
Development/Plasticity/Repair

Auditory Neurons Make Stereotyped Wiring Decisions
before Maturation of Their Targets
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Cochlear ganglion neurons communicate sound information from cochlear hair cells to auditory brainstem neurons through precisely
wired circuits. Understanding auditory circuit assembly is a significant challenge because of the small size of the otic vesicle and
difficulties labeling and imaging embryonic neurons. We used genetic fate mapping in the mouse to visualize the morphologies of
individual cochlear ganglion neurons throughout development, from their origin in the Neurogenin1-positive neurogenic domain in the
otic vesicle to the formation of connections with targets in the cochlea and in the cochlear nucleus. We found that auditory neurons with
different patterns of connectivity arise from discrete populations of Neurogenin1-positive precursors that make stereotyped wiring
decisions depending on when and where they are born. Auditory precursors are segregated from vestibular precursors early in neuro-
genesis. Within this population, cochlear ganglion neurons with type I and type II morphologies are apparent before birth and develop
within common pools of precursors. The peripheral projections are initially complex and branched and then become simple and straight
after reaching the edge of the sensory epithelium. Subsequently, a small number of projections attain obvious type II morphologies,
beginning at embryonic day 16.5 (E16.5), when hair cells begin to differentiate. Centrally, cochlear ganglion axons are topographically
organized in the auditory brainstem as early as E15.5, when the cochlear nucleus is still immature. These findings suggest that Neuroge-
nin1 precursors possess intrinsic programs of differentiation that direct early auditory circuit assembly events before the maturation of
presynaptic and postsynaptic target cells.
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Introduction
Cochlear ganglion neurons mediate the perception of sound by
transmitting information from cochlear hair cells, out the audi-
tory nerve, and into the cochlear nucleus (Rubel and Fritzsch,
2002). Vestibular circuits develop and function in parallel in the
inner ear to detect balance (Maklad and Fritzsch, 2003). Auditory
circuit assembly begins with the segregation of cochlear and ves-
tibular ganglion precursors (Fekete and Wu, 2002). Subse-
quently, auditory neurons establish specific connections that are
organized by the type and optimal sound frequency of the hair
cells that they contact. Type I cochlear ganglion neurons inner-
vate inner hair cells, the primary receptor cells in the cochlea,
whereas type II neurons innervate outer hair cells, which serve an
amplifying function (Berglund and Ryugo, 1987). Hair cells and

neurons are arranged according to frequency along the apical-
basal axis of the cochlea. This organization is preserved in the
cochlear nucleus, with low-frequency information communi-
cated to ventral regions and high-frequency information to dor-
sal regions (Rubel et al., 2004).

Cochlear and vestibular ganglion neurons are born together in
a common domain of the otic vesicle that expresses the transcrip-
tion factor Neurogenin1 (Ngn1), which directs cochlear-
vestibular ganglion (CVG) formation in the mouse (Ma et al.,
1998). Subsequently, the CVG is split into a medial cochlear di-
vision and a lateral vestibular division (Lawoko-Kerali et al.,
2004a). Cochlear ganglion neurons extend peripheral and central
processes shortly after becoming postmitotic, but it is not known
how cues from the presynaptic and postsynaptic cells influence
the final wiring diagram. Peripheral processes are thought to
reach hair cells neonatally, and a period of refinement has been
inferred from the morphologies of Golgi-stained neurons at this
stage (Perkins and Morest, 1975; Echteler, 1992; Bruce et al.,
1997). Although central processes are topographically organized
by birth, how and when this map arises remains unclear (Rubel et
al., 2004).

Efforts to understand auditory circuit assembly have been
hampered by the small size of the inner ear, its complex morphol-
ogy, and the paucity of markers for following specific populations
of neurons and their connections. Traditional labeling methods
have been useful but suffer from a number of drawbacks. Injec-
tion of axonal tracers (Ginzberg and Morest, 1983; Berglund and
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Ryugo, 1987; Brown et al., 1988) requires laborious surgeries and
cannot be used to study early stages of development. Moreover,
methods such as dye labeling (Bruce et al., 1997) do not permit
reproducible targeting of specific populations of neurons, leading
to large variability in the number and types of neurons labeled in
each experiment. Hence, few descriptions of cochlear ganglion
development have been confirmed by multiple methods, raising
the concern that transient or rare aspects of development have
been missed.

We generated a Ngn1-CreERT2 transgenic mouse line and
used it to genetically label Ngn1-positive precursors in the inner
ear. By tracking the specification and wiring of cochlear ganglion
neurons throughout development, we found that peripheral and
central guidance decisions occur in a stereotyped manner in the
embryo, suggesting that early auditory circuit assembly events are
controlled intrinsically.

Materials and Methods
Production of the Ngn1-CreERT2 BAC transgenic mouse. A universal ET
recombination template to make CreERT2 transgenics ( pED006 ) was
created by combining the CreERT2 coding sequence from the pCreERT2

plasmid (Feil et al., 1997), the polyadenylation signal ( pA) of the human
GCSF gene (NM_000759), and the flippase recognition target (FRT)-
flanked dual-promotered Neo cassette from PGK-neo-FRT (Gene-
bridges, Dresden, Germany). The Ngn1-containing BAC, pBACe3.6:
RP23– 457E22, was obtained from Children’s Hospital Oakland
Research Institute (Oakland, CA). pED006 was used as a template for
PCR with the following primers: forward, GTACGGACAGTAAGTGC-
GCTTCGAAGGCCGACCTCCAAACCTCCTGTCCGTCTGTCGGTC-
CTGCACACTGCAAGATGTCCAATTTACTGACCGTACACC, and
reverse, CTTCAGCCAGTTCCCCATCTATTATTGCTCTTAGACTG-
GGGGAGGAAGAAAGTATTGATGTTGCCTTACAAAGGCCTAGGG-
GTAACCGAAGTTCCTATAC. This product was then used to replace
the single Ngn1 exon with CreERT2 by ET recombination as described
previously (Lee et al., 2001). After ET recombination, the FRT-Neo was
excised by the arabinose-inducible Flpe of the EL250 cell. Ultimately, the
BAC had its entire Ngn1 coding sequence replaced by CreERT2-pA such
that the final nucleotide of the Ngn1 promoter is followed by the ATG of
CreERT2 and the final nucleotide of the Cre construct is followed by the
first nucleotide of the Ngn1 3� UTR. The fidelity of the Ngn1-CreERT2

BAC was confirmed by bidirectional sequencing.
A 115 kb NotI digestion fragment containing the Ngn1-CreERT2 con-

struct was separated by FIGE, excised, and electroluted as described pre-
viously (Strong et al., 1997). The BAC fragment was concentrated and
buffer exchanged in Centricon-100 columns (Millipore, Billerica, MA).
The BAC fragment was diluted to 1 ng/ul in injection buffer (10 mM

Tris-HCl, pH 7.5, 0.1 mM EDTA, 30 mM spermine, 70 mM spermidine,
100 mM NaCl) (http://www.med.umich.edu/tamc/BACDNA.html) and
injected into the pronuclei of C57BL/6 blastocysts. Founders were iden-
tified by PCR.

Animals. All mice were maintained on the CD1 background. For most
experiments, mice carrying the Ngn1-CreERT2 transgene and one of the
reporter transgenes were crossed to wild-type CD1 females (Charles
River Laboratory, Wilmington, MA). Mice were PCR genotyped using
the following primers: 7024 (upstream to Ngn1), AGCCCATTCACTC-
CCTGAG, and 7007 (in Cre), ATCAACGTTTTCTTTTCGGA. This
primer pair amplifies a 527 bp product that spans the junction between
the Ngn1 locus and the CreERT2 coding sequence. Z/AP and Z/EG mice
(The Jackson Laboratory, Bar Harbor, ME) were genotyped by staining
for �-galactosidase or placental alkaline phosphatase (PLAP) activity.
R26R embryos were PCR genotyped as described previously (Zambrow-
icz et al., 1997). Plugs were assumed to occur at midnight, so that the day
of plug was called E0.5. Animals were maintained as approved by the
Institutional Animal Care and Use Committee at Harvard Medical
School.

Tamoxifen regime. Tamoxifen (T5648; Sigma-Aldrich, St. Louis, MO)
was diluted to 10 mg/ml in sunflower oil. All doses were adjusted for

maternal bodyweight, so that a 1 mg dose of tamoxifen means that 1 mg
per 40 g of bodyweight was provided. For most experiments, pregnant
dams received 1 mg/40 g bodyweight by gavage. �-Estrodiol (E8875;
Sigma-Aldrich) at 1/1000th concentration to the tamoxifen was included
in most gavage experiments to help alleviate the anti-estrogen effects of
the tamoxifen treatments.

Whole-mount in situ hybridizations. Whole-mount in situ hybridiza-
tions were performed as described previously (http://genetics.med.
harvard.edu/�cepko/protocol/ctlab/ish.ct.htm). DIG-labeled probes
were made for Cre (plasmid from Susan Dymecki) and Ngn1 (Gray et al.,
2004).

Histochemical staining. For all staining methods, tissues were fixed in
4% paraformaldehyde in PBS. To detect �-galactosidase activity, whole
embryos were fixed for 2 h, washed in PBS, and incubated overnight at
37°C in X-gal staining solution (1 mg/ml X-gal, 0.1 M phosphate buffer
(pH 7.3), 2 mM MgCl2, 0.02% NP-40, 0.1% sodium deoxycholate, 5 mM

potassium ferrocyanide [K4Fe(CN)6], and 5 mM potassium ferricyanide
[K3Fe(CN)6]). The following day, stained specimens were washed, fixed
for at least 2 h, and cleared in 80% glycerol. For cryosectioning, embryos
were fixed as above, sunk in a gradient of sucrose (10, 20, 30%), and
frozen in Neg -50 (PerkinElmer, Waltham, MA). Sections (14 �m) were
collected and dried for 1 h at room temperature. After a PBS wash, the
slides were incubated in X-gal staining solution overnight. The following
day, the slides were washed with PBS, postfixed, and counterstained with
Nuclear Fast Red (Vector Laboratories, Burlingame, CA) for at least 10
min, followed by methanol dehydration and xylenes. Slides were
mounted with Cytoseal (Richard-Allan Scientific, Kalamazoo, MI).

For detection of alkaline phosphatase activity, tissues were fixed over-
night at 4°C. Endogenous alkaline phosphatase activity was heat inacti-
vated by incubation of the whole head or embryo at 72°C for 1 h and 15
min. Tissues were incubated for up to 2 d in a dilute AP staining solution
(0.33 mg/ml nitroblue–tetrazolium– chloride, 0.033 mg/ml 5-bromo-4-
chlor-indolyl-phosphate, 100 mM Tris-HCl, pH 9.5, 100 mM NaCl, 50
mM MgCl2), then methanol dehydrated to reduce background, rehy-
drated to PBS, postfixed, and cleared in 80% glycerol. For sectioning,
brains were embedded in 7.5% agarose, and 75–100 �m coronal sections
were collected using a vibrating microtome. Floating sections were incu-
bated in AP staining solution for up to 4 d at room temperature, washed
with PBS, postfixed, and dried onto slides. The tissue was then destained
in 100% methanol overnight, rehydrated, and coverslipped.

Quantification of type I/type II neurons. To classify cells in a postnatal
day 0 (P0) cochlea, only small clusters with distinct borders were ana-
lyzed. These criteria allowed us to be more confident that we were study-
ing descendents from a single Ngn1 precursor, rather than descendents
from multiple Ngn1-precursors that might have expanded to create two
overlapping clusters. Hence, clusters were defined as containing 12 or
fewer cells contained within a single quadrant of the cochlea that spanned
�90°. In addition, the distance between the two farthest spaced cells in a
cluster was required to be less than the distance to the next labeled cell.
Clusters were only analyzed if both the cell body and peripheral ending of
every neuron were clearly labeled, ensuring that only spiral ganglion
neurons were evaluated. To classify a cell as a type II neuron, its process
needed to extend beyond the level of the inner hair cells and turn toward
the base. At E16.5, only cells in the base and middle of the cochlea were
counted, because they had developed enough to demonstrate these fea-
tures. Tamoxifen was given on embryonic day 9.5 (E9.5) for these
experiments.

Quantification of tontopic projections. Sections (75 �m) through the
cochlear nucleus were cut in the transverse plane on a vibratome and
stained for PLAP activity. At least three sections were examined per ani-
mal, with the absolute number varying because of differences in section
angle. Photographs of each section were taken, and the anlage of the
cochlear nucleus was outlined. The borders were defined by DIC imag-
ing, which revealed obvious cell packing differences, and guided by dis-
tinct anatomical landmarks (the entry of the eighth nerve, the rhombic
lip, the fourth ventricle, and the trigeminal tract). This region was then
divided into four equal quadrants. The labeling in the dorsomedial and
ventrolateral quadrants was rated as present or absent in each section
along the rostrocaudal axis.

Koundakjian et al. • Stereotyped Auditory Circuit Assembly Events J. Neurosci., December 19, 2007 • 27(51):14078 –14088 • 14079



Immunolabeling and confocal imaging. Ngn1-CreERT2; Z/EG pups were
killed by CO2, and the skin and skull cap were dissected away before
fixation in 4% paraformaldehyde in PBS for 4 h at room temperature.
Floating sections (100 �m) were collected as described above. Sections
were blocked for 1 h in 4% normal goat serum with 0.25% Triton X-100
in PBS and incubated overnight at 4°C in 1:1000 rabbit anti-green fluo-
rescent protein (GFP) serum in block (A-6455; Invitrogen, Carlsbad,
CA). Slices were washed with PBS with 0.25% Triton X-100 and incu-
bated for 2 h at room temperature with 1:2000 Alexa 488-conjugated
donkey anti-rabbit (A-21206; Invitrogen). After thorough washing, the
slices were mounted onto slides and coverslipped with Vectashield
mounting medium (Vector Laboratories). Images were taken with a
Zeiss (Oberkochen, Germany) LCM500 confocal microscope or with a
Nikon (Tokyo, Japan) E800 compound microscope.

Results
Cre is present and active in Ngn1-positive cells of the Ngn1-
CreER T2 transgenic mouse
To trace the lineage of cochlear ganglion neurons with different
patterns of connectivity, we took advantage of the fact that Ngn1
is produced by all inner ear neural precursors (Ma et al., 1998,
2000; Raft et al., 2004). We generated a Ngn1-CreER T2 BAC
transgenic mouse line that transcribes the gene for tamoxifen-
inducible Cre recombinase (CreER T2) in Ngn1-positive cells
(Fig. 1a,b). Cre activity was monitored in crosses to the Rosa26
Reporter (R26R) mouse line (Zambrowicz et al., 1997; Soriano,
1999). In these mice, CreER T2 is active only in the presence of the
synthetic ligand tamoxifen (Fig. 1c). Induction of Cre activity at
E9.5 led to �-galactosidase activity in Ngn1-positive cells, includ-
ing the dorsal root ganglia and dorsal spinal cord neurons. Be-
cause of the high levels of �-galactosidase, there was also staining
of projections from labeled neurons (Fig. 1c), but there was no
evidence of widespread Cre activity outside of the normal Ngn1-
expression domain. Persistent activation of Cre from E8.5 to
E12.5 induced �-galactosidase activity in all predicted regions of
the nervous system, with prominent labeling in the cortex, hip-
pocampus, thalamus, and hypothalamus (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). Visu-
alization of neuronal morphologies revealed that Ngn1 descen-
dents acquire diverse fates (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). The pattern of Cre

expression in transgenic embryos combined with the absence of
unexpected sites of Cre activity suggest that the Ngn1-CreERT2

line faithfully reports the behavior of Ngn1-positive cells in the
nervous system.

Like Ngn1, CreER T2 protein is produced in the neurogenic
domain of the otic vesicle and in delaminating neural precursors
(Fig. 2a). No activity was detected in the absence of tamoxifen
(Fig. 2b). However, daily tamoxifen treatments labeled Ngn1 de-
scendents in the vestibular and cochlear ganglia, the utricle, and
the saccule, with occasional cells found in nonsensory regions of
the cochlea and lateral crista (Fig. 2c). No cells in the auditory
sensory epithelium were labeled. These findings are consistent
with reports that the organ of Corti, the lateral crista, and the
anterior crista arise at the border of Tbx1 and Ngn1 (Raft et al.,
2004), whereas the utricle, saccule, and cochlear-vestibular gan-
glion develop from within the Ngn1 expression domain (Satoh
and Fekete, 2005). In addition, the presence of both Ngn1-
derived hair cells and Ngn1-derived neurons in the utricle and
saccule is consistent with the reciprocal regulation of sensory
fates by Ngn1 and Math1 in the vestibular maculae (Raft et al.,
2007), although our studies did not reveal a similar relationship
in the organ of Corti.

Early segregation of auditory and vestibular precursors
Having confirmed that Cre activity can be used to track the de-
velopment of neurons in the cochlear-vestibular ganglion, we
investigated the origin of cochlear ganglion neurons, which de-
velop together with vestibular ganglion neurons in a common
neurogenic domain. Neurogenesis persists from E8 to E12 in the
otic vesicle. Previous birth-dating studies revealed that vestibular
ganglion neurons are born before cochlear ganglion neurons, but
these could not resolve whether both cell types descend from a
common progenitor (Ruben, 1967). One possibility is that the
neurogenic domain is subdivided into vestibular and auditory
regions. Alternatively, this domain may contain progenitors that
first produce vestibular ganglion neurons and then gradually ac-
quire the ability to produce cochlear ganglion neurons, either
because of intrinsic changes or because of altered conditions in
the environment encountered after delamination. If vestibular

Figure 1. Cre is expressed in the Ngn1 expression domain in Ngn1-CreERT2 transgenic mice. a, b, In Ngn1-CreERT2 transgenic mouse embryos, Cre is expressed in the same pattern as Ngn1, with
expression in the anteroventral otic vesicle (arrows), the spinal cord, and the dorsal root ganglia (drg) (asterisks; a“, b”). Lateral (a, b), dorsal (a’, b’), and transverse (a“, b”) views of E10.5
Ngn1-CreERT2 embryos hybridized with probes to Ngn1 (a) or Cre (b). c, After tamoxifen treatment, Cre-mediated recombination occurs in sites of Ngn1 expression, including the cochlear-vestibular
ganglion (arrows), spinal cord, and drg (asterisk; c“). Lateral (c), dorsal (c’), and transverse (c”) views of a Ngn1-CreERT2; R26R embryo that was given a single dose of tamoxifen on E9.5 and collected
and stained for �-galactosidase activity at E10.5. Blue staining indicates cells that have undergone Cre-mediated recombination. Because of the high amount of precipitated X-gal product,
projections in the trigeminal, glossopharyngeal, and vagus cranial nerves, dorsal root, ventral root, and spinal cord are also labeled. Scale bars: a, a’, 500 �m; a“, 100 �m.
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and cochlear ganglion precursors are generated from a common
Ngn1-positive population, then activation of Cre at the earliest
stages should result in labeling in both ganglia. In contrast, we
found that tamoxifen treatment on E8.5 caused strong labeling in
the vestibular ganglion and little labeling in the cochlear ganglion
(Fig. 3a). Later Ngn1 descendents, which were labeled by E12.5
tamoxifen treatments, became cochlear ganglion neurons, with
very few becoming vestibular ganglion neurons (Fig. 3c). Treat-
ments at intermediate time points labeled both populations, and
E13.5 treatments induced little to no labeling in either ganglion
(Fig. 3b) (data not shown). Thus, early Ngn1-positive cells con-
tribute almost exclusively to the vestibular ganglion, whereas the
late Ngn1-expression domain is dedicated to the production of
cochlear ganglion neurons.

Type I and type II neurons may arise from common
Ngn1-positive progenitors
Within the auditory lineage, cochlear ganglion neurons are fur-
ther subdivided into type I and type II neurons. Type I cochlear

ganglion neurons send radial, unbranched
peripheral processes that innervate one or
two inner hair cells. Type II neurons have
thinner peripheral processes that make a
stereotyped turn toward the base of the co-
chlea and form synapses with multiple
outer hair cells. To visualize cochlear gan-
glion neuron morphology, Ngn1-
CreER T2 was crossed to indicator strains
that express either enhanced GFP (Novak
et al., 2000) or the axonal marker PLAP
(Lobe et al., 1999) after exposure to Cre
recombinase. This allowed us to follow la-
beled neurons from their connections with
hair cells in the cochlea, out the eighth
nerve, and into the auditory brainstem
(Fig. 4a,b). Unlike other methods, we were
able to visualize neurons at any stage of
development, as early as E12.5, before the
expression of the earliest hair cell markers
in the embryonic organ of Corti (Fig. 4c)
(Woods et al., 2004). Individual endbulbs
of Held could be identified in older ani-
mals (Fig. 4d). Using this approach, we im-
aged peripheral projections from E12.5 to
P0 and asked when type I and type II mor-
phologies are acquired.

First, we took advantage of the dose
sensitivity of CreER T2 to fate map isolated
Ngn1-positive precursors. We applied the
same logic that was used to define clones of
cells labeled by CreER-induced methods
in the cerebellum (Zong et al., 2005). Be-
cause cortical development is well charac-
terized, we first tested this principle by in-
ducing sparse labeling in the cerebral
cortex, where ventricular zone precursors
generate radial clones of cells. As expected,
treatment with low levels of tamoxifen in-
duced labeling in columns of cells, sug-
gesting that each cluster of labeled cells
consists of a clone of Ngn1 descendents
(Fig. 5a– c). Similarly, low-level tamoxifen
treatments led to distinct groups of labeled

neurons in the cochlea (Fig. 5d), suggesting that each isolated
cluster observed at P0 reflects the expansion of a single cell that
expressed Ngn1 at the time of tamoxifen treatment. Within these
clusters, we were able to identify type I and type II cochlear gan-
glion neurons in all 79 cochleas examined at P0, with no neurons
displaying ambiguous morphologies. Of 172 neurons that could
be visualized from the cell body to the end of the peripheral
projection, 13 had obvious type II morphologies (8%). Because
the proportion of labeled type II neurons is the same as what was
determined by other methods (Romand and Romand, 1987), it is
likely that recombination occurs reliably in Ngn1-positive type II
precursors.

To determine whether type I and type II ganglion neurons
might arise from a common progenitor, we characterized the
distribution of these two cell types in 33 clusters that were defined
by strict criteria to increase the probability of studying descen-
dents from single Ngn1-positive precursors (see Materials and
Methods). Twenty-two clusters (67%) contained only type I neu-
rons, whereas 11 clusters (33%) contained both type I and type II

Figure 2. Ngn1 descendents populate the utricle, saccule, and cochlear-vestibular ganglion. a, In the Ngn1-CreERT2 ear, Cre
protein is produced in the neurogenic region of the otic vesicle (boundaries indicated by arrows) as well as in delaminating
neuroblasts (asterisks). Transverse section through an E10.5 Ngn1-CreERT2 head stained with antibodies to Cre (red) and NeuroD
(green). The dorsal boundary of the otic vesicle is indicated by the dashed line. b, c, When no tamoxifen was administered (b), few
labeled cells were present in the embryo. In contrast, robust tamoxifen-induced recombination in the utricle (ut), saccule (sa),
vestibular ganglion (vg), and cochlear ganglion (cg) indicates that these cell populations are derived from Ngn1-positive precur-
sors (c). However, structures hypothesized to originate along the border of the Ngn1-positive domain of the otocyst, including the
lateral crista (lc) and cochlea (asterisk), have only scattered cells labeled (arrowheads). Sections through the inner ears of E14.5
Ngn1-CreERT2; R26R embryos were stained with X-gal and counterstained with Nuclear Fast Red. Sections were cut transverse to
the ear, as shown in the inset. Embryos received either no tamoxifen (b) or daily 1 mg doses from E8.5 to E12.5 (c), with tamoxifen
(tam) treatments indicated by green arrowheads and the day they were killed (sac) by red arrowheads. nt, Neural tube; hb,
hindbrain. Scale bars: a, 50 �m; b, 100 �m.

Figure 3. Vestibular and cochlear ganglion neurons are generated during two overlapping waves of neurogenesis. a– c, Early
Cre activation (a) labeled many vestibular ganglion neurons (vg), but few cochlear ganglion neurons (cg), indicating that auditory
neurons derive from an independent population of Ngn1-positive precursors. Both ganglia were labeled strongly when tamoxifen
(tam) was provided on E10.5 (b), whereas tamoxifen treatment on E12.5 labeled predominantly the cochlear ganglion and very
few cells in the vestibular ganglion (c). Transverse sections through the inner ear of E14.5 Ngn1-CreERT2; R26R embryos stained for
�-galactosidase activity and counterstained with Nuclear Fast Red. The time of tamoxifen treatment (tam) is indicated by green
arrowheads and the day they were killed (sac) by red arrowheads. Cochlear ducts are indicated by asterisks. Scale bar, 100 �m.
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neurons. Type II-containing clusters
nearly always had a single type II ganglion
neuron, with an average of 1.2 � 0.40 type
II neurons per cluster, regardless of the size
of the cluster. Two clusters had two type II
neurons, and no cluster had more than
two. For example, we identified one cluster
of seven labeled cells where six were type I
ganglion neurons and one was a type II
ganglion neuron (Fig. 5d). Based on the
sparseness of labeling, it is most likely that
these seven neurons derived from a single
Ngn1-positive progenitor that underwent
several cell divisions, although it is for-
mally possible that multiple independent
progenitors activated Cre and eventually
produced neighboring neurons.

Peripheral projections acquire type II
morphologies between E15.5 and E16.5
The presence of type I and type II cochlear
ganglion neurons in common clusters
does not provide sufficient information to
conclude whether each subtype of neuron
arises because of an asymmetric cell divi-
sion or whether neuronal identity is deter-
mined instead by interactions with the en-
vironment. Golgi stains of cochleas from
early postnatal kittens, rats, and gerbils
suggest that cochlear ganglion neurons
initially extend projections toward outer
hair cells, followed by selective pruning so
that type I ganglion neurons eventually in-
nervate only inner hair cells (Perkins and
Morest, 1975; Echteler, 1992). Because we
observed clear type I and type II morphol-
ogies already by birth, we examined earlier
stages to ask how the peripheral projec-
tions are established in the mouse.

We captured the initial stages of pe-
ripheral neurite extension by examining
neuronal morphology at three embryonic
stages. At E12.5, early postmitotic neurons were already bipolar.
Although the central projections were simple and unbranched,
the distal endings of the peripheral projections were complex and
tangled and extended laterally along the border of the nascent
spiral lamina (Figs. 4c, 5f). To follow the subsequent develop-
ment of peripheral processes, we analyzed E15.5 cochleas. At
E15.5, most hair cell precursors are immature and cannot be
distinguished from the surrounding support cell precursors
(Woods et al., 2004). However, in the base, inner hair cells have
begun to differentiate, as evidenced by expression of the hair cell
marker Myo7a and enhanced expression of the differentiation
factor Math1 (Chen and Segil, 1999; Woods et al., 2004). Outer
hair cells remain unrecognizable at this stage, even in the base.
The gradient of development makes it possible to infer a sequence
of guidance events by comparing morphologies in the base and
apex of the E15.5 cochlea.

We visualized 82 isolated neurons distributed along the length
of the cochlea at E15.5 (n � 15 cochleas). Rows of hair cells could
not yet be identified by DIC imaging. Two distinct neuronal mor-
phologies were apparent. Twenty-eight cells had thick peripheral
projections with many branches that were close to the cell body,

similar to the morphology of the E12.5 neurons (Fig. 5g). The
remaining neurons (n � 54) had single radial projections that
ended at the edge of the spiral lamina (Fig. 5h). Most neurons in
the apex had branched endings (n � 15 of 20), whereas nearly
every neuron in the base (n � 29 of 30) had unbranched projec-
tions. Both types of projections were present in the middle of the
cochlea (n � 12 branched and 20 unbranched), suggesting that
immature neurons extend initially complex projections that be-
come refined after reaching the border between the spiral lamina
and the developing organ of Corti.

By E16.5, cochlear ganglion processes had begun to penetrate
the developing sensory epithelium in the base of the cochlea (Fig.
5e,i,j), which contained a single row of differentiating Myo7a-
positive inner hair cells and three rows of differentiating outer
hair cells in the most mature regions (Fig. 5j) (data not shown).
We examined 605 stained neurons in the middle and base of the
cochlea (n � 30 cochleas), because apical neurons still had
branched and immature morphologies. Most processes termi-
nated together at the level of the immature inner hair cells, similar
to those seen at E15.5 (Fig. 5j). However, 20 neurons (3.3%) had
projections that grew into the rows of developing outer hair cells

Figure 4. Visualization of developing and adult cochlear ganglion neurons using Ngn1-CreERT2. a, Cochlear ganglion neurons
(cg) are labeled along their entire length, including peripheral (arrow) and central (arrowhead) processes. Vestibular projections
are also labeled and can be seen innervating the anterior (ac), lateral (lc), and posterior (pc) cristae, as well as the utricle (ut) and
saccule (sa). PLAP-stained inner ear dissected from a Ngn1-CreERT2; Z/AP animal that received 1 mg of tamoxifen on E10.5 and was
collected on P0. b, The eighth nerve (arrowhead) can be followed as it enters the auditory brainstem and bifurcates to form
ascending branch to the ventral cochlear nucleus (VCN) and descending branch toward the dorsal cochlear nucleus (DCN). Staining
was also prominent in the trigeminal nerve (5th n). Lateral view of an E14.5 PLAP stained hindbrain dissected from a Ngn1-
CreERT2; Z/AP animal that received tamoxifen daily from E9.5 to E12.5. c, The beginning of auditory circuit assembly can be
visualized in E12.5 ears. At this stage, cochlear ganglion (cg) neurons have begun to extend peripheral processes toward the
developing organ of Corti (arrow). d, Within the cochlear nucleus, individual cochlear ganglion axons (arrowhead) were traced
down to the level of the endbulb of Held (arrow). A confocal image of a single GFP-positive axon from a P14 Ngn1-CreERT2; Z/EG
animal that received 0.1 mg of tamoxifen on E11.5. Scale bars: a, c, 100 �m; b, 250 �m; d, 10 �m.

14082 • J. Neurosci., December 19, 2007 • 27(51):14078 –14088 Koundakjian et al. • Stereotyped Auditory Circuit Assembly Events



Figure 5. Type I and type II cochlear ganglion neurons arise in common clusters and attain distinct morphologies by E16.5. a– c, A single low dose of tamoxifen caused recombination in isolated
clusters of labeled cells throughout the cortex (a; arrowheads). Each cluster appeared to span all six layers of the cortex (b, arrowheads, c), a common feature of radial clones. The distribution and
composition of cell clusters suggest that each cluster consists of clones of cells descended from a single Ngn1-positive progenitor. Broad labeling was also present in the olfactory bulbs (ob) and
midbrain (mb). Dorsal (a) and medial (b) views of the same brain, and coronal sections (c) of a different brain, all from Ngn1-CreERT2; R26R animals given 1 mg of tamoxifen on E10.5 and stained for
�-galactosidase activity on P0. cb, Cerebellum. d, Clusters of cochlear ganglion neurons contained both type I and type II neurons. This isolated group of seven labeled neurons, which includes six
with type I endings and one with a type II ending (arrowhead), was most likely derived from a single Cre-positive precursor. The nearest neighboring labeled neuron, a lone type II (arrow), is a quarter
of a turn away. P0 cochlea dissected from a Ngn1-CreERT2; Z/AP animal given 0.5 mg tamoxifen on E9.5 and stained for PLAP activity. The base of the cochlea is indicated. e–j, By inducing sparse
labeling in Ngn1-CreERT2; Z/AP ears, it was possible to examine neuronal morphology at the single-cell level as early as E12.5. Although some cells had not yet begun to extend processes (f, black
arrow), others were clearly bipolar and had central projections that already extended into the eighth nerve (f, arrowhead). Some peripheral projections had complex endings (f, white arrow),
suggesting that they were growing along a boundary and exploring their environment. E12.5 Ngn1-CreERT2; Z/AP embryo that received 0.1 mg of tamoxifen daily from E9.5 to E11.5 and was stained
for PLAP activity. g, h, A gradient of neuronal development could be inferred by comparing the short, branched morphology of immature neurons in the apex (g) to the long, straight morphology
of more mature neurons in the base (h). E15.5 cochleas dissected from Ngn1-CreERT2; Z/AP animals given 0.5 mg of tamoxifen on E9.5 and stained for PLAP activity. Arrowheads indicate the
peripheral endings. g represents a Z-projection image of a flat-mounted cochlea. e, i, j, Distinct morphologies were first apparent by E16.5. e, A whole-mounted PLAP-stained E16.5 cochlea shows
two clusters of neurons that contain immature type II neurons (arrowheads). Within each cluster, one neuron projects to the outer hair cells and has turned toward the base of the cochlea, the two
characteristics of type II neurons. The prominent endings of the immature type II neurons are apparent. i, A higher magnification image of a third example of a E16.5 cluster containing a single
immature type II neuron. j, In a DIC image, a large immature type II ending is seen projecting to the outer hair cells (OHC), whereas the type I ending halts its projections at the inner hair cell (IHC)
row. E16.5 cochleas dissected from Ngn1-CreERT2; Z/AP animals given 0.5 mg of tamoxifen on E9.5 and stained for PLAP activity. Scale bars: c– e, 100 �m; f– h, 25 �m; i, j, 10 �m.
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and turned toward the base, the two char-
acteristic features of the type II morphol-
ogy (Fig. 5e,i,j). In contrast to observations
made in other species (Perkins and Mor-
est, 1975; Echteler, 1992), we did not ob-
serve any neurons that projected to both
inner and outer hair cell rows. By qualita-
tively comparing where peripheral pro-
cesses are relative to the spiral lamina in
fixed cochleas at E15 and E16, we observed
that most processes line up at the edge of
the developing sensory epithelium at E15
(Figs. 5h, 7c) but that type II neurons do
not extend projections into the outer hair
cells until E16 and at this stage, only in the
base (Fig. 5e,i). Hence, we infer that co-
chlear ganglion neurons extend peripheral
projections toward a cue in the sensory ep-
ithelium and then extend projections rap-
idly and specifically toward either imma-
ture inner or outer hair cells, but not to
both. Based on the absence of neurons
with intermediate morphologies and the
presence of a small number of neurons
with type II-like projections extending to-
ward the vicinity of the outer hair cells at
E16.5, we conclude that the fates of type I
and type II ganglion neurons are deter-
mined embryonically and are independent
of interactions with fully differentiated
hair cells.

Central projections are topographically
organized by E15.5
Finally, we asked whether central projec-
tions are also organized before maturation
of their postsynaptic targets. The emer-
gence of tonotopic maps in the mouse em-
bryo has not been well studied, likely be-
cause of the difficulty of labeling subsets of
ganglion neurons in the embryonic co-
chlea (Rubel and Fritzsch, 2002; Rubel et
al., 2004). Cochlear ganglion neurons are
born first in the base and last in the apex
(Ruben, 1967). This apical-basal gradient
of neurogenesis allowed us to reproduc-
ibly label cochlear ganglion neurons that
respond to different sound frequencies by
providing single doses of tamoxifen on
E9.5, E10.5, E11.5, or E12.5 (Fig. 6a– d).
Quantification of the total number of neu-
rons and their location along the length of
the cochlea revealed a clear progression of
development from the base to the apex
(Fig. 6e– h). E9.5 tamoxifen treatments la-
beled large clusters of neurons in the mid-
dle and base of the cochlea, with most co-
chleas containing no labeled cells in apical regions (Fig. 6e).
Similarly, administration of tamoxifen at E10.5 induced labeling
in the basal half of the cochlea, extending into the hook (Fig. 6f).
The proportion of stained neurons shifted away from the base
and toward the middle of the cochlea after E11.5 treatments (Fig.
6g), and most apical neurons were labeled after E11.5 and E12.5

(Fig. 6g,h). Although most E9.5 cochleas had labeling restricted to
the basal half, some cochleas exhibited broader labeling, most
likely reflecting recombination in highly proliferative progenitors
at early stages of neurogenesis (Fig. 6e). This distribution is con-
sistent with previous reports but is broader after early tamoxifen
treatments, because progenitors were permanently labeled in this

Figure 6. The orderly production of neurons from the base to the apex can be used to label populations of neurons that carry
different sound frequency information. a– e, Consistent with the base to apex gradient of development in the cochlea, later Cre
activation labeled progressively more apical neurons. Activation of Cre activity on E9.5 sparsely labeled neurons in the mid-basal
region (a, e). One day later, labeling was extensive throughout the base and in the middle of the cochlea, with little in the apex (b,
f ). Tamoxifen treatment on E11.5 predominantly labeled neurons in the middle turn (c, g), whereas treatment on E12.5 exclu-
sively labeled neurons in the apex (d, h). To quantify the results, each cochlea was divided into seven equal regions from base to
apex (x-axis), and the percentage of labeled neurons in each region ( y-axis) was determined. This information is plotted as a
scatterplot of the percentage labeling in each segment per cochlea (e– h). E9.5, n � 1246 neurons from 19 ears; E10.5, n � 914
neurons from 7 ears; E11.5, n � 558 neurons from 8 ears; and E12.5, n � 171 neurons from 10 ears. P0 cochleas dissected from
Ngn1-CreERT2; Z/AP animals that were given 0.5 mg of tamoxifen (tam) at the times indicated, killed at birth (sac), and stained for
PLAP activity. Each cochlea was cut in half and imaged from the basal surface to best visualize the distribution of labeled neurons
in the apex and base (right panels). Scale bar, 500 �m.
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experiment while in classic birth-dating studies, the mitotic label
was diluted after multiple cell divisions (Ruben, 1967). Similar
results were seen in E15.5 cochleas (Fig. 7a– d) (data not shown).

Taking advantage of the ability to label neurons reliably in the
base or apex of the embryonic cochlea, we examined the distri-
bution of apical and basal projections at E15.5. At this stage, hair
cells have just begun to differentiate in the base, and no hair cells
are functionally mature (Ruben, 1967; Geleoc and Holt, 2003).
Similarly, ganglion neurons are at an early stage of circuit assem-
bly, particularly in the apex (Figs. 5f, 7a– d). In the brainstem, the
anlage of the cochlear nucleus has just become apparent and
neurogenesis is ongoing (Pierce, 1967; Martin and Rickets, 1981;
Ivanova and Yuasa, 1998). Cochleas were stained to confirm that
labeling was restricted to the mid-base or apex. Then, sections
through the cochlear nucleus were stained to determine the loca-
tion of central projections. Despite the immature state of the
cochlear nucleus anlage, projections from the middle and base of
the cochlea were concentrated in the dorsomedial quadrant (n �
6 cochlear nuclei) (Fig. 7e), whereas projections from the apex
were bundled together along the ventral edge, predominantly in
the ventrolateral quadrant (n � 18 cochlear nuclei) (Fig. 7f). The
apparent segregation of projections into dorsal and ventral do-
mains was similar to what was observed at P0 (Fig. 7g,h).

We quantified this result by analyzing the distribution of api-
cal projections, because basal neurons were never labeled after
E12.5 tamoxifen treatments (Fig. 6e). Sections along the length of
the cochlear nucleus anlage were scored for the presence of label-
ing in the dorsomedial quadrant, where basal neurons project
(Fig. 7e), or in the ventrolateral quadrant, where apical projec-
tions are present (Fig. 7f). We observed that all cochlear nuclei
examined (n � 18) had prominent staining in the ventrolateral
quadrant but not in the dorsomedial quadrant along the entire
rostrocaudal extent. In 15 cochlear nuclei, apical projections were
fully confined ventrolaterally, with no labeling in the dorsome-
dial quadrant. The remaining cochlear nuclei (n � 3) had a few
labeled projection in the dorsomedial quadrant in a small num-
ber of sections (2 of 14 sections, 1 of 8 sections, 2 of 9 sections).
Because this staining had a sporadic appearance and was not
present along the entire rostrocaudal extent of the nucleus, it was
most likely caused by cellular debris or variations in section angle.
However, we cannot rule out rare errors by low-frequency neu-
rons. Nevertheless, this analysis indicates that apical projections
were restricted to the topographically correct domain of the co-
chlear nucleus, although it was not possible to assess the coarse-
ness of this map. Thus, cochlear ganglion axons are topographi-
cally organized in the developing cochlear nucleus, before the
establishment of contacts with hair cells in the periphery.

Discussion
We used genetic fate mapping to track the progressive specifica-
tion of cochlear ganglion neurons within the neurogenic domain
of the otic vesicle. By following the fates of specific subsets of

Figure 7. Early tonotopic organization of auditory circuits. a– d, As seen at P0, early tamox-
ifen (tam) treatments labeled E15.5 neurons in the base but not in the apex of the cochlea (a, c),
whereas later treatments labeled neurons in the apex but not in the base (b, d). Cochlear
ganglion neurons are at an early stage of circuit assembly, particularly in the apex where processes
formed a tangled network close to the cell bodies (arrow, b), with only occasional extensions (arrow-
heads, b, c) toward the region where hair cells will eventually develop. Ngn1-CreERT2; Z/AP animals

4

were treated with 0.5 mg of tamoxifen on E9.5 (a, c) or on E12.5 (b, d). Cochleas were collected
(sac) at E15.5 and stained for PLAP activity. e– h, Although the cochlear nucleus anlage is not
cellularly or morphologically mature at E15.5, cochlear ganglion projections were tonotopically
organized, with endings from high-frequency neurons restricted to the dorsal half of the nuclei
(e) and endings from low-frequency neurons located ventrally (f ). This tonotopic organization
was similar to what was observed at P0 (g, h). Ngn1-CreERT2; Z/AP animals were given 0.5 mg of
tamoxifen on E9.5 (e, g) or E12.5 (f, h) and collected either at E15.5 (e, f ) or P0 (g, h). Brains
were sectioned coronally; the cochlear nuclei are outlined with dashed lines. For P0, only the
posterior ventral cochlear nucleus (PVCN) is shown. Scale bars: a, 250 �m; e, g, 50 �m.
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Ngn1-positive progenitors throughout development, including
early embryonic stages previously inaccessible to detailed analy-
sis, we revealed a remarkably stereotyped series of fate and wiring
decisions, beginning with the early segregation of auditory and
vestibular lineages and followed by the growth of peripheral and
central projections directly toward their targets, but before the
differentiation of presynaptic and postsynaptic cells. Our method
permitted a more comprehensive and systematic analysis of au-
ditory circuit assembly than was previously possible and revealed
new insights that suggest that some accepted principles of audi-
tory circuit assembly need to be revisited.

We found that auditory and vestibular lineages are segregated
early in development, with the neurogenic domain of the E8.5
otic vesicle dedicated to the production of vestibular ganglion
neurons. This finding is consistent with retroviral fate mapping
studies in the chick that revealed the presence of a small number
of common precursors for auditory and vestibular neurons but
showed that the vast majority of clones are restricted to one sys-
tem (Satoh and Fekete, 2005). Thus, any common precursor
must be present before the otic cup stage and before the onset of
Ngn1 expression. Our fate mapping results reveal that Ngn1-
positive cells are not bipotential precursors. If they were, then
early treatments should have labeled both the precursors for ves-
tibular ganglion neurons born at E8 and the cochlear ganglion
neurons born after E8. Instead, our results infer a change in the
potential of cells in the neurogenic domain beginning at E9.5,
when auditory neurons are first produced. One possibility is that
signals from the environment induce expression of a transcrip-
tion factor in a restricted region of the neurogenic domain, which
gains the ability to generate cochlear ganglion neurons. GATA3
has been suggested to serve this function because of its restricted
expression at E10.5, although the key event might also be the
downregulation of NeuroD (Lawoko-Kerali et al., 2004a,b). Be-
cause of other ear defects, the specific functions of GATA3 and
NeuroD during auditory neuron specification remain unclear
(Liu et al., 2000; Karis et al., 2001; Kim et al., 2001). Nevertheless,
our data suggest that a still earlier acting pathway acts upstream of
GATA3 and NeuroD to define a proauditory domain. This result
has intriguing implications for the evolution of the auditory sys-
tem, which arose after the vestibular system, with the cochlea
viewed as an outgrowth of the saccule (Fritzsch et al., 2002). The
ability to produce auditory neurons within what was originally a
field of vestibular progenitors was therefore an essential step in
evolution of the auditory system.

Once specified, cochlear ganglion neurons exhibit stereotyped
guidance behaviors. For example, in the cochlea, neurons first
extend branched neurites that resolve into simple projections
lined up at the edge of the spiral lamina by E15.5. By E16.5, a small
number of neurons in the base have begun to acquire type II
morphologies, defined by the growth of a peripheral process that
extends beyond the inner hair cells and turns toward the base.
Just 2 d later, cells with obvious type I and type II morphologies
are present in the correct proportions, suggesting that peripheral
projections grow into the organ of Corti rapidly and with no
prolonged period of exploration. Although we cannot rule out
the presence of immature neurons that briefly innervate both
inner and outer hair cells, such a population must be small or
exist transiently, because at E16.5, a minority of neurons ex-
tended projections toward outer hair cells, even in heavily labeled
cochleas. Growth into the cochlear epithelium is highly directed
and rapid, because we did not see any neurons with intermediate
morphologies either at E15.5 or E16.5, but cells with obvious type
II morphologies were apparent by E16.5. These results conflict

with the widely accepted notion that cochlear ganglion neurons
initially innervate both inner and outer hair cells (Perkins and
Morest, 1975; Echteler, 1992; Huang et al., 2007). It is possible
that pruning of the final arbor does occur, but is not a major
determinant of the type I/type II fate decision, because other
aspects of these distinct morphologies are already apparent. For
example, there may be a period of neurite extension concurrent
with the beginning of synaptogenesis, because previous studies
only investigated neonatal and postnatal stages. Alternatively, the
few neurons that were seen previously to innervate both inner
and outer hair cells may represent a minor population that is
unusually susceptible to Golgi impregnation. Indeed, previous
studies reported the presence of these neurons only in the apex
(Perkins and Morest, 1975; Ginzberg and Morest, 1983; Echteler,
1992), whereas our studies focused on the mid-region and base
region of the cochlea. Finally, pruning may be more prominent in
species other than the mouse.

The tonotopic organization of cochlear ganglion axons in the
E15.5 brainstem is especially interesting in that the cochlear nu-
cleus is quite immature in two respects at the stage. First, cells of
the cochlear nucleus continue to divide, and the nucleus will
increase in size considerably over the next week (Pierce, 1967;
Martin and Rickets, 1981; Ivanova and Yuasa, 1998). Second,
shortly after this stage, the hindbrain flexes, so that the dorsal
cochlear nucleus moves from a fully caudal position to come to
rest on top of the ventral cochlear nucleus (Farago et al., 2006).
The tonotopic map may therefore arise in two distinct phases,
with axons first growing into the correct general region of the
cochlear nucleus and then waiting until nucleus morphogenesis
is complete before selecting their final synaptic targets, perhaps in
an activity-dependent manner. Our results are in agreement with
studies in the embryonic chicken, where dye labeling revealed
gross topographic segregation of axons shortly after arriving in
nucleus magnocellularis (Molea and Rubel, 2003) and in the
newborn cat, where tonotopic projections are well organized at
birth (Leake et al., 2002). However, a subsequent period of
activity-dependent refinement is likely to occur, because tono-
topic maps are mildly degraded in deafened animals (Leake et al.,
2006).

Although it is tempting to speculate that tonotopic maps arise
passively with early arriving axons simply projecting to the
dorsal-most regions of the cochlear nucleus, a more likely model
is that molecular differences in axons from different regions of
the cochlea guide topographic map formation. Indeed, cochlear
ganglion neurons express different Trk receptors depending on
their position along the axis of the cochlea (Farinas et al., 2001).
In the visual system, retinal axons also project topographically
according to birth order. However, axons project to the correct
region of the optic tectum even when forced to grow in last in-
stead of first, disproving the “first-come first-served” model
(Holt, 1984). Unless significantly different principles are used in
the auditory system, the most straightforward interpretation is
that Ngn1-positive precursors generate cochlear ganglion neu-
rons that are biased at the molecular level to extend processes
toward specific regions of the cochlear nucleus, for example by
expressing different levels of an Eph receptor (Siddiqui and Cra-
mer, 2005). Thus, instead of producing a spatial gradient of Eph
receptor, cochlear ganglion neurons might instead produce a
temporal gradient of Eph receptor with different levels deter-
mined by the birth order of the neuron.

Many regions of the nervous system develop from progenitor
populations that gradually change their properties over time, as
we have observed in the inner ear. This phenomenon is best
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understood in the fly nervous system, where neuroblasts are gen-
erated in a predictable order that correlates both with changes in
transcription factor expression patterns and with their final con-
nectivity (Lee et al., 1999). In addition, similar to our observa-
tions of embryonic cochlear ganglion neurons, visualization of
individual dendritic arbors revealed that olfactory neurons ex-
tend projections to stereotyped regions of the glomerulus before
the presynaptic cells have differentiated (Jefferis et al., 2001).
Accumulating evidence suggests that hard-wired mechanisms
operate widely in the vertebrate nervous system. For example,
cortical neurons are generated in a characteristic inside-out man-
ner, and isolated cortical progenitor cells recapitulate the in vivo
order of events, generating specific subsets of neurons at precise
times in their lineage and gradually becoming more restricted in
their ability to produce early-born cell types (Shen et al., 2006).
Similarly, Ngn1-positive progenitors seem to undergo a progres-
sive restriction in fate that guides the assembly of auditory cir-
cuits, with early born neurons ending up exclusively in vestibular
circuits and cochlear neurons produced in a predictable order
that correlates with the emergence of tonotopic maps at early
stages. It is important to note that the final fate of a cell is also
sculpted by its interactions with the environment. Hence,
whereas intrinsic biases may play an important role, additional
mechanisms are likely to exist for correcting errors and respond-
ing to potential traumas in the embryo. In the future, we will test
the prediction that Ngn1-positive precursors have distinct gene
expression profiles over time and that these programs influence
the final wiring decisions of individual neurons. Ultimately, this
information will allow us to engineer specific changes in auditory
circuits that can then be evaluated using electrophysiology and
behavioral testing.
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