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Developmental Profiling of Spiral Ganglion Neurons Reveals
Insights into Auditory Circuit Assembly

Cindy C. Lu,'* Jessica M. Appler,'* E. Andres Houseman,” and Lisa V. Goodrich'
'Department of Neurobiology, Harvard Medical School, Boston, Massachusetts 02115, and 2Department of Biostatistics, Harvard School of Public Health,
Boston, Massachusetts 02115

The sense of hearing depends on the faithful transmission of sound information from the ear to the brain by spiral ganglion (SG) neurons.
However, how SG neurons develop the connections and properties that underlie auditory processing is largely unknown. We catalogued
gene expression in mouse SG neurons from embryonic day 12, when SG neurons first extend projections, up until postnatal day 15, after
the onset of hearing. For comparison, we also analyzed the closely related vestibular ganglion (VG). Gene ontology analysis confirmed
enriched expression of genes associated with gene regulation and neurite outgrowth at early stages, with the SG and VG often expressing
different members of the same gene family. At later stages, the neurons transcribe more genes related to mature function, and exhibit a
dramatic increase in immune gene expression. Comparisons of the two populations revealed enhanced expression of TGFf3 pathway
components in SG neurons and established new markers that consistently distinguish auditory and vestibular neurons. Unexpectedly, we
found that Gata3, a transcription factor commonly associated with auditory development, is also expressed in VG neurons at early stages.
We therefore defined new cohorts of transcription factors and axon guidance molecules that are uniquely expressed in SG neurons and
may drive auditory-specific aspects of their differentiation and wiring. We show that one of these molecules, the receptor guanylyl cyclase
Npr2, is required for bifurcation of the SG central axon. Hence, our dataset provides a useful resource for uncovering the molecular basis

of specific auditory circuit assembly events.

Introduction

The ability to perceive sound depends on spiral ganglion (SG)
neurons, which are the sole conduit for signals passing from the
cochlea to the brain. In addition to transmitting frequency infor-
mation, SG neurons must preserve the fine structure of sound
stimuli, code signals with sub-millisecond precision, and trans-
mit signals of varying intensity in a sustained manner. As a result,
the auditory circuit has acquired specialized features, such as
stereotyped axon bifurcations for parallel processing and large
specialized synapses, including end bulbs of Held, for rapid syn-
aptic transmission. Understanding how these features develop is
a key question in auditory neuroscience, especially since the suc-
cess of cochlear implants requires functional SG neurons. Cur-
rently, little is known about how auditory circuitry is assembled,
in part because the ear is housed in a tiny, bony capsule that
makes access and tissue collection difficult. With the advent of
new genetic tools, however, interest in the molecular mechanisms
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of auditory system development is growing. Indeed, the past few
years have witnessed significant advances in our understanding
of hair cell development and function (Kelly and Chen, 2009;
Matthews and Fuchs, 2010; Fritzsch et al., 2011). In contrast, how
SG neurons acquire the ability to transmit sound information
remains poorly understood.

Circuit assembly involves a coordinated series of events, from
the initial outgrowth and guidance of axons to the final matura-
tion of functional synapses. In mice, SG neurons are born
between embryonic day 9 (E9) and E12 and quickly extend
peripheral projections toward hair cells in the cochlea and central
projections into the eighth nerve (Appler and Goodrich, 2011).
Centrally, all auditory axons project into the brainstem and bi-
furcate, sending one branch to the anteroventral cochlear nucleus
(AVCN) and the other to the posteroventral cochlear nucleus
(PVCN) and dorsal cochlear nucleus (DCN). Each branch then
finds its proper tonotopic location and arborizes to form syn-
apses, ranging from giant end bulbs of Held that envelop spher-
ical bushy cells in AVCN to small bouton synapses with cells in
DCN (Ryugo and Parks, 2003; Rubel et al., 2004). Synapses
acquire their final morphology and become functional over
the first two postnatal weeks, and hearing begins at postnatal
day 12 (P12).

The incomplete knowledge of the molecular mechanisms that
drive circuit assembly in SG neurons has slowed the discovery of
new players, left researchers with few tools to detect or describe
auditory phenotypes, and hampered efforts to convert stem cells
into bona fide SG neurons. To fill this gap in knowledge, we
catalogued gene expression in SG neurons as they progress from
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axon guidance stages to the onset of hearing. Parallel studies of
the closely related vestibular ganglion (VG) facilitated identifica-
tion of genes directing auditory-specific programs of develop-
ment. This comparison established improved markers for SG and
VG neurons, revealed a potential role for immune system genes
during late stages, and identified new regulators for early SG
specification and wiring, one of which we showed is required for
axon bifurcation. These data offer a useful resource for investi-
gating any aspect of auditory circuit assembly and for optimizing
stem cell-based methods for the treatment of deafness.

Materials and Methods

Mice

Mice were kindly provided by Qiufu Ma, Harvard Medical School, Bos-
ton, MA (Rnx-Cre) (Xu et al., 2008), Satoru Takahashi, University of
Tsukuba, Tsukuba, Japan (MafB-GFP) (Moriguchi et al., 2006), and
Susan Dymecki, Harvard Medical School, Boston, MA (RC::rePe) (un-
published reagent). RC::rePe mice express red fluorescent protein in the
absence of Cre and green fluorescent protein after Cre-mediated recombi-
nation. Z/EG, R26R, and Npr2”" mice were obtained from Jackson Labora-
tories. Rnx-Cre genotyping was performed using Cre-specific primers
(CATTTGGGCCAGCTAAACAT and CCCGGCAAAACAGGTAGT-
TA), Z/EG genotyping was performed using GFP-specific primers
(TACGGCAAGCTGACCCTGAAGTTC and AAGTCGATGCCCTT-
CAGCTCGATG), MafB-GFP animals were identified by green fluores-
cence, RC::rePe animals were identified by red fluorescence, and Npr2®
genotyping was performed as previously described (Schmidt etal., 2007).
For embryonic collections, noon on the day of the plug was considered
EO. For postnatal collections, the day of birth was called PO. In all cases,
embryos and pups used were of either sex. Animals were maintained and
handled according to protocols approved by the Institutional Animal
Care and Use Committee at Harvard Medical School.

Microdissection of ganglia

E12 and E13 Rux-Cre;Z/EG cochlear-vestibular ganglia were dissected
in ice-cold sterile PBS with 2% glucose and 2% BSA (PBS/glucose/
BSA) under an epifluorescence stereomicroscope. The SG and VG
were separated from one another using a microblade, taking care to
discard the region where the ganglia contact one another to avoid
cross-contamination. Ganglia were rinsed in fresh PBS/glucose/BSA and
transferred to a microcentrifuge tube with 900 ul of PBS with 10% BSA
and 100 ul of 0.5 M EDTA, with a mouth pipette fitted with a sterile pulled
glass Pasteur pipette. Samples were centrifuged for 10 min at 4°Cat 800 X
g, PBS/glucose/BSA was removed, and samples were quickly frozen in
liquid nitrogen, where they were stored until RNA isolation. Inferior VG
from E16, PO, P6, and P15 Rnx-Cre;Z/EG animals were dissected in PBS
with 0.5% glucose, then collected into PBS/glucose/BSA, briefly centri-
fuged, decanted, and frozen in liquid nitrogen.

Fluorescence-activated cell sorting of SG neurons

Cochleae from 2—4 litters from CDI1 X MafB-GFP /" matings were
dissected in ice-cold sterile PBS with 0.5% glucose under an epifluores-
cence stereomicroscope, rinsed in fresh PBS with 0.5% glucose, and
transferred into a 1.5 ml tube on ice containing 1 ml of PBS with PBS/
glucose/BSA. Nonfluorescent wild-type littermates (from 3-5 animals)
were processed at the same time as controls to facilitate gating for FACS.
Samples were centrifuged for 10 min at 4°C at 800 X g. PBS/glucose/BSA
was pipetted off and dissociation solution was added. E16 SG samples
were dissociated in ~10 ug/ml each of collagenase type 4, papain (Wor-
thington), and dispase (Invitrogen), and 2800 U/ml DNase (Worthing-
ton) in 1 ml of PBS, while PO—P15 SG samples were dissociated in 0.05%
trypsin, 1% chicken serum, 0.37 mm EDTA, ~5 ug/ml each of collage-
nase type 4, papain, and dispase, and 2800 U/ml DNase in PBS. Tubes
were rotated at 37°C for 45 min, with gentle trituration 5-10 times every
15 min using a filtered P1000 tip. At the end of 45 min, tissue was again
triturated 5-10 times. Cells were centrifuged for 10 min at 4°C at 800 X
g. Dissociation medium was pipetted off and cells were resuspended
gently in 1 ml of ice-cold PBS/glucose/BSA. To generate a single cell

Luetal.  Spiral Ganglion Expression Profiling

suspension, samples were passed through a 40 wm cell strainer (BD Biosci-
ences Falcon) into a sterile 5 ml round-bottom tube (BD Biosciences Falcon)
on ice. Cells were sorted on a Beckman Coulter MoFlo machine at the Dana
Farber Cancer Institute Flow Cytometry Core using a chilled sample cham-
ber and collection chamber with a sheath pressure of 24 psi, through a 100
wm nozzle at 500—1000 events/s. Gating was set by first running nonfluores-
cent littermate controls on the machine, followed by a small amount of
MafB-GFP~'* sample, and then choosing cells present only in the MafB-
GFP /" sample. The yield of GFP-positive cells was as follows: E16, 4591—
46,036 cells/sample; PO, 10,889-57,160 cells/sample; P6, 13,069-125,070
cells/sample; P15, 8653—33,247 cells/sample. Cells were sorted into a chilled
microcentrifuge tube with ice-cold 450 ul PBS with 10% BSA and 50 ul of
0.5 M EDTA. Samples were centrifuged for 15 min at 4°C at 1100 X g The
PBS/BSA was removed, and samples were quick frozen in liquid nitrogen,
where they were stored until RNA isolation.

RNA isolation/amplification and microarray hybridization
Microdissected samples were thawed and pooled such that ~15-20 E12
or E13 SG or VG, or ~10-12 E16-P15 VGs were processed for each of
three replicates. For FACS samples, between 4591 and 125,070 cells were
processed for each of four replicates. RNA was extracted using the Arc-
turus PicoPure RNA kit (Applied Biosystems), according to the manu-
facturer’s instructions. Samples were stored at —80°C until needed. RNA
was amplified using the Arcturus RiboAmp Plus 1.5 round RNA ampli-
fication kit (Applied Biosystems), according to the manufacturer’s in-
structions. Amplified RNA (aRNA) was biotin labeled using the Enzo
BioArray High Yield RNA Transcript Labeling Kit (T7), according to the
manufacturer’s instructions, then fragmented by adding 15 ug of aBRNA
in a volume of 40-10 ul of 5X fragmentation buffer (200 mm Tris ace-
tate, pH 8.1, 150 mm MgOAc, 500 mm KOAc) and incubating at 95°C for
35 min. Fragmented, labeled probes were hybridized to Affymetrix
Mouse 430 2.0 GeneChips using standard protocols at the Dana Farber
Cancer Institute Microarray Core.

Microarray data normalization

We used the July 13, 2009 build of dChip and the July 1, 2009 Affymetrix
gene information for MOE430v2 for normalization and modeling. Normal-
ization parameters were invariant set and running median smoothing, and
the baseline array was PO SG1 (313, 46.6%). The expression signal was ob-
tained using the model-based expression method and mismatch probe (PM/
MM) difference as background. Note that two chips (E16 SG4 and P15 SG 2)
had significantly lower intensity than the rest. Affymetrix data files for all
samples can be found at accession no. GSE29766, NCBI GEO (Gene Expres-
sion Omnibus) (http://www.ncbi.nlm.nih.gov/geo/).

Hierarchical clustering analysis

Atotal 0f 45,102 probe sets were reduced to 28,345 by eliminating those with
apreponderance of Affymetrix “Absent” calls not related to the experimental
design, i.e., by excluding those for which the following conditions were met:
(1) the probe set was called “Absent” for 30 or more of the 40 arrays; and (2)
the nominal p value from Fisher’s exact test comparing the probability of an
“Absent” call across 12 tissue/time points was >0.2.

Following the method of Mitiku and Baker (2007), we sought clusters
of probe sets based on standardized mRNA expression across the 40
samples. Although metric (nonparametric) hierarchical clustering is a
well characterized method, it does not scale to tens of thousands of cases;
consequently, we used a Gaussian variant of the recursively partitioned
mixture model (RPMM), a hierarchical mixture-model algorithm de-
scribed by Houseman et al. (2008) and implemented in the R library
RPMM (http://cran.r-project.org/web/packages/RPMM/index.html). A
total of 28,345 probe sets were clustered via RPMM according to 11
orthogonal contrasts of 40 mean-centered (but not SD-scaled), log-
transformed normalized expression values, as described below. Thus, the
probes were hierarchically clustered based on their pattern of absolute
variation, with respect to cell type and developmental age, around a
common expression level (i.e., the geometric mean). The resulting hier-
archy of classes was pruned to 5 binary levels, resulting in 2> = 32 clusters
of probe sets. After obtaining cluster labels for each probe set, geometric
means were obtained for each cluster and each tissue/time point combi-
nation. Note that we compared the consistency of RPMM clustering to
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that of metric clustering (using Euclidean distance with Ward’s linkage)
by pairwise analysis of 50 resampling experiments. We sampled 1000
probe sets at a time for each experiment, and on a pairwise basis between
sampling runs, used the adjusted Rand Index (Rand, 1971) to compare
the consistency of the clustering of probe sets that were sampled in both
runs. Mean adjusted Rand Index for RPMM was 0.419 (SD = 0.0094),
while for metric hierarchical clustering, it was 0.273 (SD = 0.0063).
Thus, RPMM also appeared to provide more consistent clustering than
the more common nonparametric approach.

Details on orthogonal contrast

To capture relevant time-trajectory profiles in the clustering algorithm,
orthogonalized contrasts were used instead of raw log-expression values.
This follows a similar strategy used previously (Houseman et al., 2006)
for incorporating linear relationships among genetic probes in a cluster-
ing algorithm, and is motivated by the wavelet decompositions used, for
example, by Morris et al. (2003). First, normalized expression values
were log transformed and centered around the geometric mean:

40

Yy, = log,(Ey) — 407" > log,(Ey), (1)

i=1

where E,, is the normalized expression value for array i and probe set g.
The first contrast was defined as:

40

Qi = a;, 2, 1(Cell Type; = VG) Y,

i=1

40

— a;, 2 1(Cell Type; = SG) Yy, (2)

i=1
where the « constants are chosen to produce unit norm, i.e.:

40 40
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Thus, the first contrast captures differences in overall expression between
SG and VG. Similarly, four other contrasts representing tissue-specific
“late” (P6 and P15) versus “mid” (E16 and P0) contrasts and “mid”
versus “early” (E12 and E13) contrasts were constructed as follows:
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with a constants chosen to produce unit norm. Finally, six additional
contrasts representing tissue-specific age contrasts with early, middle,
and late (i.e., P6 vs P15, PO vs E16, and E.12 vs E13) were constructed.
These 11 contrasts were used as inputs to the RPMM algorithm.

Gene ontology analysis
Due to the large number of genes in the dataset, 10% of the 28,345 genes
on the “Present” list were selected at random for gene ontology annota-
tion. These genes were annotated for function by searching three data-
bases (NCBI OMIM, http://www.ncbi.nlm.nih.gov/omim; NCBI Gene,
http://www.ncbi.nlm.nih.gov/gene; and IHOP http://www.ihop-net.org/
UniPub/iHOP/). When gene function was unclear, examination of rele-
vant literature abstracts or papers was performed using PubMed (http://
www.ncbi.nlm.nih.gov/pubmed). Genes were scored according to whether
they fell into any of the following 60 categories: Transcription factor, chro-
matin modification, methylation, other transcription, RNA binding/
processing, ubiquitination, ubiquitin-like modification, transmembrane,
secreted or GPI-linked, cytoplasmic, cytoskeleton associated, nuclear,
nuclear/hormone receptor signaling, intracellular trafficking, ER/Golgi,
carbohydrate metabolism, lipid metabolism, phospholipid metabolism/
signaling, glycosylation/glycoprotein, mitochondrial, filopodia/lamelli-
podia, axon guidance/outgrowth, dendrite growth/morphogenesis, cell
cycle/division/proliferation, cilia, cell motility/migration, cell adhesion,
cell junction, GTPase signaling, TGF family signaling, Notch signaling,
EGF signaling, Wnt signaling, prostaglandin signaling, centrosome, per-
oxisome, proteoglycan, lysosome, proteasome, exocytosis, endosome/
endocytosis, solute carrier, insulin signaling, extracellular matrix, channels,
synaptic molecules, myelination, immune genes, interleukin signal-
ing, interferon signaling, MHC molecule, complement cascade, vita-
min metabolism, zinc transport, apoptosis, phosphatase, kinase, sperm/
spermatogenesis, mouse deafness, and human deafness/auditory disorder.
X7 tests were performed using SAS to test whether genes in “early”
clusters fell into different categories from those in “late” clusters. For this
analysis, “early” clusters were defined as those in which gene expression
was present at E12 or E13 and then decreased in either or both popula-
tions at later stages. “Late” clusters were defined as those in which gene
expression was low at E12 and E13 and then was upregulated between
E16 and P15. These included genes upregulated late in the SG or VG
alone, or in both populations. x> tests were also performed to test SG
(“both early + SGlate” and “SG late”) versus VG (“both early + VG late”
and “VG late”) clusters.

Pairwise comparisons

Generation of differentially expressed gene list. We used dChip to generate
afiltered gene list (~33,000 probe sets) with a 5% Affymetrix P call (gene
must be deemed “present” in at least 2 of the 40 chips), and then im-
ported these values into MeV (http://www.tm4.org/mev/). We used the
SAM (Statistical Analysis of Microarrays) application to perform pair-
wise comparisons for all 66 possible unique comparisons from the 12
data points. We then chose the top ~200 genes using a secondary >1.5-
fold difference cutoff (i.e., the top 200 most differentially expressed genes
in each pairwise comparison were chosen, but any genes that did not
meet the 1.5-fold difference criteria were excluded). Of the 66 unique
pairwise comparisons, 57 had a median false discovery rate (FDR) of
0.000%, 5 had a FDR between 0.001-1%, and 4 had a FDR >1%. We
combined the probe identifications (IDs) from all 66 pairwise compari-
sons into one file, removed duplicated probe IDs, and reduced genes with
multiple probe ID hits to one representative probe ID hit. We then ex-
cluded genes for which the Affymetrix P call was not “present” for at least
two samples from the same tissue/age, as well as genes for which the
Affymetrix P call was not “present” in at least two samples from the same
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tissue/age with the highest normalized expres-
sion. This resulted in a list of 3070 genes.
Categorization of genes. We categorized
genes according to age (early, mid, or late) and
tissue specificity (SG, VG, or both) of expres-
sion as follows. We identified the peak expres-
sion values for a given gene for both the VG and
SG.If these values were <1.5-fold different, the
gene was classified as “both”; if >1.5-fold dif-
ferent, the gene was classified as VG or SG, de-
pending on which had higher expression. If the
peak expression value was at E12, it was defined
as “early”; if it was at P15, it was defined as
“late”; if it was E13—P6, it was defined as “mid.”

Identification of axon branching candidates
Normalized dChip files were imported into
MeV. Setting the median false discovery rate to
0.000%, we used SAM to do the following pair-
wise comparisons: E12 SG vs E16 SG, E12 VG,
and E13 VG; E13 SG vs E16 SG, E12 VG, and
E13 VG; E12 SG and E13 SG vs E16 SG, E12
VG, and E13 VG. We also performed a similar
analysis using Rosetta Resolver and kept the
genes that resulted from both analyses and
were enriched an average of >2-fold. Genes
encoding transmembrane proteins were identi-
fied by entering each sequence into the SMART
domain architecture analysis tool (http://smart.
embl-heidelberg.de/). After eliminating dupli-
cates, the list of candidate genes was reduced to 72
genes.

In situ hybridization and RT-PCR

Section in situ hybridization was performed as
previously described (Abraira et al., 2008). For
whole-mount in situ hybridization, P6 co-
chleae were dissected in ice-cold sterile PBS,
removing the bony capsule of the ear, and fixed
in 4% PFA in PBS overnight at 4°C, then pro-
cessed for whole-mount in situ hybridization.
P15 animals were perfused with 4% PFA in
PBS, and the cochleae were dissected out
with the bony capsule still intact, and fixed in
4% PFA in PBS overnight at 4°C. The bone
surrounding the cochlea and in the modiolus
was dissected away, and the tissue was pro-
cessed for whole-mount in situ hybridiza-
tion. For RT-PCR, P6 and P15 SGs were
isolated from MafB-GFP~/* animals, and PO
and P15 VGs were collected from Rnx-Cre;
Z/EG animals as described for the microarray
analysis. RNA was extracted by TRIzol, and
c¢DNA was synthesized using SuperScript IIT
(Invitrogen). Tafa2 primers (GATGGAGCT-
GTTCCTCTGGA and TGTTGTGAGCCAA-
GCGTTAG) were used to amplify a 294 bp band
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Figure 1.  Generation of a gene expression catalog for inner ear neurons during circuit assembly. 4, The progression of auditory circuit
assembly peripherally (bottom) and centrally (top) from early (E12) to late (P15) time points. At early stages, SG neurons send projections
toward the cochleaand hindbrain (axon guidance). The central projection bifurcates to send branches to the DCN and VCN (axon branching).
Both peripheral and central projections subsequently find synaptic targets (axon targeting) and form synapses (synapse formation) that
mature (synapse maturation/pruning) and become functional (synaptic function/plasticity). IHC, Inner hair cells; OHC, outer hair cells.
B-B”, Genetic labeling of the VG using Rnx-Cre. Rnx-Cre drives R26R reporter expression in the VG (arrow in B) but not the SG (arrow in B'),
as shown by X-gal staining (blue) at PO (sections are counterstained with Nuclear Fast Red). Note the peripheral processes extending from
the VG toward the utricle (u) (arrowhead in B). Ic, Lateral crista; ¢, cochlea. A microdissected cochlear-vestibular ganglion from an E12
Rnx-Cre;Z/EG embryo shows GFP expression in the V@ but not the SG (B”). (—C", Genetic labeling of the SG using Mafb-GFP mice. Section by
insitu hybridization for Mafb at E13 () shows strong SG staining in the base of the cochlea (b), weaker staining in the mid-turmn (m), and very
faintsignalin the apex (a). Examination of GFP expression in whole-mount Mafb-GFP cochlea at E16 confirms expression in SG neurons (C*).
This expression persists and can be used to isolate SG neurons, as illustrated by immunostaining dissociated P6 Mafb-GFP SG neurons after
FACS (C"). The GFP-positive cells (green) also express the neuronal marker Neurofilament (red). DAPI-stained nuclei are in blue. D, A
summary of the methods used to isolate SG and VG neurons for Affymetrix Gene Chip analysis at the six chosen stages.

using the following cycling conditions: 36 cycles of 95°C for 15 s, 56°C for
30 s, and 68°C for 45 s. Gapdh primers (CTCATGACCACAGTCCATGC
and GCACGTCAGATCCACGAC) were used in parallel as a positive
control.

Visualization of axonal projections

To determine the timing of SG axon branching, E11.5, E12, and E14
Gata3'*“L*?/* embryos were fixed and stained with X-gal as previ-
ously described (Abraira et al., 2008). The hindbrain region con-
nected to the cochlea was isolated by dissection and was flat-mounted
on a glass slide to visualize projections. In addition, the extent of VG
axon branching at E12 was determined by Dil injection into the VG of
fixed CD1 embryos, followed by flat mounting and visualization by

fluorescence microscopy. For visualization of sparsely labeled SG pro-
jections, E12.5 Neurogl-CreER™ ";RC::rePe or Npr2/*;Neurogl-
CreER™/*;RC::rePe embryos were fixed for 4 h in 4% PFA in PBS,
embedded in 5% agarose, and cut into 250- wm-thick sagittal sections
using a vibratome, followed by immunostaining for GFP (see below,
Immunofluorescence). Tissue was mounted onto slides, and axons
were visualized by confocal microscopy (Zeiss LSM 510 META).
Z-stacks were projected into a single image using LSM Image Browser
software (Zeiss).

Immunofluorescence
For Gata3 and GFP double immunofluorescence, sections through an
E11 ear were digested for 5 min in 0.01% trypsin (Invitrogen) in 0.1 M
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Figure2. Trendsin gene expression revealed by hierarchical clustering and gene ontology analyses. A, Hierarchical clustering of P &

microarray data. A heat map showing 28,345 probe sets with Affymetrix “present” calls as columns, with SG expression in the lower
half and VG expression in the upper half. Replicates for a given tissue and time point are indicated by brackets, and average
expression withina given clusteris indicated, with red corresponding to high levels and green to low levels of expression. The width
of the color-coded rectangles represents the proportion of probe sets falling into that cluster. Genes in the clusters on the left side
are expressed in both populations at early stages (both early). In some “both early” clusters, genes are subsequently maintained
only in SG (+SG late) or VG neurons (+ VG late). Genes in the clusters on the right side are expressed at late stages of circuit
assembly (E16 and later). Some clusters consist of genes expressed in both neuronal populations (both late), while others are
characterized by enriched expression in the SG (SG late) or VG (VG late). B, A summary of gene ontology categories that are
overrepresented at early (E12 and E13) vs late (E16 and later) stages of development or in SG vs VG neurons at any stage. p values

were obtained using y * tests.

CaCl,, pH 7.4, blocked for 30 min in blocking solution (1% BSA, 0.1%
Triton X-100, 0.02% SDS, 50 ug/ml DNase I in PBS), and incubated in
1:500 mouse anti-GFP (Invitrogen) and 1:500 goat anti-Gata3 (R&D
Systems) antibody in blocking solution overnight at 4°C. Secondary an-
tibodies (Alexa Fluor 488-conjugated donkey anti-mouse and Alexa
Fluor 647-conjugated donkey anti-goat) were used at 1:1000 in blocking
solution.

For GFP immunofluorescence on vibratome sections, tissue was
blocked in 5% normal donkey serum in PBS with 0.1% Triton X-100 and
incubated at 1:500 with rabbit anti-GFP antibody (Invitrogen) and at
1:1000 with Alexa Fluor 488-conjugated donkey anti-rabbit secondary
antibody (Invitrogen).

For NF and GFP immunofluorescence on dissociated and FACS-
sorted SG cells, cells were pelleted, resuspended in Matrigel (BD Biosci-
ences), and then solidified on a microscope slide warmed to 37°C. Then
they were fixed in 4% PFA and blocked in 3% BSA, 1% normal donkey
serum in PBS overnight at 4°C, followed by incubation in 1:500 goat
anti-GFP (Abcam) and 1:500 mouse anti-Neurofilament, 2H3 concen-
trated (Developmental Studies Hybridoma Bank, University of Iowa,
Iowa City, IA) in 3% BSA, 1% normal donkey serum, 0.1% Triton X-100
in PBS overnight at 4°C. Secondary antibodies (Alexa Fluor 488-
conjugated donkey anti-goat and Alexa Fluor 594-conjugated donkey
anti-mouse) were used at 1:750 in 3% BSA, 1% normal donkey serum,
0.1% Triton X-100 in PBS for 2 h at room temperature. DAPI staining
was performed by incubating tissue or cells with 1:10,000 DAPI in PBS
for 15 min before mounting.

Results

Isolation of tissue for microarrays

To identify genes involved in SG axon guidance and branching,
target selection, synaptogenesis, synaptic refinement, and synap-
tic function, we collected SG at E12 and E13, E16, PO, P6, and P15
(Fig. 1A). We also collected VG at the same time points. Like their
auditory counterparts, VG neurons are born in the otic vesicle
and send central projections through the eighth nerve. However,
unlike SG neurons, they innervate hair cells of the vestibular

plexity of data analysis (Hildebrand et al.,
2007). To overcome these obstacles, we
genetically labeled ganglia with GFP and
then isolated the tissue by careful micro-
dissection or by FACS.

The transcription factor Rnx (also
known as TIx3) is expressed at E12 and
E13 in the VG but not the SG (data not
shown). Hence, when Rnx-Cre knock-in
mice (Xu et al., 2008) are crossed with
Rosa26 conditional reporter mice (So-
riano, 1999), only VG (Fig. 1 B) and not
SG (Fig. 1B’) neurons are X-gal labeled at PO, indicating that
Rnx-Cre expression is a reliable indicator of the vestibular fate.
Therefore, we crossed Rnx-Cre mice to GFP conditional reporter
(Z/EG) mice (Novak et al., 2000) to fluorescently label the VG,
which aided in microdissection of the SG and VG at E12 (Fig.
1B") and E13. At these early stages, the ganglia are still attached to
one another, so we carefully separated them using a microblade
and collected the tissue. Approximately 15-20 ganglia were
pooled for each sample, and three replicate samples were pro-
cessed for each tissue/time point. For the E16—P15 time points,
VGs were also microdissected from Rnx-Cre;Z/EG animals;
only inferior VGs were collected to avoid introducing addi-
tional heterogeneity into the vestibular samples. Approxi-
mately 10-12 ganglia were pooled for each sample, and three
replicate samples were processed for each time point. Since the
SG is difficult to isolate quickly and cleanly by microdissection at
later stages due to the complex architecture of the cochlea, E16—
P15 SGs were isolated from MafB-GFP knock-in animals (Mori-
guchi et al., 2006) by FACS. MafB is a transcription factor that is
first expressed around E13, most strongly in the earliest-born SG
neurons in the base of the cochlea, but only weakly in the later
born apical SG neurons (Fig. 1C), and is subsequently upregu-
lated throughout the SG (Fig. 1C"). FACS-sorted GFP-positive
cells expressed the axonal marker neurofilament (NF) (note the
labeling of severed projections), confirming successful purifica-
tion of SG neurons (Fig. 1C"). Four replicates were processed for
each tissue/time point for FACS-sorted samples. RNA was then
isolated from samples, linearly amplified, and used to generate
probes for Affymetrix Mouse 430 2.0 GeneChips (Fig. 1 D). The
raw microarray data are available for download online (http://
www.ncbi.nlm.nih.gov/geo/). In addition, we have generated an
online database that allows one to search for genes or catego-
ries of interest and to view microarray expression patterns in
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Postnatal expression of MHC and complement genes in the SG. In all panels, expression levels for each gene (y-axis) are plotted logarithmically from early (E12) to late (P15) stages of

development (x-axis). Each log2 unit reflects a twofold change in expression. Data for the SGare in blue, and data for the VG are in red. A-D, Graphs for genes encoding MHC class | receptors (A), MHC
class Il receptors (B), and complement pathway components (C, D) are shown. Some complement pathway genes are enriched in the SG (€), while others are present in both ganglia (D).

graphical or tabular format (http://goodrich.med.harvard.
edu/) (Fig. 4C).

Hierarchical clustering and gene ontology analysis of
microarray data
These studies generated an enormous amount of data, with ex-
pression profiles for 45,102 probe sets corresponding to ~25,000
genes in both the SG and VG at six different developmental time
points. To categorize genes in as unbiased a manner as possible,
we first performed hierarchical clustering analysis of the ~28,000
probe sets that showed expression above background (Fig. 2A).
This enabled us to group genes according to their spatiotemporal
patterns of expression and to identify broad trends in the data. To
reveal what kinds of genes are contained within each cluster, we
performed a gene ontology analysis. Due to the incompleteness of
many online gene ontology databases, we performed our own
analysis by randomly choosing 10% of the genes in the dataset
(~2800) and annotating their function through manual gene
database and literature searches. Genes were scored based on
evidence that they were associated with any of 60 different func-
tional categories. We then compared the representation of each
category in the early vs late gene clusters using x tests (Fig. 2 B).
Our analysis confirmed that inner ear neurons experience the
same general trends in gene expression observed in other devel-
oping neuronal populations. For instance, early gene clusters
(E12 and E13) contain genes associated with neurogenesis and
differentiation, including genes involved in transcriptional and
cell cycle regulation, RNA binding/processing, ubiquitination,
axon guidance, and dendrite morphogenesis. Genes involved in
Notch signaling, which is known to be involved in neurogenesis
(Kageyama et al., 2009), and Wnt and GTPase signaling, which
play important roles in axon guidance (Sdnchez-Camacho and
Bovolenta, 2009; Hall and Lalli, 2010), were also enriched early.
In contrast, late stages (E16—P15) were characterized by expres-

sion of genes associated with mature neuronal function. For in-
stance, the neurons begin to express many more cell adhesion and
extracellular matrix (ECM) molecules, as well as genes involved
in lipid, carbohydrate, and vitamin metabolism, and mitochon-
drial function. We also found that genes involved in prostaglan-
din signaling, which is involved in the inflammatory response
and has been proposed to play a neuroprotective role in the co-
chlea (Nakagawa, 2011), are enriched in more mature neurons.
Thus, our results indicate that our microarray database reflects, at
least on a broad scale, the appropriate developmental changes
that would be expected in these neurons.

In addition to these anticipated trends, this analysis revealed a
striking late-stage enhancement for genes normally associated
with immune system function. For example, many MHC class I
genes (H2-DI1, H2-K1, H2-L, H2-Q7, H2-T23) are strongly up-
regulated in the SG at postnatal stages and are >2-fold enriched
in the SG compared with the VG at P15, while another MHCI
gene, H2-T10, appears to be upregulated in both the SG and VG
at postnatal stages (Fig. 3A). The first two postnatal weeks witness
a decrease in the number of SG neurons, an increase in soma size,
and the activity-dependent refinement of SG central projections,
likely triggered by purinergic signaling from hair cells (Leake et
al., 2002; Tritsch et al., 2007; Tritsch and Bergles, 2010). This is
also a critical period for afferent-dependent AVCN neuron sur-
vival (Harris and Rubel, 2006). MHC class I molecules are
involved in remodeling of retinal ganglion cell axons, activity-
dependent synaptic plasticity in the hippocampus, and motor
neuron synapse organization (Shatz, 2009; Thams et al., 2009), as
well as NMDA receptor activity and AMPA receptor trafficking
(Fourgeaud et al., 2010). The timing of expression that we ob-
serve suggests the intriguing possibility that MHC class I mole-
cules regulate synaptic development and refinement during
auditory circuit assembly as well. Several MHC class II genes
(H2-Aa, H2-Abl, H2-DMa, H2-Ea, H2-Eb1, and H2-Ob) are also
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Table 1. SG- and VG-enriched genes at E12
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SG VG

Gene Fold diff ~ pvalue  Gene Fold diff ~ pvalue Gene Fold diff ~ pvalue  Gene Fold diff ~ pvalue  Gene Fold diff ~ pvalue
Fgf5 56.9 0.000  [gsf21 34 0.006 Rgs8 40.6 0.000  Aldh1al 56 0.001 Mel 3.0 0.002
Prox1 303 0.000 Mtap9 34 0.005 Tbx20 403 0.007 Kit 54 0.001 (ytl1 3.0 0.000
Insm2 299 0.003 Coro2a 34 0.000 Aldhla7 367 0.002  Adyl 5.2 0.000 Oxcl4 29 0.000
Mab2111  17.9 0.001 Rgmb 33 0.000 Wif1 324 0.001 12 5.0 0.001 Atpla2 2.9 0.000
Shh 17.6 0.001 Enah 33 0.003 Bnc2 324 0.000  Slc25a2 4.9 0.000 0dz2 2.8 0.000
Neurodé6  16.7 0.000 (ip1 33 0.004 Kazald1 268 0.000  Ptprd 49 0.001 (d93 28 0.001
Ndrg1 15.2 0.002 (th 3.2 0.000 Hs3st2 26.5 0.000 Ppp2r2b 49 0.000 Dtnb 2.7 0.000
Ephas 1.0 0.000  Pcdh10 3.1 0.001 Mal 248 0.002  Scnla 4.8 0.000 (d83 2.7 0.000
Myo6 11.0 0.000 Tmem132d 3.1 0.000 Kcng5 24.0 0.001 Tpd52I1 48 0.000 Maf 2.7 0.000
Zfpm2 1.0 0.000  Pcdh7 31 0.000 Diras2 215 0.000  Scn9a 4.8 0.000  Abcg4 2.7 0.004
Efnb2 103 0.000  Anxa4 3.1 0.003 Pax3 18.7 0.007  Plekha4 4.8 0.000 Wntsa 2.7 0.005
Art5 9.3 0.003 Nerk3 3.1 0.000 Onecut? 186 0.000 (Istn2 4.7 0.000  Dhh 2.7 0.003
Grem2 8.7 0.000  Rasef 3.1 0.001 Gda 17.9 0.000  Rab15 45 0.000 Greb1 26 0.000
Mfng 8.7 0000  Hspa2 3.1 0.003 Angpt1 163 0005  Tgfa 45 0000  Bmp7 26 0.000
Sleo4al 8.6 0.000 Tgfb2 3.0 0.000 Ngef 16.1 0.000  Kenj10 4.4 0.001 Edg3 26 0.000
Kenip4 8.4 0.001 Stt3b 3.0 0.000 Lin7a 14.4 0.000 Pde8a 43 0.000 Lancl3 2.5 0.001
Pcdh17 8.2 0.001 Bmper 3.0 0.000 Ptpn3 14.4 0.001 (ol1a2 4.2 0.000  Afap1l2 24 0.001
Lrrtm4 8.2 0.002 Tbx18 3.0 0.000 Cartpt 13.0 0.000  Rgs7bp 4.1 0.000 (ntnap4 2.4 0.001
Snca 7.8 0.003 Robo2 29 0.000 (bin4 12.9 0.006 Tmod1 4.1 0.000 Kdr 24 0.001
Neurog1 73 0.002 Tph1 29 0.007 fgf12 124 0.008 Ven 4.1 0.000 (peb3 24 0.000
Fzd5 73 0.000 Stbd1 28 0.005 Tbx3 12.3 0.000 Socs2 4.0 0.001 Nfe2l3 24 0.000
Calml4 73 0.005 Padi2 2.7 0.002 Pappa 10.8 0.001 Chrna5 4.0 0.007  Abat 24 0.000
Zmat4 7.2 0.000  Bmp2 2.7 0.000 Pcdh8 10.6 0.000 Gprcsb 4.0 0.000 Camkld 2.4 0.008
Shox2 7.2 0.000  Etv1 2.7 0.000 Gabrg2 9.8 0.002 Ppargcla 3.9 0.005 Bai3 24 0.001
Rmst 7. 0.001 Efcbp2 26 0.001 Ablim1 9.4 0.000  NoM 39 0.006  Pcsks 24 0.005
Ntng1 6.9 0.000  Rnpep 26 0.001 Gria3 9.2 0000  Adyapl 39 0005  Mbp 23 0.000
Galnt3 6.8 0.000  Mbni3 26 0.002 Arpp21 8.7 0.000 Vsnl1 3.9 0.000  [tih5 23 0.000
Rhbdl3 6.6 0.004 (alb1 2.6 0.001 Prss12 8.6 0.000 Mpz 3.9 0.000 Cobll 23 0.000
Tgm2 6.4 0.000  Prger4 26 0.000 Kenip2 8.6 0.001 Rspo2 3.8 0.000 Tnfrsf19 2.3 0.000
Bmpr1b 6.2 0.001 B3gnt2 25 0.000 Thbd 83 0002  Psa2 38 0.002 Vamp1 23 0.000
Pdlim5 6.2 0.001 Firt2 25 0.002 Lepr 83 0.005 Slit3 38 0.003 lgf1 23 0.008
Fat4 6.0 0.000 (enb1 25 0.001 Wipf3 7.9 0.000 Tmee3 3.7 0.003 (tsb 23 0.001
Nptx1 59 0.000 Chod! 24 0.001 Lrrtm1 78 0.003 Sen7a 3.6 0.004 Dec 2.2 0.006
Jph1 5.6 0.000  Mpped2 24 0.007 Fzd8 7.8 0.000 Dab1 35 0.001 Sh3md4 2.2 0.000
Nedd1 55 0.000 Ckif 24 0.000 Myom2 17 0.000 Spard1 35 0.002 Gpri3s 2.2 0.005
I3 55 0.000  Socs4 24 0.000 Pappa2 7.6 0.005 Smad7 33 0.000  Nos? 22 0.000
Abcc4 54 0.000 (ldn9 24 0.001 Rasgrp2 7.6 0.000  Syt4 33 0.002  Sh2ds 22 0.002
Htral 53 0.001 (cdc88¢ 23 0.000 P4ha3 75 0.003 Sfrp1 33 0.002 Ramp2 2.2 0.003
Piral 53 0.000  Auts2 23 0.000 Olfm3 73 0.006 Tmeml6d 3.3 0.000  Smpdi3a 2.2 0.000
Sema3a 49 0.001 Mpzl2 23 0.002 fgf18 7.2 0.000 Ugt8a 33 0.004 Prickle2 2.2 0.002
Ror1 48 0.000 (ib2 23 0.000 Bean 7.0 0.000 Col1al 33 0.004  Dbp 22 0.000
Rassf3 48 0.000 Osbpl3 22 0.008 Tle2 7.0 0.001 Rims1 32 0.000  Spatal3 2.1 0.005
Zfp106 4.4 0.001 Dach1 2.2 0.005 Apcdd1 6.9 0.000 Dock3 3.2 0.001 Pex3 2.1 0.001
Cecr2 4.4 0.000 Gps1 2.2 0.001 Mfap3! 6.7 0.002  Sox17 3.2 0.000 (0l18a1 2.1 0.001
Cerkl 4.2 0.000 7fp608 2.1 0.000 Mme 6.4 0.001 Mmd2 3.2 0.000 (cnd2 2.1 0.000
Plxdc2 4.0 0.000 Gpri123 2.1 0.001 Gfra2 6.1 0.001 Aldhla3 3. 0.009  Llambll 2. 0.000
Lmo1 3.8 0.000 Isocl 21 0.000 Sytl2 6.1 0.000 Lmo2 3.1 0.000 Angptld 2. 0.001
Btg2 37 0.000 Tolxr1 21 0.003 Agtrl1 6.0 0.006 (cdc68 3.0 0.000  Lrrcdc 2.1 0.001
Samd5 37 0.001 Rnasep1 2.1 0.000 (dh8 59 0.001 (ldn11 3.0 0.006  Hbbbh1 2.1 0.000
Art1 3.6 0.000 Wdr37 2.1 0.004 Sye17 5.7 0.004 Sorbs1 3.0 0.000 Kenab2 2.1 0.001
Gadd45a 3.6 0.001 Nudcd2 20 0.000 (ux2 5.6 0.000  Angpt2 3.0 0.003 Gab2 21 0.002
Cxerd 3.5 0.000 Amigo2 5.6 0.005 Lum 3.0 0.003 Pagr4 21 0.000

Acomplete list of the 259 genes that were differentially expressed in SG versus VG neurons at E12. There were 103 genes enriched by >2-fold in SG neurons and 156 genes enriched by >2-fold in VG neurons ( p << 0.01). Genes are identified
by official gene names and are ranked by the average fold difference (Fold diff). The p value for that difference, as determined by comparing expression levels in three biological replicates for each tissue type, is also reported.

upregulated in SG neurons (Fig. 3B), but the potential functions
of these genes in the nervous system remain unclear.

The increase in MHC class I and class II gene expression is
accompanied by strong upregulation of many complement path-
way genes. Some are strongly enriched in the SG compared with
the VG (Fig. 3C), while others are present in both types of neu-
rons at late stages (Fig. 3D). In mutant mice lacking Clq, retinal
ganglion cells fail to properly prune their synapses, indicating a
role for complement pathway genes in synaptic refinement (Ste-
vens et al., 2007). The temporal pattern of complement pathway
gene expression in SG neurons raises the possibility that they may

be involved in similar processes during the maturation of audi-
tory circuits.

To learn more about the programs of gene expression specif-
ically associated with auditory circuit assembly, we compared SG
neurons to VG neurons, which also arise from the anteroventral
quadrant of the otic vesicle and mediate the sense of balance
(Appler and Goodrich, 2011). Consistent with their common
origin and closely related functions, SG and VG neurons express
many of the same genes throughout development (Fig. 2 A, “both
early” and “both late”). This underscores the fact that the same
basic molecular toolbox is used across the nervous system. How-
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Figure 4.

Statistical analysis of microarrays to identify developmentally relevant genes. 4, Genes that are significantly enriched in one tissue (Spatial) or that change over time (Temporal) were

identified by pairwise comparisons between all tissues and time points, compiled into a signature gene list, and categorized according to their spatiotemporal patterns of expression. B, A screen shot
of the searchable online signature gene database. Expression data can be viewed in graphical or tabular (data not shown) format. The complete microarray database is also available in searchable

form online (C).

ever, there are also some notable differences. For example, among
the genes expressed in both populations at early stages (Fig. 2A,
“both early”) were clusters of genes that were later downregulated
in one population and maintained in the other (“+SG late” and
“+VGlate”). In addition, a large proportion of late genes specific
to either the SG (“SG late”) or VG (“VG late”) were also evident.
This gradual divergence fits with what has been observed in the
cerebral cortex, for example, where subtypes of projection neu-
rons transiently coexpress common transcription factors that are
subsequently maintained in one population or the other (Azim et
al., 2009).

Aside from these general changes in gene expression, we un-
expectedly found that the SG is enriched for genes involved in
TGFB family member signaling, while the VG is enriched for
genes involved in EGF signaling. Since both TGFB and EGF
signaling have been implicated in a variety of developmental
processes, including neurogenesis, neurite outgrowth, and
synaptogenesis (Garcia-Alonso et al., 2000; Wong and Guil-
laud, 2004; Salinas, 2005; Sdnchez-Camacho and Bovolenta,
2009), it is possible that the two populations respond differ-
entially to these two families of secreted signaling molecules
during circuit assembly.

Since the gene ontology analysis did not reveal any other
global differences between SG and VG across time, we performed

a pairwise comparison of SG and VG at E12 to gain a better sense
of how these two populations differ at one specific stage of devel-
opment. This analysis yielded 103 genes that were enriched by at
least twofold in SG neurons and 156 genes enriched in VG neu-
rons (p < 0.01) (Table 1). Consistent with our initial cluster
analysis, many genes on both lists play known roles in neuronal
development, including many transcription factors and cell
surface receptors. However, each population often expresses a
unique family member. For instance, SG neurons show en-
riched expression of FGF5, while VG neurons express FGF12
and FGF18. Similarly, SG and VG neurons show differential ex-
pression of Wnt receptors (Fzd5 vs Fzd8) and of members of the
protocadherin gene family (Pcdh17 in SG vs Pcdh8 in VG). In
addition, VG neurons express more genes associated with differ-
entiation than the SG neurons do, likely reflecting the fact that SG
neurons are born after VG neurons (Ruben, 1967; Koundakjian
etal., 2007). This highlights the need to examine gene expression
at multiple time points when seeking meaningful differences.

Pairwise analysis of microarray data

Although microarray studies offer a rapid and convenient way to
reveal broad trends in gene expression, it is challenging to identify
individual genes associated with specific functions within such a
large dataset. For instance, hierarchical clustering may group
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Table 2. SG-enriched genes at mid and late developmental stages
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SG-enriched genes

Mid
Avian musculoaponeurotic fibrosarcoma v-maf oncogene homolog (c-Maf)
BMP-binding endothelial regulator (Bmper)
Bone-morphogenetic protein 2 (Bmp2)
Cerebral cavernous malformation 2 homolog (Ccm2)
Chromodomain helicase DNA binding protein 4 (Chd4)
Cytokine like 1 (Cytl1)
Fras1-related extracellular matrix protein 2 (Frem2)
Insulin-like growth factor-binding protein 7 (Igfbp7)
Leucine-rich repeat-containing G-protein-coupled receptor 5 (Lgr5)
Lin-7 homolog A (Lin7a)
Lipid phosphate phosphatase-related protein type 4 (Lppr4)
Low-density lipoprotein receptor-related protein 10 (Lrp10)
MAP kinase-activated protein kinase 2 (Mapkapk2)

Late
(1q and tumor necrosis factor-related protein 5 (C1qtnf5)
(CAAT/enhancer-binding protein (C/EBP), alpha (Cebpa)
(CAAT/enhancer-binding protein (C/EBP), delta (Cebpd)
Chemokine (C-X-C motif) ligand 14 (Cxcl14)
Complement component 1, q subcomponent, beta polypeptide (C1gb)
Hippocalcin (Hpca)
Histocompatibility 2, class Il, locus DMa (H2-DMa)
Histocompatibility 2, K1, K region (H2-K1)
Histocompatibility 2, T region locus 10 (H2-T10)
Histocompatibility 2, T region locus 23 (H2-T23)
Insulin-like growth factor 1 (Igf1)
Interferon activated gene 204 (Ifi204)

Platelet-derived growth factor receptor-like (Pdgfrl)

Plexin D1 (Plxnd1)

Proprotein convertase subtilisin/kexin type 5 (Pcsk5)

Regulator of G-protein signaling 3 (Rgs3)

Sodium channel, voltage-gated, type II, beta (Scn2b)
Synaptotagmin-like 2 (Sytl2)

Synaptotagmin XVII (Syt17)

T-box18 (Thx18)

Transcription factor 25 (basic helix-loop-helix) (Tcf25)
Transforming growth factor, beta 2 (Tgfb2)

Tumor necrosis factor receptor superfamily, member 19 (Tnfrsf19)
v-maf musculoaponeurotic fibrosarcoma oncogene family, protein B (Mafh)
Zinc finger and BTB domain containing 48 (Zbth48)

Interferon (alpha and beta) receptor 2 (Ifnar2)

Interferon gamma-induced GTPase (Igtp)
Interferon-induced transmembrane protein 3 (Ifitm3)
MACRO domain containing 1 (Macrod1)

Matrix metallopeptidase 13 (Mmp13)

Nuclear receptor subfamily 1, group H, member 2 (Nr1h2)
Nuclear receptor subfamily 4, group A, member 1 (Nr4a1)
Potassium channel, subfamily T, member 1 (Kcnt1)
Prostaglandin E receptor 4 (subtype EP4) (Ptger4)
Secreted frizzled-related protein 2 (Sfrp2)

Slit homolog 3 (Slit3)

Stabilin 1 (Stab1)

Stabilin 2 (Stab2)

Arepresentative subset of genes from the signature gene list with mid and late SG-enriched expression, arranged alphabetically. Mid SG genes include transcription factors, cell surface molecules and channels, and secreted growth factors,
as well as intracellular signaling molecules. Late SG genes include transcription factors, secreted factors, ECM and other cell surface molecules, and immune genes.

genes with highly variable expression together with those that are
expressed more reproducibly. Moreover, a simple pairwise com-
parison provides only a snapshot of gene expression and fails to
take into account important differences over time. For instance,
among the clusters exhibiting early expression, none showed en-
riched expression in the SG or VG at early stages. Nonetheless, we
know that such genes exist, one of which (Rnx) we took advan-
tage of for genetic labeling of the VG at E12 and E13. Conversely,
the pairwise comparison of SG and VG at E12 revealed differen-
tial expression of Neurogl, which we know is in fact expressed by
VG neurons at earlier stages (Koundakjian et al., 2007). There-
fore, we reanalyzed the data to define those genes that exhibit the
most statistically significant changes in expression over time or
between the two tissue types (Fig. 4 A). We performed 66 pairwise
comparisons between the two populations and across all the time
points, chose the top 200 most reliably differentially expressed
genes from each comparison, with a minimum 1.5-fold expres-
sion level change, and then combined all the genes from the 66
comparisons into one list. Since many genes came up repeatedly
from multiple comparisons, we were able to hone the list to 3070
genes. Thus, the final “signature gene list” consists of genes whose
expression levels differ significantly between the SG and VG
and/or change significantly over time. We then categorized each
gene according to whether it was expressed in both the SG and
VG, or enriched (>1.5-fold higher) in one population or the
other, and according to whether peak expression was reached at
the early (E12), mid (E13-P6), or late (P15) time points. Table 2
shows a selection of genes from the signature gene list that are
enriched in the mid and late SG. Notably, these include a number
of transcription factors and axon guidance molecules, as well as
immune and other interesting genes, paralleling the trends ob-

served in the hierarchical cluster analysis. The signature gene list
is also available for download and as a searchable database online
(http://goodrich.med.harvard.edu/) (Fig. 4B).

Validation of spatiotemporal expression patterns
We generated the signature gene list with the goal of having a
biologically accurate fingerprint of gene expression in SG neu-
rons at any stage of development, information that is crucial for
discovering genes associated with specific stages of auditory cir-
cuit assembly, for analyzing phenotypes in mutant mice, and for
assessing the identity of SG neurons generated from stem cells in
vitro. However, microarray studies are often compromised by
biological and technical variables, such as genetic background
and the strength of probe hybridization. Therefore, to verify that
genes on the signature list reflect actual expression patterns in the
inner ear, we performed a series of validation experiments. First,
to confirm changes in gene expression over time, we chose an
“early” and “late” SG gene and performed in situ hybridization at
multiple time points. Natriuretic peptide receptor 2 (Npr2), a
transmembrane receptor for the C-type natriuretic peptide,
shows peak microarray expression levels at E12, with expression
tapering off at mid stages and increasing modestly at later stages
(Fig. 5A). In situ hybridization confirmed these trends, with
strong expression of Npr2 in the SG at E12 and continued expres-
sion at E16 and P15. Similarly, prostaglandin D2 synthase (Ptgds),
which shows very low microarray expression levels at early
stages but reaches peak levels at P15, was undetectable by in
situ hybridization at E12 and E16, but was strongly expressed
at P15 (Fig. 5B).

Next, we examined whether the reported differences in tissue-
specific expression are also physiologically relevant. Specific and
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Validation of spatiotemporal gene expression profiles. Genes with temporal (4, B) or spatial (C, D) differences in expression were selected from the signature gene list and confirmed

by in situ hybridization (A-D) or RT-PCR (D) at the stages indicated. Gene expression profiles are plotted as in Figure 3. E12, E15, and E16 embryos were sectioned transverse to the ear; mid-modiolar
sections are shown for E15 and E16. P6 and P15 cochleae were processed for whole-mount in situ hybridization and flat mounted, with the SG at the bottom and the organ of Corti at the top. In all
panels, the SG s indicated by black arrowheads and the VG by open arrowheads. The arrow in Bindicates positive signal for Ptgds outside of the ear, confirming that the experiment was successful.
For the RT-PCR, Gapdh was used as a positive control to confirm the presence of c(DNA. D, Dorsal; L, lateral; *, cochlear duct; hb, hindbrain; u, utricle. Scale bars: (4) 100 um for E12 and E16, 20 m

for P15; (D) 50 um.

reliable genetic markers for tissues or cell populations provide
important tools for studying those cells. For example, the identi-
fication of Rnx and MafB as markers for the VG and SG, respec-
tively, permitted us to cleanly isolate tissue for these experiments.
However, since Rnx is downregulated in the VG after E13 (Fig.
4C), and MafB expression does not begin in the SG until E13 (Fig.
1C), we looked for genes that are enriched in the SG or VG at all
of the time points in our dataset. We found that Netrin-GI
(Ntngl),a GPI-linked protein related to the Netrin family of axon
guidance molecules, is enriched in the SG at all stages (Fig. 5C). In
situ hybridization confirmed that at E12, Ntngl is expressed in
the SG, but not the VG (Fig. 5C). This expression persists at P6
and P15, as revealed by whole-mount in situ hybridization (Fig.
5C). Conversely, the microarray data indicated that the secreted
cytokine Tafa2 (also known as Fam19a2) is strongly enriched in
the VG (Fig. 5D). We confirmed by in situ hybridization that at
E12 and E15, Tafa2 is indeed expressed in the VG, but not the SG

(Fig. 5D; data not shown). RT-PCR confirmed sustained expres-
sion of Tafa2 in the VG at PO and P15; no Tafa2 was detected in
the postnatal SG. Therefore, expression of Ntngl and Tafa2 can
be used to distinguish auditory and vestibular neurons at any
stage of development.

Overall, we have performed in situ hybridization at one or
more time points for >50 genes from our microarray data, and
observed the expected pattern in the vast majority of cases. Thus,
we are confident that our dataset is reliable and accurately reflects
spatiotemporal gene expression.

Identification of early SG- or VG-specific

transcription factors

To use our data to gain insights into mechanisms of auditory
circuit assembly, we focused on the earliest stages of develop-
ment, when SG neurons are specified and begin to make their
initial wiring decisions. Both the hierarchical clustering analysis
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and pairwise comparisons showed that SG and VG neurons are
initially quite similar, but then diverge as they mature. These
results suggest that common transcriptional networks regulate
general programs of neuronal specification, while cell type-
specific transcription factors coordinate the differential expres-
sion of downstream targets as the neurons mature. Indeed, both
SG and VG neuron progenitors initially express the transcription
factor Neurogenin-1 (Neurogl), delaminate, and then express
another transcription factor, NeuroD (Appler and Goodrich,
2011). However, little is known about the transcription factors
that act subsequently to promote auditory-specific features of
development in SG neurons.

Previous studies implicated the transcription factor Gata3 asa
likely regulator of early SG neuron development. In support of
this idea, Gata3 protein was reported to mark SG but not VG
neurons in E13 mouse embryos (Lawoko-Kerali et al., 2004) and
also in chick embryos (Jones and Warchol, 2009). Moreover,
there is a severe reduction in the size of the cochlear-vestibular
ganglion in Gata3 mutant mice, a finding interpreted to reflect a
specific loss of SG neurons (Karis et al., 2001). Our microarray
data indicate a dynamic profile of Gata3 expression, with levels
varying between cell types and over time (Fig. 6A). Unexpectedly,
Gata3 showed similar levels of expression in the SG and VG at
E12. Expression was maintained at high levels in the SG through
PO, but rapidly declined in the VG, such that it was >2-fold lower
in the VG compared with the SG at E13 and absent from the VG
by El6.

To determine whether the early presence of Gata3 in the VG
reflects actual expression patterns, we performed in situ hybrid-
ization for Gata3. We found strong Gata3 expression in a subset
of VG neurons, as shown in multiple sections through a single
inner ear at E12 (Fig. 6 B—B"). This corroborates previous work
showing that Gata3 transcripts can be detected in scattered cells
in the VG at E14 (Lillevali et al., 2004). We also examined Gata3
protein expression by immunofluorescence in E11 Rnx-Cre; Z/EG
embryos, in which the VG is labeled with GFP (Fig. 6C). Gata3
signal was observed in the nuclei of some GFP-positive cells (Fig.
6C', yellow arrowhead), but not of other GFP-positive cells (Fig.

Dynamic expression patterns of Gata3 in the SG and VG. 4, Graph showing microarray expression of Gata3 in the SG
and VG, plotted as in Figure 3. At E12, Gata3 is <<1.5-fold enriched in the VG. Based on the Affymetrix presence call (data not
shown), Gata3 is still present in the VG at E13, but is absent from the VG from E16 P15, while it is present in the SG through PO.
B-B", Multiple sections through a single E12 ear showing in situ hybridization signal for Gata3. Expression s evident in the SG (blue
dotted line), butis also strong in a subset of VG cells (red dotted line). C, ', Gata3 (red) and GFP (green) immunofluorescencein an
E11 Rnx-Cre;Z/EG embryo. The VGis indicated by the white dotted line demarcating the GFP-positive region (). Amagnified image
of the boxed area in Cis shown in (". Gata3 signal is evident in the nuclei of some GFP-positive cells (yellow arrowhead), but not of
other GFP-positive cells (white arrowhead), indicating that Gata3 is expressed in a subset of VG neurons (C’).
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6C’, white arrowhead), confirming that
Gata3 is expressed in a subset of VG neu-
rons. Since VG neurons must innervate
the sensory epithelia of the three semicir-
cular canals, the utricle, and the saccule,
one possibility is that Gata3 marks a sub-
population of VG neurons that innervate
a particular vestibular organ or target par-
ticular types of hair cells.

To identify other transcription factors
that may direct the divergence of SG and
VG neurons, we mined the signature gene
list for transcription factors that are en-
riched in early SG or VG neurons. Of the
113 “early” genes annotated as transcrip-
tion factors, 96 showed microarray ex-
pression in both the SG and VG, while 12
were SG-enriched and five were VG-
enriched. We verified the expression of
two SG-enriched and two VG-enriched
transcription factors by in situ hybridiza-
tion (Fig. 7). At early stages, Prox1 (Fig.
7A,A") and Zfpm2 (Fig. 7B,B’) are ex-
pressed in the SG but not the VG, while
Tbx3 (Fig. 7C,C") and RunxI (Fig. 7D,D")
are enriched in the VG compared with the SG. Moreover, mice
lacking ProxI exhibit disorganized peripheral innervation of the
cochlea, confirming the importance of this SG-enriched factor
for auditory circuit assembly (Fritzsch et al., 2010). A more com-
plete understanding of the transcriptional networks that underlie
SG development and differentiation awaits analysis of additional
mouse mutants and identification of target genes by microarray
analysis and chromatin immunoprecipitation.

The SG and VG express different members of the same family
of transmembrane proteins

One of the primary functions for early-acting transcription fac-
tors in neurons is to control expression of axon guidance recep-
tors and other transmembrane proteins that direct early wiring
events. However, apart from the neurotrophins and their recep-
tors, few molecules have been implicated in auditory- or
vestibular-specific guidance events (Fekete and Campero, 2007).
Such information is critical for designing strategies to encourage
growth of SG axons following injury and for integration of im-
planted stem cells into the auditory circuit. We therefore asked
which transmembrane proteins are restricted to auditory or ves-
tibular ganglion neurons during initial stages of outgrowth. A
handful of genes encoding known axon guidance molecules, in-
cluding Bmprib and EphA5, were enriched in the early SG (Fig.
8A,B). Eph signaling has been implicated in SG axon outgrowth
invitro and in auditory circuit assembly in the hindbrain (Brors et
al., 2003; Cramer, 2005). However, while Bmp signaling is known
to be crucial for patterning of the inner ear (Ohta et al., 2010;
Ohyama et al., 2010), no role in SG axon guidance has been
described.

Closer examination of the list of cell surface proteins revealed
that the SG and VG often express different members of a given
family of transmembrane proteins. For example, the SG and VG
express different members of the large protocadherin family of
genes (Fig. 8C—F), which have been implicated in neuronal sur-
vival (Lefebvre et al., 2008), axon outgrowth (Uemura et al.,
2007), and target selection (Hasegawa et al., 2008; Katori et al.,
2009). The SG expresses Pcdh17 and Pcdh21 (Fig. 8C,D), while
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Early SG- and VG-specific transcription factors. A—D, Transcription factors with enriched expression in auditory (4, B) or vestibular (C, D) neurons at the earliest time point (E12) were

identified by analysis of microarray data, plotted as in Figure 3. The predicted cell type-specific expression in SG (black arrowheads) or VG (open arrowheads) is seen by in situ hybridization at E12
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Figure 8.  Early differential expression of cell surface proteins. A—H, During axon guidance
stages of development, SG and VG neurons express different combinations of cell surface recep-
tors, as revealed by in situ hybridization to E12 embryos sectioned in the transverse plane. For
instance, expression of BMP receptor 1b (A) and EphAS5 receptor (B) is enriched in SG (black
arrowheads) compared with VG neurons (open arrowheads). In addition, the SG and VG express
different members of the protocadherin (Pcdh) family of cell surface proteins (C—F) as well as
unique combinations of the Frizzled (Fzd) receptors (G, H ). Dorsal is up and lateral is right. Scale
bar, 100 wm.

the VG expresses Pcdh8 and Pcdh9 (Fig. 8 E, F). Similarly, while
the Wnt receptor Fzd3 is expressed in both the SG and VG at E12
(Fig. 8G), a different family member, Fzd8, is more strongly ex-
pressed in the VG compared with the SG (Fig. 8 H). These data
suggest that these two closely related populations of neurons may
be able to use common downstream signaling machinery to re-
spond differentially to environmental cues that direct such pro-
cesses as axon outgrowth and guidance. Together, our findings
indicate that subtle differences in the types of transcription fac-
tors and guidance molecules expressed by SG and VG may be
sufficient to initiate development of nonoverlapping circuits that
mediate entirely distinct neuronal functions.

Identification of a SG axon branching gene, Npr2

During development, SG neurons make a series of decisions that
ultimately result in the assembly of precisely wired circuits. Our
data suggest that many of these events are relatively generic and
depend on general programs of neurogenesis, while others are
more specific to auditory neurons, as highlighted by the presence
of several auditory-specific transcription factors and guidance
molecules. To learn how individual genes contribute to SG devel-
opment, we focused on one specific feature of the final wiring
diagram, namely the bifurcation of SG axons as they project into
the auditory brainstem. This bifurcation is a fundamental feature
of auditory circuits that likely enables parallel processing of au-
ditory stimuli in the brainstem. However, little is known about
when or how SG neurons branch or how the presence of this
branch point influences the perception of sound.

To determine when this event occurs, we visualized develop-
ing auditory and vestibular nerves using Gata3 promoter-driven
taulacZ (van Doorninck et al., 1999) and fluorescent dye labeling.
We found that SG axons are actively branching at E12 and E13
(Fig. 9A), also confirmed using Cre-mediated expression of con-
ditional reporters and dye labeling (Fig. 9D; data not shown),
while this process is essentially finished in VG axons by E12 (Fig.
9B). Therefore, we reasoned that the expression of likely branch-
ing factors would be enhanced in the SG at early stages. We also
predicted that branching would be initiated by transmembrane
proteins capable of sensing cues in the environment. With these
criteria in mind, we set parameters to find genes with predicted
transmembrane domains that were enriched by twofold in SG
neurons during axon branching stages (E12, E13) compared with
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stages when branching is complete in SG neurons (E16) or in VG
neurons (E12, E13) (Fig. 9C).

We identified 72 candidate genes, and performed in situ hy-
bridization at E12 to screen through these candidates. Candidate
genes were prioritized based on known functions and the avail-
ability of mutants, and the top 25 genes were examined by in situ
hybridization. Of these, 20 showed expression in the SG but not
in the VG at E12, further underscoring the reliability of our da-
taset (data not shown). Of the five genes that did not show the
expected expression pattern, two were indeed in the SG, but were
also in a subset of VG neurons, in the region that was likely
discarded during microdissection. The remaining three were in
the surrounding mesenchyme or epithelium, indicating modest
contamination with surrounding tissue. Among the 20 candidate
genes, Npr2 stood out due to its striking expression pattern (Fig.
5A) and known involvement in axon branching in dorsal root
ganglion neurons (Schmidt et al., 2007, 2009).

To test whether Npr2is required for auditory circuit assembly,
we obtained a previously characterized mutant strain (Schmidt et
al., 2007) and examined the central SG projections. To assess
branching, we took advantage of the fact that sparse, leaky recom-
bination of the RC::rePe GFP reporter allele is driven by the
Neurogl-CreER™ transgene (Koundakjian et al., 2007), even in
the absence of tamoxifen. This made it possible to trace the tra-
jectories of individual SG axons and their branches. While neu-
rons in littermate controls showed normal branching (Fig. 9D),
Npr2°/“ mutant axons did not form two well developed pro-
cesses, but instead extended one branch that turned either ros-
trally or caudally (Fig. 9E). Future analysis of how Npr2 mutant
animals perceive sound offers the exciting opportunity to deter-
mine the functional significance of this stereotyped branching
present in all auditory afferents connecting the cochlea to the
brain. This highlights the usefulness of our microarray resource
for the discovery of genes required for hearing.

Npr2 mutant

Identification of Npr2 as a SG axon branching gene. 4, B, A diagram of the SG and its projections early in embryogen-
esis. To determine when SG axons branch, embryos expressing the axonal marker tauLacZ under the control of the Gata3 promoter
were collected at E11.5,E12, and E14, stained for B-galactosidase activity, and flat mounted. Images correspond to the boxed area.
Visualization of X-gal-stained projections shows that bifurcation begins after E11.5, with a few ascending and descending
branches (arrowheads) apparent at E12. By E14, many more branched axons are present. In contrast, VG axon branches have
already formed by E12, as revealed by anterograde labeling with Dil (B). €, Twenty candidate axon branching genes were defined
based on their expression profiles in SG (blue) and VG (red) neurons, their predicted structures, and their in situ hybridization
expression patterns. D, Individual axon branches (white arrowheads) and their branch points (yellow arrowheads) can be visual-
ized in Neurog1-CreFR™:RC:rePe mice, which express GFP in a sparse population of SG neurons. , In Npr2” homozygous mutants,
axons turn (yellow arrowhead) but do not bifurcate, leaving single branches that extend in both directions (white arrowheads).
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Discussion

SG neurons share many features with
other sensory neurons, but ultimately
integrate into circuits dedicated to the
perception of sound. Here, we used mi-
croarrays to define the programs of gene
expression associated with these events.
We found that SG and VG neurons ex-
press genes associated with neurogenesis
at early stages and then transition to ex-
pression of genes important for mature
function. In parallel, each population
gradually expresses more cell type-specific
genes. Aside from enhanced expression of
TGEFpR and EGF signaling components in
the SG and VG, respectively, these differ-
ences do not fall into obvious categories.
Moreover, genes that are “auditory-
specific” at one time point, such as Gata3,
can be expressed by vestibular neurons at
other stages. We therefore defined new
cohorts of transcription factors and axon
guidance molecules that are restricted to
SG or VG neurons during early wiring.
We propose that these and other SG-
enriched genes govern auditory-specific
features of circuit assembly. Indeed,
mutations in one SG-enriched gene,
Npr2, prevent SG axon bifurcation and
fundamentally alter the auditory wiring diagram. Together,
these studies highlight the complexity of auditory circuit as-
sembly, demonstrate a role for a newly identified SG-enriched
gene for auditory wiring, and provide a useful molecular tool-
box for studying mechanisms of auditory development and
function.

The primary concern in any microarray study is whether the
data reflect true trends in gene expression in vivo. Several results
confirm the biological relevance of our data. First, the clustering
analysis revealed expected trends in gene expression over time.
For instance, young SG and VG are enriched for genes associated
with cell fate determination events, such as gene regulation, while
older neurons express more genes linked to mature function,
such as metabolic genes. Second, in situ hybridization analysis of
>50 genes validated the predicted spatiotemporal expression
patterns. Third, by defining additional criteria, we were able to
use this dataset to identify a candidate branching factor and show
that it is indeed required for SG axon bifurcation. Thus, we are
confident that these data will be a useful resource for auditory
neuroscientists.

Nevertheless, some caveats apply. First, because our studies
included such a wide range of time points, it was necessary to use
multiple genetic backgrounds and techniques to isolate tissue,
potentially introducing additional variability into our data. For
example, the microdissected samples may include glia, whereas
the FACS-sorted samples likely do not. Similarly, although we did
our best to purify the SG and VG, a small proportion of genes may
be expressed in surrounding populations. Hence, individual can-
didate genes should be confirmed using independent methods
such as RT-PCR or in situ hybridization. Ultimately, while our
data offer a good starting point to identify potential players and
generate new hypotheses, functional experiments must be per-
formed for any gene of interest, as we have for Npr2.
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Although previous microarrays have examined adult SG neu-
rons or compared closely related CNS populations (Arlotta et al.,
2005; Lobo etal., 2006; Cahoy et al., 2008; Marsh et al., 2008; Shah
etal., 2009), our study is distinctive in the breadth of time points
it encompasses. Such a broad overview of gene expression high-
lights the complexity of the molecular programs associated with
auditory circuit assembly over time. For instance, expression is
temporally dynamic and few genes are restricted to one popula-
tion at all stages of development. Hence, binary comparisons at
one time point may reveal misleading differences in gene expres-
sion. For instance, although Gata3 was previously reported to be
expressed in SG but not VG neurons (Lawoko-Kerali et al., 2004;
Jones and Warchol, 2009), our data reveal a more complex pic-
ture, with transient but strong expression in a subset of VG neu-
rons. Since the cochlea is thought to be an evolutionary derivative
of the saccule (Beisel et al., 2005), SG neurons innervating the
cochlea may share a common origin with the Gata3-positive VG
neurons. Moreover, Gata3 has dose-dependent effects (Van Esch
et al., 2000; van Looij et al., 2005), emphasizing the fact that
protein levels also matter. In addition, factors common to the SG
and VG may play fundamentally distinct roles due to the avail-
ability of specific cofactors in one population or the other. Thus,
while differences exist, understanding the biological significance
of such differences will require a concerted research effort.

The complexity of the molecular differences between SG and
VG neurons has important implications for efforts to piece to-
gether the road map necessary to coax stem cell-derived neurons
to differentiate as SG neurons and integrate properly into audi-
tory circuits. For example, the fact that SG and VG neurons often
express the same genes but at different times suggests that a care-
fully timed combination of transcription factors and culture con-
ditions may be needed to steer stem cells reliably toward the
auditory rather than the vestibular fate. Previously, induction of
Neurogl expression in ES cells was shown to result in expression
of downstream genes such as NeuroD and Brn3a, both of which
are transiently expressed in VG neurons (Reyes et al., 2008), as
well as Gata3, which we have shown is also expressed in VG
neurons. Moreover, implanted neurons did not appear to inte-
grate into the circuit. One possibility is that early-acting tran-
scription factors cooperate with later-acting transcription factors
to control the terminal differentiation of SG neurons. Indeed, a
handful of transcription factors are enriched in the late SG
(Cebpa, Cebpd, 1fi204, Marcodl, Nr1h2, and Nr4al) and might
play important roles in auditory function. In addition, the effects
of any one transcription factor may be influenced by the general
culture conditions. Our data reveal an enrichment for TGFf3
family member signaling in the SG, as confirmed by expression of
Bmprlb. If this differential sensitivity is physiologically relevant,
these pathways may offer a useful point of entry for nudging stem
cells toward the auditory fate.

Our results also emphasize the need for more comprehensive
evaluation of the SG fate both in vitro and in vivo. Previously,
reliable markers for auditory and vestibular neurons have not
been available, making it difficult to assess the effectiveness of any
attempt to induce auditory neurons in vitro. Our results suggest
that Ntngl and Tafa2 may fill this gap; moreover, researchers will
be able to probe the molecular status of newly generated neurons
by comparing results from their own microarray studies to our
data. The availability of a broader panel of markers will also im-
prove phenotypic studies of mutant mouse models. For instance,
in the absence of useful markers, the nature of the neurons that
remain in the Gata3 mutant mouse is unclear (Karis et al., 2001).
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Our observation that Gata3 is indeed present in VG neurons
suggests that this phenotype should be revisited.

Although we have focused on genes involved in early circuit
assembly events, our data also revealed several surprising trends
that will inform future studies of other aspects of auditory devel-
opment. For example, a large number of immune genes are up-
regulated in the SG at early postnatal stages, including MHC class
I and class I and complement genes. Given the growing evidence
for immune gene function during synaptic refinement in the
visual system (Shatz, 2009), it is possible that similar pathways
underlie activity-dependent synaptic remodeling in SG neurons.
Cat SG projections to the cochlear nucleus exhibit coarser tono-
topy at neonatal stages than in the adult (Leake et al., 2002),
suggesting that refinement does occur. Another interesting ob-
servation was the expression of several synaptic genes, such as
synaptotagmin-2, as early as E12, well before synaptogenesis (data
not shown). A similar finding was described in migrating in-
terneurons (Marsh et al., 2008). Notably, synaptophysin-GFP
localizes to axonal branch points in zebrafish retinal ganglion
neurons (Meyer and Smith, 2006), suggesting that synaptic pro-
teins may participate in cellular events before synaptogenesis,
such as vesicle trafficking or adhesion.

In addition to the trends uncovered by our own analysis, these
data can be used by other researchers to identify still more mark-
ers and candidate genes for auditory system development and
function. For example, within any given frequency region, SG
neuron fibers fall into one of three categories: high, medium, and
low spontaneous discharge rate (Liberman, 1978; Taberner and
Liberman, 2005). The identification of molecular markers distin-
guishing between these different types of SG neurons would aid
significantly in studies addressing coding within the SG. In addi-
tion, by searching for genes with specific spatiotemporal expres-
sion patterns and then cross-referencing to the GENSAT
resource (Gong et al., 2003), individual researchers can identify
GFP and Cre mouse strains to facilitate their work. Finally, our
data offer a new source of candidate genes for human deafness
and auditory processing disorders. For example, we found that
SG neurons express Mab2111, a candidate gene for autism and
auditory processing deficits (Smith et al., 2002). In addition, we
noted that several genes expressed in the SG (e.g., Pdlim5,
Bmprlb, Grid2, Smarcadl, and Unc5c) are clustered in a genomic
locus associated with musical aptitude (Pulli et al., 2008). Hence,
this catalog will complement ongoing efforts to use mouse genet-
ics to understand more complex aspects of auditory function and
dysfunction (Moore, 2006).
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