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Development/Plasticity/Repair

Sox2 Induces Neuronal Formation in the Developing
Mammalian Cochlea

Chandrakala Puligilla,"* Alain Dabdoub,'** Stephan D. Brenowitz,> and Matthew W. Kelley'

1Section on Developmental Neuroscience and 2Section on Synaptic Transmission, National Institute on Deafness and Other Communication Disorders,
National Institutes of Health, Bethesda, Maryland 20892, and 3Department of Surgery, Division of Otolaryngology, School of Medicine, University of
California San Diego, La Jolla, California 92093

In the cochlea, spiral ganglion neurons play a critical role in hearing as they form the relay between mechanosensory hair cells in the inner
ear and cochlear nucleiin the brainstem. The proneural basic helix-loop-helix transcription factors Neurogeninl (Neurogl) and NeuroD1
have been shown to be essential for the development of otocyst-derived inner ear sensory neurons. Here, we show neural competence of
nonsensory epithelial cells in the cochlea, as ectopic expression of either Neurogl or NeuroD1 results in the formation of neuronal cells.
Since the high-mobility-group type transcription factor Sox2, which is also known to play a role in neurogenesis, is expressed in otocyst-
derived neural precursor cells and later in the spiral ganglion neurons along with Neurogl and NeuroD1, we used both gain- and
loss-of-function experiments to examine the role of Sox2 in spiral ganglion neuron formation. We demonstrate that overexpression of
Sox2 results in the production of neurons, suggesting that Sox2 is sufficient for the induction of neuronal fate in nonsensory epithelial
cells. Furthermore, spiral ganglion neurons are absent in cochleae from Sox2"“’*“ mice, indicating that Sox2 is also required for neuronal
formation in the cochlea. Our results indicate that Sox2, along with Neurogl and NeuroD1, are sufficient to induce a neuronal fate in
nonsensory regions of the cochlea. Finally, we demonstrate that nonsensory cells within the cochlea retain neural competence through at

least the early postnatal period.

Introduction

During inner ear development, the first cellular lineage to differ-
entiate from the otocyst is the neuroblast lineage that gives rise to
the ganglia of the VIII cranial nerve. After closure of the otic cup,
which occurs at embryonic day 9 (E9) in the mouse, neuroblast
precursors begin to delaminate from the ventral region of the
otocyst and migrate a short distance away where they coalesce to
form the primary neurons of the auditory and vestibular divi-
sions of the VIII nerve (Rubel and Fritzsch, 2002). In the auditory
system, neuronal precursors become distributed in a spiral pat-
tern (referred to as the spiral ganglion) that mirrors the distribu-
tion of their peripheral targets, the mechanosensory hair cells
located along the cochlea. Spiral ganglion neurons extend den-
dritic processes that innervate both inner and outer hair cells with
95% of all afferent synapses occurring on inner hair cells. Loss of
spiral ganglion neurons is believed to contribute to decreased
hearing acuity and the presence of intact spiral ganglion neurons
is required for cochlear implant function (Linthicum et al., 1991;
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Khan et al., 2005). Despite their crucial role in auditory function,
the molecular pathways that mediate spiral ganglion neuron for-
mation are not fully understood.

Members of the basic helix-loop-helix (bHLH) family of tran-
scription factors are known to play critical roles in cellular com-
mitment and differentiation in many neuronal systems including
the spiral ganglion (for review, see Lefebvre et al., 2007). In par-
ticular, the bHLH transcription factors, Neurogeninl (Neurogl)
and NeuroD1 are required for the formation of vestibulocochlear
neuroblasts (Ma et al., 1998, 2000; Kim et al., 2001). Both factors
are expressed in neuroblasts before delamination from the oto-
cyst and deletion of either gene results in a complete (Neurogl)
or nearly complete (NeuroD1) loss of vestibulocochlear neurons.
Based on these findings it has been suggested that Neurogl plays
a role in specifying proneural fate while NeuroD1 regulates neu-
ronal differentiation (Liu et al., 2000; Kim et al., 2001). However,
in most systems the transition of a neuroblast from active prolif-
eration to a progenitor cell state primed for commitment and
differentiation through the expression of bHLH factors requires
additional signaling molecules. In particular, members of the
SoxB1 group (Soxl, Sox2, Sox3) of high-mobility-group type
(HMG) box domain transcription factors have been shown to
play a role in this transition in other systems (Collignon et al.,
1996; Pevny et al., 1998; Wood and Episkopou, 1999). Specifi-
cally, mice carrying a null mutation of either SoxI or Sox3 or a
hypomorphic allele for Sox2 exhibit various neuronal defects
(Malas et al., 2003; Ferri et al., 2004; Rizzoti et al., 2004; Ekono-
mou etal., 2005), suggesting significant roles for all three genes in
neurogenesis. In addition to the role in neurogenesis, Sox2 has
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been shown to be involved in the maintenance of neural stem
cells as well as neurons (Episkopou, 2005).

Here, we examined the molecular factors that are instructive
for neuronal formation within the inner ear. We show that non-
sensory epithelial cells within the cochlear duct are competent to
develop as neurons since ectopic expression of Neurogl or Neu-
roD1 within these cells is sufficient to induce a neuronal pheno-
type. Furthermore, we demonstrate that Sox2 is expressed in spiral
ganglion neurons and that mutations in the otocyst-specific pro-
moter for Sox2 (Sox2te/te, light coat circling) (Kiernan et al., 2005)
in mice leads to the loss of spiral ganglion neurons. Finally, ec-
topic expression of Sox2 in nonsensory regions of the cochlea is
sufficient to induce neurons, demonstrating an essential role for
Sox2 in neurogenesis in the inner ear.

Materials and Methods

Generation of Sox1 "#<#/14<Z Soxp Lec/lec and Sox3 ~/~ mice. Sox1M#/ac”
(Kan et al., 2007), Sox2"“/L¢ (Kiernan et al., 2005), and Sox3 ~/~ mice
(Rizzoti et al., 2004) were generated by crossing Sox1tac?/+  Soxokee!+
and Sox3™/~ mice, respectively. Newborn pups and embryos from preg-
nant ICR/CD1 (outbred albino strain) mice were killed in accordance
with NIH guidelines.

DNA constructs. A pCLIG-NeuroD1 expression vector was kindly pro-
vided by R. Kageyama (Kyoto University, Kyoto, Japan) (Inoue et al,,
2002). The pCLIG vector uses a CMV-IE enhancer/chicken B-actin pro-
moter and an Internal Ribosomal Entry Site (IRES) to drive expression of
NeuroD1 and EGFP as independent transcripts. A Neurogl expression
vector was generated by cloning the open reading frame for Neurogl into
the multiple cloning site of the pJRES2-EGFP vector (Clontech). Expres-
sion vectors for SoxI and Sox2 were kindly provided by L. Kan (North-
western University, Evanston, IL) (Kan et al., 2007) and L. Pevny
(University of North Carolina, Chapel Hill, NC) (Taranova et al., 2006),
respectively. In both cases, the expression constructs also expressed
EGEFP as a separate transcript.

Electroporation of cochlear explant cultures. Individual cells in mouse
cochlear explants were transfected using square-wave electroporation as
described previously (Jones et al., 2006). In brief, cochlear explants were
dissected between E13 and postnatal day 3 (P3), electroporated, and
maintained for at least 6 days in vitro (DIV) and processed by immuno-
histochemistry. For immunolabeling with Glial Fibrillary Acidic Protein
(GFAP), cochlear explant cultures were transfected at E13 and main-
tained for 10 DIV. For drug treatment, electroporated explant cultures
were treated with 5 uM neurodazine (Calbiochem) after 1 DIV and main-
tained for 8 DIV.

Immunohistochemistry. Cochleae from embryos and newborn pups
were removed, isolated, and processed as either whole mounts or sec-
tioned in a cryostat at a thickness of 12 um. Immunocytochemistry was
performed on cochleae and cochlear explant cultures as described previ-
ously (Jones et al., 2006). Cells were labeled with primary antibodies
against TuJ1 (Sigma, 1:200), Sox2 (Millipore Bioscience Research Re-
agents, 1:1000; Santa Cruz Biotechnology, 1:250), Neurofilament 200
(Sigma, 1:200), Neurogl (Affinity BioReagents, 1:100), NeuroD1 (Ab-
cam, 1:100), Sox10 (Santa Cruz Biotechnology, 1:250), B-gal (Promega,
1:250), Map2 (Sigma, 1:300), Myosin 6 and 7a (Proteus Biosciences,
1:1000), and Phalloidin (Invitrogen, 1:100).

Electrophysiology. For electrophysiological recordings, transfected co-
chlear explants after 1 DIV were transferred to a recording chamber
perfused at 2 ml/min with an artificial CSF consisting of (in mm): 150
NaCl, 1.25 NaH,PO,, 2.5 KCl, 5 HEPES, 10 glucose, 1 MgCl, and 0.2
CaCl,, pH 7.3 with NaOH. Cells were visualized with differential inter-
ference contrast optics and epifluorescence was used to distinguish con-
trol and transfected cells. Patch-clamp recordings were made with
borosilicate glass electrodes (4—6 M()) containing an intracellular solu-
tion consisting of (in mm): 114 potassium methanesulfonate, 10 HEPES,
1 KCl, 4 Mg-ATP, 0.4 Na-GTP, 14 phosphocreatine, pH 7.3 with KOH.
Recordings were made in both voltage-clamp and current-clamp config-
urations (Multiclamp 700B, Molecular Devices). Data were filtered at 3
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kHz, sampled at 10 kHz and acquired using custom software written in
Matlab (MathWorks).

Results

Neurogeninl and NeuroD1 induce cochlear nonsensory
epithelial cells to develop as ectopic neurons

Previous studies have shown that Neurogl and NeuroD1 are ex-
pressed in the spiral ganglion (Fig. 1 A-D) and are required for
formation of all (Neurogl) or most (NeuroD1) neurons within
the vestibulocochlear ganglion (Ma et al., 1998, 2000). This find-
ing led us to investigate whether the expression of NeuroD1 or
Neurogl is sufficient to induce a neuronal identity in nonsensory
inner ear epithelial cells that would not normally develop as neu-
rons. To test this hypothesis, electroporation-mediated DNA
transfection was used to induce ectopic expression of Neurogl or
NeuroD1 in nonsensory epithelial cells located within Kolliker’s
organ (KO) or the lesser epithelial ridge (LER) of cochlear ex-
plant cultures. Cochleae were dissected from E13 embryos and
electroporated. After 6 DIV, development of neuronal pheno-
types was assayed based on morphology and expression of the
neuronal markers TuJ1 (B-tubulin IIT) (Lee et al., 1990; Hall-
worth and Luduena, 2000) and microtubule-associated-protein 2
(Map2) (Hafidi et al., 1992), both of which are expressed in spiral
ganglion neurons but not in glial cells marked by Sox10 immu-
nolabeling (Fig. 1A, B, E, F). As previously reported, electropora-
tion resulted in multiple transfected cells in both KO and the
LER. In addition, a subset of epithelial cells transfected with ei-
ther Neurogl. EGFP or NeuroD1.EGFP was positive for TuJ1 (Fig.
2 A and data not shown). Moreover, most of the TuJ1-positive
cells, regardless of whether they expressed Neurogl. EGFP or
NeuroD1.EGFP, extended long processes (Fig. 2 B—E), many of
which ended in growth cones (Fig. 2D), a morphology that is
consistent with developing neurites. Transfected cells with neu-
ronal morphologies were also positive for Map2 (Fig. 2F, G). To
determine how rapidly expression of either NeuroD1 or Neurogl
induced a neuronal fate, explants were analyzed after only 1 DIV.
A comparable number of TuJl-positive transfected cells were
detected in these explants (data not shown), suggesting a rapid
induction of neuronal fate. In contrast, cells transfected with a
Control. EGFP vector were consistently negative for expression of
either TuJ1 or Map2 (Fig. 2H and data not shown). Moreover,
the morphology of these cells, which included a centrally located
nucleus with basal and lumenal projections, was consistent with
that of epithelial cells (Fig. 2]).

To determine the efficiency of induction of a neuronal fate, the
percentage of transfected cells that also expressed TuJ1 was deter-
mined for cells transfected with Control. EGFP, Neurogl. EGFP or
NeuroD1.EGFP. As shown in Table 1, 73% of cells (n = 156)
transfected with NeuroDI1.EGFP and 26% of cells transfected with
Neurogl. EGFP (n = 111) were positive for TuJ1. Since a relatively
large percentage of transfected cells, in particular cells transfected
with Neurogl. EGFP, failed to develop as neurons, we wanted to
determine whether these cells might have been induced to de-
velop with an alternative cell fate. Previous results have demon-
strated that nonsensory cells within KO or the LER are competent
to develop into hair cells or supporting cells (Zheng and Gao,
2000; Woods et al., 2004). Therefore, expression of the hair cell
markers Myosin6 (Myo6) and Myosin7a (Myo7a) and the sup-
port cell marker p27 P! were determined in cells transfected with
Neurogl. EGFP or NeuroDI1.EGFP. No induction of either hair
cell or support cell markers was observed in any of these cells (Fig.
2 K; supplemental Fig. S1A, B, available at www.jneurosci.org as
supplemental material; and data not shown). Finally, to deter-
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mine whether the ability to induce non-
sensory cells to develop with a neuronal
fate is specific to Neurogl or NeuroD1,
nonsensory cells were transfected with
another bHLH transcription factor,
Atohl, and then assayed for expression
of neuronal markers. Consistent with
previous results (Zheng and Gao, 2000;
Woods et al., 2004; Jones et al., 2006),
98% of Atohl.EGFP transfected cells
were positive for Myo7a (Fig. 2L). In
contrast, none of the transfected cells
were positive for TuJ1 (Fig. 2M).

To further characterize the ectopic
neurons induced by overexpression of ei-
ther Neurogl. EGFP or NeuroD1.EGFP, we
examined the expression of several mark-
ers of mature neurons. Cells transfected
with Neurogl. EGFP or NeuroDI1.EGFP
failed to express markers for more
mature neurons including islet1, neuro-
filament-200, neurofilament-L, 2H3,
synaptophysin, and GAP-43. Further-
more, preliminary experiments in which
Neurogl. EGFP transfected explants were
treated with different factors known to
enhance neuronal differentiation, includ-
ing FGF2, retinoic acid, nerve growth fac-
tor, or neurodazine—an inducer of
neurogenesis (Williams et al., 2007) failed
to induce the expression of additional
neuronal markers. However, treatment
with neurodazine did lead to an increased
percentage of induction of TuJ1-positive
neurons from 26% (n = 111) to 53% (n =
116), suggesting that the environment
within KO and the LER may not be conducive for neuronal
formation.

To confirm that transfected that were positive for TuJ1 or
Map2 were in fact neurons, whole-cell recordings were made
from transfected cells within cochlear explant cultures. Trans-
fected cells which are selected based on GFP expression, while
non-transfected cells within the same explant were used as con-
trols. Examples of Neurogl. EGFP-transfected cells showing
neuronal characteristics are shown in Figure 3A,C. In the
voltage-clamp recording shown in Figure 3A, positive voltage
steps activated a transient inward current and a persistent out-
ward current, consistent with expression of voltage-gated sodium
and potassium channels, respectively. In a current-clamp record-
ing from another cell shown in Figure 3C, depolarizing current
injections evoked action potentials, as indicated by their abrupt
activation threshold, inflection in their rising phase, and peak
membrane potential that exceeded 0 mV. Responses exhibiting
evidence of expression of voltage-gated sodium and potassium
channels were observed in 3 of 9 Neurogl. EGFP transfected cells
from which recordings were made, demonstrating in vitro acqui-
sition of electrophysiological properties characteristic of neu-
rons. In the remaining 6 of 9 cells, a purely passive membrane
response was observed in both voltage and current-clamp record-
ings (Fig. 3B, D). Similar passive responses were observed in all
non-transfected cells (n = 3).

It has been suggested that NeuroD1 is a direct target of Neu-
rogl signaling since targeted deletion of Neurog! results in a dis-

Figure1.
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Neurog1and NeuroD1are expressed in spiral ganglion neurons. 4, Cross-section through the cochlea at POillustrating
expression of Neurog1 (red) and TuJ1 (green) in the spiral ganglion (arrow). B, High-magnification view of the spiral ganglion
labeled as in A. Note that TuJ1 and Neurog1 are coexpressed in neuronal cells. €, Cross-section as in A illustrating expression of
NeuroD1 (red) and NF-200 (green) in the spiral ganglion (arrow). D, High-magnification view of the spiral ganglion labeled asin C.
NeuroD1 and NF-200 are colocalized in spiral ganglion neurons. E, Cross-section as in 4, illustrating expression of Map2 (red) and
Sox10 (green). Map2 is expressed in neurons while Sox10 is expressed in nuclei of spiral ganglion glia (arrow) and nonsensory cells
inthe cochlear duct. F, High-magnification view of the spiral ganglion labeled as in E. Large Map2-positive neurons are surrounded
by smaller Sox10-positive glial cells. Scale bars: A (for 4, C, E) 50 wwm; B (for B, D, F) 20 m.

ruption of NeuroD1 expression in the developing inner ear (Ma
et al., 1998). To test this hypothesis directly, we examined the
expression of NeuroD1 in Neurogl-transfected cells. No induc-
tion of NeuroD1 was observed in any Neurogl-transfected cell
(data not shown). These results suggest that Neurogl and Neu-
roD1 could function in different signaling cascades or that Neu-
rogl requires specific cofactors to induce NeuroD1 expression.

Sox2 is expressed in the developing spiral ganglion neurons
As discussed, members of the SoxB1 family play a significant role
in neural development in the spinal cord and elsewhere. To in-
vestigate the potential role of SoxB1 genes in the development of
spiral ganglion neurons, the expression of Sox1, Sox2 and Sox3
was compared with Neurogl and NeuroD1 in the otocyst and
early postnatal cochlea. Expression of Sox2 was observed along
with Neurogl and NeuroD1 in otocyst-derived neuroblasts as
early as E10.5 (Fig. 4A—C). To confirm that Sox2 is expressed in
neurons within the spiral ganglion, localization was confirmed by
double labeling with TuJ1 in PO cochleae (Fig. 4D, E).
Expression of Sox1 was also detected in spiral ganglion neu-
rons at PO based on coexpression of 3-galactosidase and TuJ1 in
a Sox1**“'* reporter mouse (Fig. 4F,G). Finally, restriction of
TuJ1 to neurons within the spiral ganglion was confirmed by
doubling labeling with glial marker, Sox10, at PO. The nuclei of
Sox10-positive glial cells were noticeably smaller than those of
TuJ1-positive neuronal cells and the two populations of cells
were non-overlapping (Fig. 4H,I). Since both Sox1 and Sox2
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NeuroD1 and Neurog1 induce neuronal phenotypes in nonsensory cells within the cochlea. A, Low-magpnification image of a cochlear explant transfected with NeuroD1.EGFP (green)

and labeled with anti-TuJ1 (red). The sensory epithelium (SE, dashed line) and two nonsensory regions, KO and the LER, are indicated. Arrows indicate multiple transfected cells that are positive for
TuJ1. B, High-magpnification view of three cells located in KO that have been transfected with Neurog1.EGFP (green). Each cell has extended a neurite (arrowheads). €, The same image asin B, except
with TuJ1 labeling in red. Note that each cell body and neurite is positive for TuJ1. D, E, Example of a cluster of NeuroD1.EGFP-transfected cells (green) that are TuJ1 positive (red) and have developed
neuronal phenotypes including extension of neurites (D, arrowheads) and the formation of a growth cone (arrow and inset in D). F, G, Cells transfected with either Neurog1.EGFP (green in F) or
NeuroD1.EGFP (greenin G; NeuroD1.EGFP abbreviated as NeuroDT) were also positive for Map2 (red). H, In contrast, cells transfected with Control.EGFP (green) alone were not positive for TuJ1 (red).
1,J,In addition, control transfected cells had morphologies that were consistent with epithelial cells including lumenal and basal extensions. K, NeuroD1.EGFP transfected cells (green) were negative
for the hair cell marker Myo6 (red) demonstrating that NeuroD1 does not induce a hair cell fate. L, M, In contrast, cells transfected with Atoh7.EGFP (green) were consistently positive for hair cell
markers such as Myo7a (red in L) but were negative for Tul1 (red in M). Scale bars: 4, 20 wm; B (for B-G), 10 wm; H, 20 um; I (for E, J, K-M) 10 um.

Table 1. Efficiency of neuronal induction by NeuroD1, Neurog1, and Sox2 at
different ages

Total number of explants (7); total Tul1-positive cells

(DNA number of transfected cells (V) (% of total)
Control.EGFP (E13.5) T=4N=166 1(0.6%)
NeuroD1.EGFP (E13.5) T=5N=156 114 (73%)
NeuroD1.EGFP (E16.5) T=4N=160 67 (41%)
NeuroD1.EGFP (P1) T=3N=130 33 (25%)
Neurog1.EGFP (E13.5) T=4N=111 29 (26%)
Neurog1.EGFP (E16.5) T=5N=253 40 (15%)
Neurog1.EGFP (P1) T=7,N=143 11 (7%)

Sox2.nucEGFP (E13.5) T=6;N=505 199 (39%)
Sox2.nucEGFP (E16.5) T=4N=526 82 (16%)
Sox2.nucEGFP (P1) T=5N=338 11 (3%)

Nonsensory cells located in either Kolliker's organ or the lesser epithelial ridge that were transfected with the
indicated constructs were identified based on expression of GFP. Neuronal identity was established based on
expression of TuJ1.

colocalize with TuJ 1, these results strongly suggest that Sox1 and
Sox2 are only expressed in neurons within the spiral ganglion. In
contrast, Sox3 was not observed in spiral ganglion neurons at P0,
and instead was restricted to a subset of cells within the epithelial
cell layer of Reissner’s membrane (data not shown).

Sox2 promotes neurogenesis

The expression of Sox1 and Sox2 in the spiral ganglion neurons
suggested a role for one or both in neuronal development and/or
maintenance. To ascertain whether Sox1 plays a role in any of
these events, expression of TuJ1 was examined in Soxtacz/tacz
mutant cochlea at PO. As shown in Figure 5, A and B, TuJ1 ex-
pression and ganglion cell morphology are unaffected in the ab-
sence of Sox1 suggesting that Sox1 is not required for ganglion
cell formation or maintenance. Moreover, labeling of spiral gan-
glion neurites with anti-NF-200 in cochlear whole-mounts from
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Sox and Sox mice indi- A
cated no effects on the pattern of innerva-
tion in the absence of Sox1 (Fig. 5A,B,
inset). In addition, no glial abnormalities
were apparent based on immunolabeling
with Sox10. Consistent with these results,
nonsensory cells transfected with SoxI.
EGFP did not develop a neuronal pheno-
type (Fig. 5C), suggesting that overexpres-
sion of Soxl alone is not sufficient to
induce a neuronal fate in the cochlea.

In contrast with Sox1™*““**“ mutant
cochleae, expression of TuJl and Sox10
were absent in the spiral ganglion region
of Sox2-’“ mutant cochleae at E15.5
(Fig. 6A-D). In fact, labeling with DAPI B
demonstrated a complete absence of cell
nuclei in the spiral ganglion region (Fig.
6A,B), suggesting a defect in neurogen-
esis. To confirm that the absence of cells
within the spiral ganglion in these mutant

ei———
0mvVv
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200 pA

40 ms

Control cell
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cochleae is not due to delay in develop- ‘!
ment, expression of TuJ1 and Sox10 were

also analyzed at PO (Fig. 6 E, F). As was the
case at E15.5, Tujl and Sox10 labeling
were completely absent in cochleae from
Sox2"’ mutants. These results demon-
strate that Sox2 is necessary for spiral gan-
glion formation.

To determine whether Sox2 is also
sufficient to induce neurogenesis, nonsensory cells in cochlear
explants were transfected with Sox2.nucEGFP, and development of
neuronal identity was analyzed as described for NeuroD1 and Neu-
rogl. Approximately 39% of Sox2.nucEGFP-positive cells (n =
505) were positive for TuJ1 (Table 1, Fig. 7A, B). Moreover, as
was observed in response to the overexpression of Neurogl or
NeuroD1, these cells also extended processes that appeared con-
sistent with developing neurites (Fig. 7B). Sox2-transfected cells
that were positive for Map2 were also observed (Fig. 7C). These
ectopic neurons were able to survive for at least 15 d after trans-
fection (data not shown). In addition, as was observed for Neu-
rogl and NeuroD1 transfections, expression of Sox2 did not
induce hair cell, support cell or glial cell phenotypes (supplemen-
tal Fig. S1C,D, available at www.jneurosci.org as supplemental
material; and data not shown).

The observation that Sox2 failed to induce expression of a hair
cell phenotype is consistent with recent results demonstrating
that Sox2 acts to antagonize Atohl expression in the cochlea
(Dabdoub etal., 2008). Furthermore, forced expression of Sox2
induces Prox1 expression in nonsensory epithelial cells in the
cochlea (Dabdoub et al., 2008). While Prox1, a homeobox tran-
scription factor, is expressed in the spiral ganglion neurons
(Bermingham-McDonogh et al., 2006); forced expression of
Prox1 in nonsensory cochlear cells did not induce a neuronal fate
(datanot shown). To determine whether the ability of Sox2, Neu-
rogl, and NeuroD1 to induce a neuronal fate in cochlear nonsen-
sory cells is dependent on the age of the cells at the time of
transfection, nonsensory cells were transfected with each con-
struct in cochleae isolated at E16 or P1. A progressive decrease in
the percentage of cells that develop as neurons was observed
(Table 1).

To determine whether Sox2 acts upstream, downstream, or
in parallel with NeuroD1 and Neurogl, expression of all three

Figure 3.

~

Ectopic neurons exhibit electrophysiological characteristics consistent with neurons. Whole-cell recordings from
cochlear explant cultures. A, B, Voltage-clamp recording from a Neurog1.EGFP-transfected cell (A) and a non-transfected cell (B).
Voltage steps of —70 mV to + 10 mV were delivered for duration of 100 or 20 ms (right panel in ). C, D, Current clamp recording
froma different Neurog 1.EGFP-transfected cell (€) and a non-transfected cell (D) demonstrate the presence of both inward currents
and an outward current. Current injections of 50 —250 pA were delivered for a duration of 20 ms.

molecules was assessed in cells transfected with each construct.
Sox2.nucEGFP-transfected cells did not express either NeuroD1
or Neurogl nor were Neurogl. EGFP transfected cells positive for
Sox2 (data not shown). Similar results were obtained for cells
transfected with NeuroDI1.EGFP. These results suggest that de-
spite overlapping expression within the otocyst and developing
spiral ganglion, Neurogl and Sox2 act through independent
pathways within the developing inner ear.

Discussion

Neurogl and NeuroD1 are sufficient to induce

neuronal identity

All of the cells within the membranous labyrinth of the inner ear
and the neurons located within the associated vestibulocochlear
ganglion are derived from otocyst epithelial cells. As develop-
ment of the inner ear progresses, otocyst cells become partitioned
into three broadly defined categories, neuroblasts that will go on
to develop as auditory and vestibular neurons, prosensory cells
that will develop as hair cells, and supporting cells and nonsen-
sory cells that will form all of the regions of the labyrinth that lack
hair cells and supporting cells. Previous results have suggested
that the Notch signaling pathway and Sox2 play key roles in spec-
ifying prosensory regions (Kiernan et al., 2005, 2006) while dele-
tion of either Neurogl or NeuroD1I leads to the absence of all or
most vestibulocochlear neurons (Ma et al., 1998, 2000; Kim et al.,
2001), suggesting that Neurogl and NeuroD1 are necessary for
neuronal development. Here, we demonstrate that ectopic ex-
pression of Neurogl or NeuroD1 is sufficient to convert nonsen-
sory epithelial cells within the cochlear duct into neurons,
indicating that Neurogl and NeuroD1 are also sufficient to in-
duce neuronal identity within the inner ear. These results are
consistent with previous gain-of-function studies which demon-
strated that ectopic expression of Neurogl or NeuroD1 is also
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Figure 4.

SoxB1 gene expression correlates with spiral ganglion development. A—(, Cross-sections through the otocyst from E10.5 mouse embryos demonstrating the expression of Neurog

(greenin A), NeuroD1 (green in B), and Sox2 (green in €) in delaminating neuroblasts of the developing spiral ganglion (arrow in each). Filamentous actin is labeled with Phalloidin (red) in each
panel. Note that Neurog1 and Sox2 are also expressed in cells within the otocyst while expression of NeuroD1 is restricted to delaminating neuroblasts. Orientation for sections A-Cis indicated to
the right of panel €. D-G, Low- and high-magpnification cross-sections of the cochlear duct (D, F) or spiral ganglion (E, G). Coimmunolabeling of Sox2 (green in D, E) or Sox1 (green in F, G) with the
neuronal marker TuJ1 (red) demonstrates that Sox2 and Sox1 are expressed in spiral ganglion neurons (arrows in D, F) at P0. H, I, Cross-sections as in D,E demonstrating the specificity of TulTas a
neuronal marker. There is no overlap between cells labeled with Tu)1 (green) and the glial marker Sox10 (red) in the ganglion. Scale bars: 4 (for A-C), 50 wm; D (for D, F, H), 50 pum;

E(forE, G, 1) 20 wm.

sox1LacZ/LacZ C

Figure 5.

through the cochlea of Sox7 +/% (

control) or Sox 7'/l

B (for A, B), 50 um; C, 20 pum.

sufficient to convert ectodermal cells into neurons (Lee et al.,
1995; Ma et al., 1996).

Approximately 30% of cochlear nonsensory cells transfected with
Neurogl. EGFP became positive for the neuronal markers TuJ1
and Map2 and developed morphological features that were
consistent with neuronal phenotypes. Moreover, an approxi-
mately equivalent percentage of transfected cells acquired electro-
physiological properties characteristic of neurons. Whole-cell
voltage-clamp recordings demonstrated classical neuronal re-
sponses, with both inward and outward currents typical of neu-
rons expressing voltage-gated sodium and potassium channels.
In current clamp, these cells also fired action potentials in re-
sponse to current injections. In contrast, non-transfected cells
exhibited purely passive membrane responses in both voltage-
and current-clamp recordings. However, these cells were never
observed to express more mature neuronal markers, such as
Neurofilament-200, Neurofilament-L, Synaptophysin, GAP-43,
or Isletl. Nor did co-transfection of Neurogl and Sox2 or

Sox1 s neither necessary nor sufficient for spiral ganglion neuron formation. 4, B, Low-magpnification cross-sections
mutant) mice at PO double-immunolabeled for Tu)1 (green) and Sox10
(red). Spiral ganglion neurons, with processes extending to the sensory epithelium, are present and surrounded by glia in both
control and mutant cochleae. Inset, Whole-mount immunolabeling of Sox /%% (control) (4) or Sox7°?"*Z (mutant) (B) cochlea
using anti-NF-200 demonstrates no defects in the pattern of innervation in the absence of Sox1. €, Transfection of nonsensory cells
with Sox7.EGFP (green) is not sufficient to induce the expression of TuJ1 (red) or development of a neuronal phenotype. Scale bars:

NeuroD1 and Sox2 induce expression of
these markers. The reasons for this are
unclear; however, it is possible that the
absence of required cofactors, such as
E12 or E47 (Kageyama et al., 1997; Chu
etal.,2001), or the presence of neuronal
inhibitory signals within KO and the
LER could act to prevent the further
maturation of these cells.

Sox1.EGFP

Sox2 is required for neuronal
formation in the inner ear

Sox2, and other members of the SoxB1
group, have been shown to play diverse
roles during neuronal development (for
review, see Episkopou, 2005). For exam-
ple, overexpression of SoxI in the devel-
oping mouse CNS is sufficient to induce
neuronal lineage commitment and promote neuronal differenti-
ation in vitro (Kan et al., 2004). In the inner ear, Sox2 was
already known to be required for prosensory formation, but
the results presented here demonstrate that Sox2 is also nec-
essary and sufficient for neuronal formation. The initial onset of
Sox2 expression is nearly simultaneous with Neurogl (Fig. 4) (B.
Fritzsch, personal communication). This, along with the ability
of Sox2 to induce a neuronal fate in nonsensory regions, strongly
suggests that Sox2 plays a role in the initial specification of a
neuronal fate within the inner ear. Sox2 expression persists in
spiral ganglion neurons through at least the early postnatal pe-
riod, suggesting a possible role in maintenance of spiral ganglion
neurons as well. A similar role has been suggested for Sox2; neu-
rons in the thalamus, striatum, and septum that express Sox2
beyond the period of initial development undergo degeneration
in Sox2 deficient mice by 3—6 months of age (Ferri et al., 2004).
However, considering that all spiral ganglion neurons are absent

in Sox2-’* mice by E15, presumably as a result of the require-
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Figure 6.  Sox2 is required for formation of the spiral ganglion. 4, B, Low-magpnification
cross-sections through the cochleae of Sox2 /™ (control) and Sox2*““’“ (mutant) mice at
E15.5. Spiral ganglion neurons (SG) are labeled with TuJ1 (green) and all cell nuclei are labeled
with DAPI (blue). Note the complete absence of spiral ganglion neurons, including cell nuclei
(arrow) in the Sox2"“’*“ cochlea. C~F, Double-immunolabeling for TuJ1 (green) and Sox10
(red) on cross-sections of Sox2 ™/ (control) and Sox2:“*““ (mutant) cochleaat E15.5 (C, D) and
PO (E, F) demonstrates the absence of spiral ganglion neurons and glial cells in Sox2 mutants.
Arrows in D and F indicate expected position of the spiral ganglion. Scale bars: B (for 4, B), 50
um; D (for (~F), 20 um.

ment of Sox2 for neuronal specification, any examination of the
potential role of Sox2 in neuronal maintenance within the inner
ear will require a specific deletion of Sox2 after the period of
neuronal specification.

Interactions between Neurogl and Sox2

The expression of Neurogl and Sox2 in delaminating neuroblasts
contrasts with the sequential expression of Sox and bHLH factors
in the developing CNS (Bylund et al., 2003) and in the developing
sensory epithelia of the cochlea where Sox2 expression occurs
before expression of the bHLH factor Atohl in the same cells
(Kiernan et al., 2005). Moreover, functional studies in both
developing spinal cord and inner ear sensory epithelia have
demonstrated antagonistic interactions between Sox and bHLH
molecules (Bylund et al., 2003; Dabdoub et al., 2008). However, a
study by Kan et al. (2004) has shown that Sox1 upregulates the
expression of Neurogl in cultured neural progenitor cells sug-
gesting that the interactions between Sox and bHLH factors are
variable and context dependent. This seems to be particularly
true for the otocyst where both cooperative and antagonistic in-
teractions between Sox2 and bHLH factors apparently occur in
neuroblast and prosensory cell populations that are adjacent or,
possibly, intermingled. These results suggest that a complex net-
work of context-dependent transcriptional regulators is respon-
sible for specification of neuronal versus prosensory cell fates
within the otocyst.

Puligilla et al. ® Sox2 Is Necessary for Spiral Ganglion Neurons

Sox2.nuceGFP

Sox2.nucEGFP

Sox2.nucEGFP

Figure7.  Sox2inducesneuronal phenotypesin cochlear nonsensory cells. 4, B, Low- (4) and
high-magpnification (B) images of Sox2.nucEGFP transfected cells (green) located in KO of co-
chlear explants labeled with anti-TuJ1 (red in 4, B) or anti-Map2 (red in C). A subset of trans-
fected cells are labeled with anti-TuJ1 and have developed a neuronal phenotype. Asterisk in A
indicates a Sox2.nucEGFP transfected cell thatis TuJ1-positive and has extended a single neurite
(enlargedininset). In contrast with Neurog 1.EGFP or NeuroD1.EGFP, the Sox2.nucEGFP construct
carries a nuclear localization signal sequence and is therefore restricted to the nucleus. Scale
bars: 4, 20 um; B (for B, (), 10 em.
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Plasticity of otocyst derived cells

The demonstration that nonsensory epithelial cells within KO or
the LER of the cochlear duct can be induced to develop as neu-
rons through forced expression of Sox2, Neurogl, or NeuroD]I
expands the known potential fates of these cells, which already
included hair cells and supporting cells (Zheng and Gao, 2000;
Woods et al.,, 2004). Our results along with previous findings
demonstrate that these cells retain the potential to develop as any
of the three possible otocyst-derived cell fates, neuronal, sensory
or nonsensory, at least through the early postnatal period (E13—
P3). However, the ability of Sox2, Neurogl, or NeuroD1 to in-
duce neuronal fates decreases markedly between E13 and P1.
These results, along with previous work demonstrating that sup-
porting cells within the organ of Corti retain the ability to develop
as hair cells until ~P10 (White et al., 2006), suggest that the
commitment of otocyst-derived cells is an extended process that
may not be completed until after birth in the mouse. Our results
also argue against the presence of committed progenitors in dif-
ferent regions of the otocyst since cell fates can be changed even at
relatively late time points in development.

In addition to the correlation between increasing age and a
progressive decrease in the number of transfected cells that de-
veloped as neurons, variability was also observed in the efficiency
of neuronal induction between NeuroD1 (73%), Neurogl
(26%), and Sox2 (39%) at the same developmental time point
(E13.5). The basis for these differences is unclear but could be
related to either methodological limitations such as differences in
overall levels of gene expression or unknown post-translational
modifications. Alternatively, as discussed above, the presence or
absence of specific binding partners could modulate the overall
efficiency of each factor.

Implications for human health

Studies of human temporal bones indicate that loss of spiral gan-
glion neurons is highly correlated with sensorineural hearing loss
(Doyle et al., 1998). Similarly, in vivo animal studies have dem-
onstrated that spiral ganglion cells are lost as a secondary effect of
the loss of hair cells in response to treatment with ototoxic drugs,
acoustic trauma, or aging (for review, see Miller, 2001). The most
prevalent existing therapeutic strategies for the amelioration of
hearing loss are based on either increasing hair cell stimulation
(hearing aids) or introducing an electronic substitute for the hair
cells (cochlear implants). In either case, the presence of func-
tional spiral ganglion neurons is absolutely required for a success-
ful outcome. Therefore, it seems likely that the development of
methodologies that could be used to induce the formation of
spiral ganglion neurons have the potential to significantly in-
crease the likelihood of positive outcomes for hearing impaired
individuals. Since as few as 10% of the normal number of spiral
ganglion neurons is sufficient for the success of a cochlear im-
plant (Linthicum et al., 1991; Khan et al., 2005), the ability to
induce the formation of even a small number of these cells in a
damaged ear has critical implications for further advances in co-
chlear implant technology and the treatment of hearing loss. To-
gether, we believe that our results provide a necessary and
important first step toward the induction of spiral ganglion re-
generation in mature cochleae.
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