spiral
ganglion neurons retain the capacity to regenerate neurites and that at least some guidance cues
remain in place.

Studies of embryonic and early postnatal ear development suggest three principal groups of
agents that might be used therapeutically to stimulate and guide neuritogenesis in the adult
cochlea: First, neurotrophic factors—ciliary neurotrophic factor, leukemia inhibitory factor,
brain derived neurotrophic factor, and neurotrophin 3, as well as fibroblast growth factors—
can also exert tropic effects on spiral ganglion neurites (Rubel and Fritzsch, 2002; Gillespie
and Shepherd, 2005). The last three factors have indeed been reported to promote neurite
regeneration in the adult cochlea (Ernfors et al., 1996; Wise et al., 2005; Miller et al., 2007;
Glueckert et al., 2008). Their expression patterns, though, suggest that neurotrophic factors are
unlikely to choreograph the intricate pattern of cochlear innervation by themselves (Fritzsch
et al., 2005). Second, members of each of the four established guidance-factor families—
ephrins, netrins, semaphorins, and slits—have been detected in the developing cochlea
(Webber and Raz, 2006; Fekete and Campero, 2007); a guidance function has been
demonstrated so far only for Eph receptor A4 and netrin 1 in vitro (Brors et al., 2003; Lee and
Warchol, 2008). Third, “wingless-related MMTV integration site” (Wnt) proteins are
expressed throughout ear development at least until early postnatal stages (Daudet et al.,
2002; Sienknecht and Fekete, 2008). Recently, these classic morphogens have also been
recognized as guidance cues throughout the nervous system (Salinas and Zou, 2008). Wnts are
attractive candidates for providing guidance in a labyrinthine organ like the cochlea because
of their rich combinatorial repertoire of nineteen ligands, ten “frizzled homolog
(Drosophila)” (Fzd) receptors plus “receptor-like tyrosine kinase” (Ryk), and three intracellular
pathways (canonical, planar-cell polarity, and Wnt/Ca2+). To date, however, no systematic
studies have been undertaken to determine which neuritogenic pathways, other than those of
the neurotrophic factors, are operational in adult spiral ganglion neurons.

To identify receptors for guidance cues in the mature cochlea, we conducted a genome-wide
cDNA microarray screen with modioli from adult mice. Furthermore, we investigated whether
Wnt receptors are expressed in adult spiral ganglion neurons in vivo and are targeted to the
growth cones of regenerating neurites in vitro. Based on our findings, we propose that manifold
pathways related to neuritogenesis remain useable in the mature cochlea and that Wnt signaling

Shah et al. Page 2

Neuroscience. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



could be harnessed to stimulate and guide neurite outgrowth towards an implant in a damaged
adult cochlea.

Experimental Procedures
Animals

Mice, strain CBA/CaJ (The Jackson Laboratory, Bar Harbor, ME), were maintained in our own
colony. All experiments were conducted in accordance with protocols approved by the
University of Illinois Institutional Animal Care and Use Committee.

Microarray hybridization
Animals were sacrificed at 8 weeks of age. From each cochlea, the modiolus containing the
somata of the spiral ganglion neurons was dissected as cleanly as possible within 8 min,
homogenized in Trizol (Invitrogen, Carlsbad, CA), and stored at −80°C. After purifying total
RNA for each animal separately, its integrity was confirmed and its amount determined by
capillary electrophoresis (2100 Bioanalyzer, Agilent Technologies, Santa Clara, CA). The six
RNA samples were then linearly amplified and biotinylated with an Ovation Biotin kit
(NuGEN, San Carlos, CA). The yields per animal of total RNA, amplified cDNA, and
biotinylated and fragmented cDNA ranged from 8 to 21 ng, 5.2 to 6.4 μg, and 3.5 to 5.1 μg,
respectively. Biotinylated cDNA from each animal was hybridized to a separate Mouse
Expression Set 430 2.0 array (Affymetrix, Santa Clara, CA) and imaged at the Roy J. Carver
Biotechnology Center of the University of Illinois at Urbana-Champaign. Statistical analyses
were conducted with R software (version 2.8.1; R Development Core Team, 2008). The
original cell intensities as well as descriptions of the pre-processing with Bioconductor tools
(release 2.1; Gentleman et al., 2005), the probe-set selection on the basis of hybridization signal
and Gene Ontology annotation (Ashburner et al., 2000), and the meta-analysis together with
the data of Someya et al. (2007; 2008) have been deposited in the public Gene Expression
Omnibus database (GEO; http://www.ncbi.nlm.nih.gov/geo/ Barrett et al., 2007) under the
accession GSE12810. For genes with more than multiple probe sets on the microarray, the one
with the strongest hybridization signal was taken as representative.

Half the animals used for microarray hybridization and for real-time reverse transcription and
polymerase chain reaction (RT-PCR; see below) had been exposed at four weeks of age to 5–
20 kHz band-limited noise at 110 dB sound pressure level. After sacrifice one month later,
however, we observed at best marginal differences in chronic gene-expression levels between
the noise-exposed and unexposed groups (GEO entry GSE12810 and data not shown). The
data from both groups were, therefore, pooled for the analyses presented here.

Reverse transcription and polymerase chain reaction
Oligonucleotide primers for RT-PCR were taken from the RTPrimerDB (Pattyn et al., 2006)
and PrimerBank (Wang and Seed, 2003) databases or designed with Primer3 software (Rozen
and Skaletsky, 2000; see Table 1). Total RNA was isolated from two-month-old modioli as
above, treated with DNase (Turbo DNA-free kit; Ambion), and quantitated by fluorometry.
First-strand cDNA was synthesized from equal amounts of RNA at 50° C with oligo(dT)18,
RNase inhibitor (SuperaseIn; Ambion), and reverse transcriptase (Superscript III; Invitrogen).
For mock cDNA synthesis, the reverse transcriptase was heat-inactivated at 90°C for 5 min
beforehand, and the reaction was frozen immediately after assembly.

For qualitative assays, the amplification reactions included Taq DNA polymerase (Invitrogen),
0.2μM of each primer (Table 1), and pooled cDNA corresponding to 1 ng/μl of RNA; after 30
cycles with an annealing temperature of 55°C, the products were analyzed by agarose-gel
electrophoresis. The DNase treatment and mock cDNA synthesis were included to ensure that
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the PCR products were derived from mRNA and not genomic DNA, since most Fzd genes lack
introns. In addition, the findings were replicated independently by another experimenter with
a new set of reagents in a separate building.

For real-time assays, the reactions comprised a reagent blend (iQ SYBR Green Supermix;
Biorad, Hercules, CA), 0.4 μM of each primer (Table 1), and cDNA from individual mice
corresponding to 0.2 ng/μl of RNA. They were denatured at 95°C for 3 min, followed by 45
cycles of denaturation at 95°C, annealing at 55°C, and extension at 72°C for 30 s each (iCycler
iQ; Biorad). The fluorescence signal was specific, since neither primer dimers nor products of
the wrong size were detected on melting curves and agarose gels. A common threshold signal
was chosen manually in the linear amplification range of all samples by inspecting the log-
transformed fluorescence plotted against the cycle number (iCycler iQ Optical System
Software, Version 3.0a; BioRad).

In situ hybridization
Partial mouse Fzd and Ryk cDNAs were amplified in RT-PCRs with the primers shown in
Table 1 and cloned into the vector pBluescript II SK (+) (Stratagene, La Jolla, CA).
Digoxigenin-labeled riboprobes were synthesized from these templates as described (Kang et
al., 2008); their concentration and integrity were confirmed by dot blotting and by gel
electrophoresis and antibody detection after membrane transfer. Two-month-old cochleae were
fixed by immersion in 4% wt/vol paraformaldehyde in phosphate-buffered saline at 4°C
overnight, decalcified in 0.5 M EDTA (pH 7.0) at 4°C for three days, and embedded in paraffin
(Paraplast Plus; SPI Supplies, West Chester, PA). Longitudinal 6 μm-thick sections were
mounted on positively-charged slides (Superfrost Plus; Fisher Scientific, Pittsburgh, PA) and
hybridized to detect mRNAs as described (Acloque et al., 2008). Some sections were stained
with hematoxylin and eosin instead. Tiled images were stitched together with Axiovision
software (release 4.5; Carl Zeiss, Thornwood, NY). Contrast was adjusted to match the
dynamic range of the digital images with Photoshop software (version 8.0; Adobe, San Jose,
CA).

Immunofluorescence microscopy
Adult spiral ganglion neurons were cultured in chambered glass slides (Lab-Tek; Nalge Nunc,
Rochester, NY) and labeled for immunofluorescence detection with the nuclear stain 0.3 μM
4′,6-diamidino-2-phenylindole (DAPI; Molecular Probes, Eugene, OR), 2 μg/ml Alexa-488-
conjugated monoclonal mouse antibody against the neuronal marker βIII-tubulin (TUBB3;
Covance, Princeton, NJ), 5 μg/ml affinity-purified polyclonal rabbit antibodies against human
and mouse FZD9 protein (ab13000; Abcam, Cambridge, MA), and 7.5 μg/ml rhodamine-
conjugated donkey anti-rabbit-IgG antibodies (Jackson ImmunoResearch Laboratories, West
Grove, PA) as described (Vieira et al., 2007). As a negative control, the antibodies against
FZD9 were omitted or replaced with purified normal rabbit IgG (Jackson) at the same
concentration. The digital images were processed as above for in situ hybridization.

Results
Manifold neuronal receptors expressed in the adult cochlea

To determine which potential guidance receptors were present in the adult cochlea, we
conducted a microarray hybridization screen with dissected modioli from six 8-week-old CBA/
CaJ mice. First, we sought to establish a rational criterion to discern expressed genes. The
probability density plot of the hybridization signals for all 45,101 probe-sets and all six mice
suggested two slightly overlapping probe-set distributions (Fig. 1): The first was narrow and
almost symmetrical, with a center near the low end of the range; the second was broad and
skewed, with a long tail towards the high end of the range. Because the former represented
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most likely probe sets with background hybridization signals, we chose the crossover point of
the two distribution functions, the 44th percentile, as the cutoff for true expression in our further
analyses.

Next, we looked for evidence of robust expression of potential guidance receptors. For
increased statistical power, we focused our analysis on 1,369 probe sets representing 738 genes
with a Gene Ontology annotation as neuronal transmembrane receptors. In addition, we
combined our modiolus data with those from the untreated control mice in two studies that had
used the same microarray platform to measure differential gene expression in older cochleae
(Someya et al., 2007; Someya et al., 2008). The Pearson coefficient for all hybridization signals
between the three data series ranged from 0.55 to 0.87, indicating that there was a significant
correlation (P ≤ 5 · 10−4) despite the differences in age, strain, and sample preparation and that
a meta-analysis was legitimate. In the pooled data from all 17 mice, 339 of the 1,369 probe
sets for neuronal transmembrane receptors representing 242 unique genes exhibited a mean
hybridization signal that was significantly higher than the 44th-percentile cutoff (P < 0.05 after
Bonferroni correction in one-sided t tests); another 300 probe sets, including 177 more unique
genes, exhibited a mean hybridization signal that was higher than, but not significantly different
from the cutoff (Supplemental Table 1). Similar results were obtained when our hybridization
data were analyzed alone. All four established guidance-factor pathways were represented
among the expressed genes (Table 2). Likewise, all eleven Wnt receptors were present—
Fzd1 to Fzd10 and Ryk—as well as two co-receptors. In addition, most receptors for
neurotrophic factors were detected (see Supplemental Table 1). We concluded from the results
of our exploratory microarray screen and meta-analysis that an ample repertoire of neuronal
signaling pathways is available in the adult cochlea.

Five Fzd genes expressed in adult spiral ganglion neurons
To confirm and extend our microarray findings, we concentrated on the Wnt pathway, whose
involvement in cochlear neuritogenesis had not been investigated previously. First, we
qualitatively confirmed the presence of the Fzd1 to Fzd10 and Ryk mRNAs by using the RT-
PCR as an independent method. Products of the expected size were amplified for all eleven
genes from a template of modiolar RNA subjected to cDNA synthesis (Fig. 2). This result was
consistent with our observation of microarray signals above the cutoff for all eleven Wnt
receptors.

Next, we conducted in situ hybridizations to determine which, if any, of the Fzd and Ryk genes
were expressed in spiral ganglion neurons. On longitudinal sections of cochleae from 6-to-8-
week-old mice, antisense riboprobes for Fzd1, −4, −6, −9, and − 10 specifically labeled the
somata of spiral ganglion neurons in Rosenthal’s canal (Fig. 3). Intriguingly, the labeling in
the cochlea decreased from the apical to the basal turns for Fzd1, −4, and −10, suggesting a
gradient of expression along the cochlea’s tonotopic map. The antisense Fzd6 probe also bound
to most cells in the saccular macula and to neurons in Scarpa’s ganglion next to the cochlea’s
base (Fig. 4).

Finally, we quantified the abundance of Wnt receptor mRNAs in the modiolus by performing
real-time RT-PCRs. Some of the Fzd genes that had not exhibited specific labeling of spiral
ganglion neurons (Fig. 3) were omitted from the experiment. The mean mRNA levels across
12 nine-week-old mice, as measured individually by real-time RT-PCR, correlated strongly
with those measured before by microarray hybridization (Fig. 5). The results of these gene-
specific experiments lend strong support to our genome-wide assessment of guidance-receptor
expression in the cochlea. Furthermore, they demonstrate that adult spiral ganglion express up
to five different Wnt receptors at a robust level.
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FZD9 protein targeted to growth cones of regenerating spiral ganglion neurons
Finally, we employed immunofluorescence microscopy to examine whether spiral ganglion
neurons sport Wnt receptors at sites of neurite regrowth. We used antibodies against FZD9,
whose cognate mRNA had been detected in all of our microarray, RT-PCR, and in situ
hybridization analyses (see above). Spiral ganglion neurons from adult mice were dissociated,
and their trunks allowed to regrow neurites in serum-free culture as an in vitro model of
regeneration. Immunofluorescence microscopy located FZD9 specifically in all neurons, in
particular at the growth cones, regardless of the number and the length of neurites (Fig. 6A–C
and G–I). Qualitatively, the FZD9 fluorescence appeared to be stronger in spindle-shaped
“simple” growth cones than in branched “complex” growth cones. This result was consistent
with the detection of Fzd9 mRNA from apex to base and demonstrated that FZD9 occurs in
the right place to modulate and guide neurite regeneration in adult spiral ganglion neurons.

Discussion
Our results show that a large and diverse collection of neuronal transmembrane receptors
representing all four established guidance pathways—ephrin, netrin, semaphorin, and slit—is
present in the adult mouse cochlea. We also observed expression of all Wnt receptors and
located the mRNAs of Fzd1, −4, −6, −9, and −10 specifically in adult spiral ganglion neurons.
Finally, we detected FZD9 protein in the growth cones of adult spiral ganglion neurons that
were regenerating neurites in culture.

The detection of dozens of guidance receptors in the adult cochlea as late as 15 months may
come as a surprise. After all, the innervation of the murine organ of Corti is complete by the
time hearing commences on postnatal day 10 (P10; Huang et al., 2007). Previous studies of
global gene expression in the adult cochlea have published in general only small excerpts of
their primary data and not focused on neuronal receptors as a group. We closed this gap by
combining our own data from the modioli of two-month-old mice with two data sets in the
public GEO database from the cochleae of four- to fifteen-month-old mice that had been
collected on the same microarray platform (Someya et al., 2007; Someya et al., 2008). The
hybridization signals for neuronal receptors in these three independent data sets were in close
agreement. Furthermore, the signals corresponded well with our RT-PCR results for all eleven
Wnt receptors and five other test genes, which covered a wide range of mRNA levels. In
addition, the results of our meta-analysis were largely consistent with microarray data from
one-month-old CBA/CaJ mice by Chen and Corey (2002; see Table 2). Finally, expression of
assorted guidance receptors in the adult cochlea or specifically in spiral ganglion neurons has
been demonstrated in several studies that employed RT-PCR or immunocytochemistry (see
Table 2). Taken together, these concordances indicate that our microarray results faithfully
represent the expression of neuronal transmembrane receptors in the adult cochlea.

The expression of specific Fzd genes in adult spiral ganglion neurons is a continuation of the
pattern reported previously for the embryonic ganglion and the early postnatal cochlea. In the
developing ear, the Wnt pathway functions in otic induction (Ohyama et al., 2007), axis and
boundary specification (Bok et al., 2007), the regulation of planar cell polarity, particularly in
hair cells (Montcouquiol et al., 2006a), and vascularization, with the atypical norrin ligand
(Xu et al., 2004). Accordingly, numerous Fzd genes have been found to be expressed
throughout the embryonic and early postnatal ear (Wang et al., 2001; Stevens et al., 2003;
Visel et al., 2004; Xu et al., 2004; Montcouquiol et al., 2006b; Wang et al., 2006; Sajan et al.,
2007). The latest stages investigated have been P14 in the rat, with Fzd1 to −4, −6, −9, detected
in the cochlea by RT-PCR (Daudet et al., 2002). The auditory ganglion is mentioned only by
Sienknecht and Fekete in their thorough study of the chicken’s developing cochlear duct
(2008): strong expression for Fzd1 and −9; moderate for Fzd2, −4, −7, and −8; and none for
Fzd10. Allowing for inter-species differences, the latter two reports agree well with our
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findings of Fzd1, −4, −6, −9, and weak −10 expression in spiral ganglion neurons of the adult
mouse.

What roles might the neuronal receptors play in the adult cochlea? For most of the classic
guidance receptors, the cellular location has not been ascertained, and their cognate pathways
participate in a wide range of developmental and homeostatic processes outside the nervous
system (Hinck, 2004). Nevertheless, at least some of the ephrin, netrin, semaphorin, and slit
receptors may provide guidance to spiral ganglion neurons, as evidenced by the responsiveness
of cultured neurons from mice at P28 to P35 to netrin 1 (Lee and Warchol, 2008).

For Fzd1, −4, −6, −9, and −10, the selective expression in adult spiral ganglion neurons shown
here also suggests roles related to neuritogenesis and synapse formation, as documented
elsewhere in the nervous system (Salinas and Zou, 2008), rather than to the classic
morphogenetic processes during ear development. (We cannot speak to the other Wnt
receptors, as we could not locate them in our in situ hybridizations.) Our detection of FZD9
protein in the growth cones of regenerating neurites in vitro is consistent with this hypothesis,
but its presence in adult growth cones in vivo remains to be to demonstrated. Further support
comes from the complementary localization of the Wnts themselves, although systematic
studies have been conducted only at embryonic and postnatal stages of development: In the
chicken embryo, Wnt4, −5a, −5b, −7a, −7b, −9a, and −11, as well as the Wnt inhibitors
“secreted frizzled-related protein” 2 and 3, are expressed mostly in non-sensory domains that
extend along the cochlea’s long axis (Sienknecht and Fekete, 2008). In the rat cochlea at P14
and P21, Wnt4, −5b, and −7a expression has been located in domains that surround the neurites
and somata; Wnt7a mRNA has also been located in spiral ganglion neurons and outer hair cells
(Daudet et al., 2002). Chen and Corey in the analysis of their microarray data have pointed out
a prevalence of Wnt4, −5a, −5b, and −7b expression in mouse cochleae at P32 (2002), and our
preliminary RT-PCR experiments have detected a similar set of Wnt mRNAs in two-month-
old animals (S.M. Shah, unpublished observations). Since Wnts do not seem to be secreted
from inner hair cells, the targets of the spiral ganglion neurons, their presumptive guidance
role may be mostly repulsive, keeping neurites from straying from their path to the organ of
Corti.

The Wnts in the cochlea most likely join forces with other signaling factors, as they do
elsewhere in the nervous system; for example, WNT3 regulates the arborization of
neurotrophin-3-responsive sensory neurons in the spinal cord (Krylova et al., 2002), and
parallel gradients of WNT3/RYK and EFNB1/EPHB ligand/receptor pairs control the
topographic mapping of retinotectal projections (Schmitt et al., 2006). The plenitude of
possible Wnt ligand-receptor combinations also leaves room for other roles, such as guidance
of the axonal projections from the spiral ganglion to the brainstem (Rubel and Fritzsch,
2002) and control of neuronal survival and death (Ille and Sommer, 2005). We therefore
propose that stable complements of both Wnt and frizzled proteins are present in the cochlea
from embryonic to adult stages and provide guidance cues to the spiral ganglion neurons for
neurite outgrowth, maintenance, and regeneration in conjunction with other neurotrophic and
neurotropic signals.

Our finding of a large number of known and potential guidance receptors in the adult cochlea
suggests that its neurons are not static and are poised to respond to damage. Functional
experiments in vitro and in vivo will show whether the established guidance pathways as well
as Wnt signaling can be harnessed to augment neurotrophic treatments and promote and guide
the regeneration of damaged neurites after sensorineural hearing loss.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Establishing a cutoff criterion for true expression versus background
Density distribution of the mean log2-transformed hybridization signals for all six mice (GEO
accession GSE12810). Gray histogram, all 45,105 probe sets on the mouse 430 2.0 microarray;
white histogram, the 1,369 probe sets annotated as neuronal transmembrane receptors, with
fivefold-magnified ordinate. Solid lines, beta distributions f (x′;α, β) fitted to the gray histogram
with x′ = (x − offset)/scale factor. Arrow, the crossover of the fitted lines at a hybridization
signal of 24.25 corresponding to the 44th-percentile cutoff.
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Fig. 2. Expression of all Wnt receptors in the modiolus of adult mice
(Top) The mRNAs of Fzd1 to Fzd10 and Ryk were detected in qualitative RT-PCRs with a
cDNA template derived from two-month-old mice (see Table 1 for expected product sizes).
(Bottom) No products were amplified from a mock cDNA template synthesized after heat-
inactivating the reverse transcriptase. Marker sizes in base pairs indicated on the right.
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Fig. 3. Selective expression of Wnt receptors in adult spiral ganglion neurons
In situ hybridizations of antisense riboprobes for the indicated mRNAs to longitudinal paraffin
sections of cochleae from two-month old mice, with the apex at the top. Arrows point at the
cross-sections of the spiral ganglion inside Rosenthal’s canal; note that some cross sections
lack the brown or purple hybridization signal. The smaller panels at the bottom-left and -right
of each triad show details from the apical- and basal-most cross sections, respectively, as
indicated for the sample stained with hematoxylin and eosin (H&E). Antisense probes for the
remaining six Wnt receptors did not exhibit specific labeling, nor did any of the sense probes
(data not shown). Mod, modiolus; ScT, scala tympani; arrowheads, location of the organ of
Corti with hair cells; scale bar, 300 μm for the large and 50 μm for the small panels.
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Fig. 4. Expression of Fzd6 in the adult vestibular periphery
In situ hybridizations of antisense riboprobes for the indicated Fzd mRNAs to paraffin sections
from two-month old mice. Top two panels, cross-sections of the saccular sensory macula;
bottom two panels, Scarpa’s ganglion of the vestibular nerve. No labeling was observed for
the other Wnt receptors, as exemplified for Fzd9 and −10, or with sense probes. Scale bar, 40
μm for the top and 50 μm for the bottom panels.
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Fig. 5. Correlation of microarray and real-time RT-PCR analyses of Wnt-receptor expression
within the cochlea
The hybridization signals are from the meta-analysis of our microarray data and those of
Someya and colleagues (Table 2 and Supplement Table 1). The RT-PCR threshold cycles are
the means from the modioli of twelve separate, nine-week-old animals. The Pearson’s
coefficient for the fitted straight line equaled −0.84, indicating a significant correlation (P <
0.001). Error bars, standard deviations; gene symbols, see Table 1.
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Fig. 6. FZD9 protein localized to growth cones of regenerating adult spiral ganglion neurons in
primary culture
(A/D/G/J) Differential interference contrast (DIC); (B/E/H/K) three-channel epifluorescence
with nuclei colored in blue, the neuronal marker βIII-tubulin in green (TUBB3), and FZD9 in
red; (C/F/I/L) red-channel fluorescence alone. Only weak background labeling was observed
in non-neuronal cells, or when the FZD9 antibodies were omitted (D–F) or replaced by normal
rabbit IgG (J–L). Arrowheads, “simple” growth cones; arrows, “complex” growth cones;
scalebar in F for panels A-F, 50 μm; scalebar in L for panels G–I and J–L, 17.5 and 30 μm,
respectively. The samples in A–F were processed and imaged under identical conditions, as
were those in G–L.
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Table 1
Oligonucleotide primers

Gene Symbola Primer Pair (5 ′ to 3 ′) Product Size (bp)

For qualitative and real-time RT-PCR

Actb GGCTGTATTCCCCTCCATCG 154

CCAGTTGGTAACAATGCCATGT

Fzd1 GCGACGTACTGAGCGGAGTG 150

TGATGGTGCGGATGCGGAAG

Fzd2 CTCAAGGTGCCGTCCTATCTCAG 156

GCAGCACAACACCGACCATG

Fzd3 GGTGTCCCGTGGCCTGAAG 194

ACGTGCAGAAAGGAATAGCCAAG

Fzd4 GACAACTTTCACGCCGCTCATC 181

CCAGGCAAACCCAAATTCTCTCAG

Fzd5 AAGCTGCCTTCGGATGACTA 129

TGCACAAGTTGCTGAACTCC

Fzd6 TGTTGGTATCTCTGCGGTCTTCTG 110

CTCGGCGGCTCTCACTGATG

Fzd7 ATATCGCCTACAACCAGACCATCC 193

AAGGAACGGCACGGAGGAATG

Fzd8 GTTCAGTCATCAAGCAGCAAGGAG 122

AAGGCAGGCGACAACGACG

Fzd9 ATGAAGACGGGAGGCACCAATAC 107

TAGCAGACAATGACGCAGGTGG

Fzd10 ATCGGCACTTCCTTCATCCTGTC 199

TCTTCCAGTAGTCCATGTTGAG

Gapdh CCCCAATGTGTCCGTCGTG 84

GCCTGCTTCACCACCTTCT

Ncam1 CCCAGCCAAGGAGAAATCAG 123

CTGGTTTGGGCTCAGCTTCT

Ntrk2 CTGGGGCTTATGCCTGCTG 100

AGGCTCAGTACACCAAATCCTA

Ryk GGTCTTGATGCAGAGCTTTACT 170

CCCATAGCCACAAAGTTGTCTAC

Tbp CCCCACAACTCTTCCATTCT 103

GCAGGAGTGATAGGGGTCAT

For cloning partial cDNAs as riboprobe templates

Fzd1 CAGGTTCTGCAAAAGCTTCC 682

TCGGTTACTGCACTCCCTCT

Fzd2 TTTAAAAGCTGCCCTGTGCT 642

CTACCGGGAGAGAAGGGAAC

Fzd3 TTTGGGTTGGAAGCAAAAAG 616

GACACTCTGCCCAAGAAAGC

Fzd4 AATTCTAGGCAGCCCCTGTT 658
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Gene Symbola Primer Pair (5 ′ to 3 ′) Product Size (bp)

CCAGCATTCTGGAGGTTCAT

Fzd5 CACTCAAGACTCCGGAGAGG 607

TCCTGGGAGTGTAGGTTTGG

Fzd6 TTGCTAGCCCTGACTGTCCT 613

CTCCTTTTGGGGAAGGTAGG

Fzd7 TTTCAAGAGGAGGCCAAGAA 609

CCCTGTCTGGAGGAAAAACA

Fzd8 TGGCAGGACATGAGAAAGTG 682

CGGTTGTGCTGCTCATAGAA

Fzd9 AGTTTCCTCCTGACCGGTTT 692

CAAGGCCCTGAGCTTTACTG

Fzd10 CTTTGCTGCCTGTGCATAAA 616

CAATAAGCCCTCTGGTGCTC

Ryk GAACGACTTGCGAAGTGTCA 700

CAGAGTCATGAGCTCCCACA

a
Actb, actin, beta; Gapdh, glyceraldehyde-3-phosphate dehydrogenase; Ncam1, neural cell adhesion molecule 1; Ntrk2, neurotrophic tyrosine kinase,

receptor, type 2; Tbp, TATA box binding protein.
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