PNAS

NEUROSCIENCE

Check for
updates

ISL1 is necessary for auditory neuron development and
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A cardinal feature of the auditory pathway is frequency selectivity, represented in a tono-
topic map from the cochlea to the cortex. The molecular determinants of the auditory
frequency map are unknown. Here, we discovered that the transcription factor ISL1 reg-
ulates the molecular and cellular features of auditory neurons, including the formation
of the spiral ganglion and peripheral and central processes that shape the tonotopic rep-
resentation of the auditory map. We selectively knocked out Is/I in auditory neurons
using Neurodl“” strategies. In the absence of Isl1, spiral ganglion neurons migrate into
the central cochlea and beyond, and the cochlear wiring is profoundly reduced and dis-
rupted. The central axons of /s/I mutants lose their topographic projections and segrega-
tion at the cochlear nucleus. Transcriptome analysis of spiral ganglion neurons shows
that Is/1 regulates neurogenesis, axonogenesis, migration, neurotransmission-related
machinery, and synaptic communication patterns. We show that peripheral disorganiza-
tion in the cochlea affects the physiological properties of hearing in the midbrain and
auditory behavior. Surprisingly, auditory processing features are preserved despite the
significant hearing impairment, revealing central auditory pathway resilience and plastic-
ity in Is/] mutant mice. Mutant mice have a reduced acoustic startle reflex, altered pre-
pulse inhibition, and characteristics of compensatory neural hyperactivity centrally. Our
findings show that ISL1 is one of the obligatory factors required to sculpt auditory struc-
tural and functional tonotopic maps. Still, upon Is/I deletion, the ensuing central plastic-
ity of the auditory pathway does not suffice to overcome developmentally induced
peripheral dysfunction of the cochlea.
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Spiral ganglion neurons (SGNs) are bipolar, extending peripheral processes to the hair cells
within the sensory epithelium (the organ of Corti) and central axons toward the cochlear
nucleus (CN) complex, the first auditory nuclei in the brain. Sound-induced vibrations
that reach the cochlea are amplified by the outer hair cells (OHCs) organized in three rows
and innervated by type II SGNs. The inner hair cells THCs) receive, transduce, and trans-
mit the auditory signal to type I SGNs that convey the signal via the vestibulocochlear cra-
nial nerve to the CN of the brainstem. The auditory neurons are organized within the
cochlea in an orderly fashion according to frequency, with high frequencies at the base and
low frequencies at the apex (1, 2). The tonotopic organization of type I SGNs corresponds
to multiple diversities in their molecular profiles, connectivity patterns, and physiological
features along the tonotopic axis (3-6). The cochleotopic or tonotopic pattern is main-
tained throughout the auditory pathways in the brain (7). The central auditory pathway
transmits ascending acoustic information from the CN through the lateral lemniscus com-
plex, the inferior colliculus (IC) in the midbrain, and the medial geniculate nucleus of the
thalamus to the auditory cortex (8). The efferent motor neurons consist of the medial oli-
vocochlear motor neurons, which modulate cochlear sound amplification by OHCs. In
contrast, lateral olivocochlear motor neurons innervate afferent type I sensory neurons and
regulate cochlear nerve excitability (8-10).

The cellular and molecular regulation of neuronal migration and the establishment of
tonotopic connections to the hair cells or neurons of the hindbrain’s first auditory nuclei,
the CN, are not fully understood. Several transcription factors govern the development of
inner ear neurons, including NEUROGTI (11), NEUROD1 (12), GATA3 (13, 14), and
POU4F1 (15). The transcription factor NEURODI is vital for the differentiation and
survival of inner ear neurons (16-18). We previously demonstrated that 7s/7“"*-mediated
Neurodl deletion (Neurodl CKO) results in a disorganized cochleotopic projection from
SGNs (19), affecting acoustic information processing in the central auditory system of
adult mice at the physiological and behavioral levels (20). During inner ear development,
ISL1 is expressed in the differentiating neurons and sensory precursors (19, 21, 22). Is/1 is
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Significance

Little is known about the
molecular determinants of the
auditory frequency maps. Our
data provide insights into the
functional role of the transcription
factor ISL1 in the development of
auditory neurons and in the
formation of the auditory map. In
this study, we found that selective
genetic deletion of /s/T by
Neurod1“"® resulted in altered
molecular and cellular
characteristics of auditory
neurons, affecting their migration,
pathfinding abilities, and
formation of peripheral and
central processes. This neuronal
phenotype was accompanied by
hearing impairment,
abnormalities in sound processing
in the brain, and aberrant auditory
behavior. These findings suggest
that ISL1 is essential in regulating
neuronal differentiation to
produce functional auditory
neurons.
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expressed in all four populations of SGNs (type Ia, Ib, Ic, and
type II) identified by single-cell RNA sequencing (4). Studies sug-
gest that ISL1 plays a role in developing neurons and sensory
cells, but there has been no direct evaluation of ISL1 function in
the inner ear. Using Neurod1“ (23), we conditionally deleted
LI (Is/1CKO) in neurons without directly affecting the develop-
ment of the inner ear sensory epithelium.

This work provides genetic and functional evidence for
ISL1’s role in establishing the spiral ganglion peripheral projec-
tion map and proper central auditory circuitry. Most Is/1CKO
neurons migrated into the center of the cochlear modiolus, in
contrast to control animals, with an arrangement of SGNs in
parallel to the spiraling cochlear duct. Additionally, we analyzed
the transcriptome of neurons, hearing function, sound informa-
tion processing in the IC, and auditory behavior of Is/1CKO to
demonstrate how abnormal SGN development affects the for-
mation, wiring, and operation of the auditory sensory maps.

Results

ISL1 Controls Neuronal Phenotype in the Cochlea. To investi-
gate the role of ISL1 in inner ear neuron development, we elimi-
nated I5/1 by crossing Is/I”""*" mice (24) with Neurod1“"
mice (23). Neurod1“ is expressed in sensory neurons but not in
the sensory epithelium (S Appendix, Fig. S1). Analyses of ISL1
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expression in [s/ICKO confirmed efficient recombination by
Neurod1“™ with virtually no expression of ISL1 during the dif-
ferentiation of neurons in the inner ear ganglion as early as
embryonic day (E)10.5, and later in the cochlear neurons, shown
at E14.5 and postnatal day 0 (P0), in contrast to high levels of
ISL1 in neurons in the control inner ear (87 Appendix, Fig. S2).
It is worth mentioning that no difference was observed in the
density of Schwann cells (SI Appendix, Fig. S2 E and F).

The organization of the sensory epithelium in the organ of
Corti of [s/1CKO was comparable to controls in the basal but
not the apical part, with three rows of OHCs and one row of
IHCs (Fig. 1 A-F). Whole-mount antitubulin staining of
innervation showed reduced and disorganized radial fibers with
large gaps between radial fiber bundles, crisscrossing fibers, and
an unusual dense innervation in the apex, with some large fiber
bundles bypassing the organ of Corti and extending to the lat-
eral wall in the /s/1CKO cochlea (arrowhead in Fig. 1F).

Next, we evaluated the effects of Is/I deletion on the formation
of the spiral ganglion. The SGN somas were well restricted to the
Rosenthal’s canal in control animals, arranged in a spiral parallel
to the cochlear duct (Fig. 1 G-J). In contrast, unevenly distrib-
uted neurons were found in 75/ CKO with many SGNs accumu-
lated beyond the Rosenthal’s canal, in the conical central part of
the cochlea, the modiolus (Fig. 1 /L), which usually carries only
afferent and efferent fibers. The unusual accumulation of cochlear

Fig. 1. Is/1 deletion results in abnormalities in
cochlear innervation and the formation of the spi-
ral ganglion. (A) Diagram of the organization of
the cochlea. SGNs are organized tonotopically
from the apex to the base of the cochlea. High-
frequency sounds maximally stimulate the base of
the cochlea, whereas the largest response to low-
frequency sounds occurs in the cochlear apex.
(B) The top view diagram onto the sensory epithe-
lium shows OHCs, IHCs, and SGNs. Type | neurons
extend radial fibers (RF) toward IHCs (5 to 30 neu-
rons innervate 1 IHC), and type Il neurons (repre-
senting 5% of SGNs) receive input from OHCs. The
central processes of SGNs relay acoustic informa-
tion to the brain. Efferent axons from the superior
olivary complex, forming the intraganglionic spiral
bundle (IGSB), innervate OHCs. (C-F) Representa-
tive images of whole-mount immunolabeling of
the base and apex with anti-Myo7a (hair cell
marker) and anti-a-tubulin (nerve fibers) show
reduced and disorganized RF and missing or
altered efferent fibers forming IGSB (arrowhead)
in Is/ITCKO compared to control. Abnormalities
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3 OC (arrowhead in F), are noticeable in /s/1CKO.
SG NN (G-) The shape of the spiral ganglion (SG) is
\ shown in the basal and apical half of the whole-
mounted cochlea of control-Ai74 reporter mice at
P0. TdTomato* neurons form a spiral located in
the Rosenthal’s canal and parallel to the OC (anti-
Myo7a-labeled hair cells), nerve fibers are labeled
with antitubulin. (J-L) In Is/7CKO, only some
tdTomato* neurons are in the Rosenthal's canal
(delineated by white dotted lines), but many
neurons are in the center of the cochlea, a
conical-shaped structure, the modiolus (yellow
arrowhead). (M and N) The vibratome sections of
the cochlea labeled by anti-NeuN (a nuclear
marker of differentiated neurons) and antitubulin
(nerve fibers) show the unusual position of
cochlear neurons in the modiolus, and neurons
entwined in central axons in /s/7CKO compared to
control (white lines delineate a normal position of
the SG). (Scale bars, 100 um.) (O) The length of radial
fibers was measured in the confocal images from
cochlear whole-mount preparations in the apex,
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midapex, midbase, and base. Data are expressed as mean + SEM (n = 3 radial fiber bundles/each region/3 cochlea/genotype); unpaired t-test. (P) Fiber
density was quantified in the base, midbase, and midapex (n = 3 mice per genotype). Error bars represent mean + SD; unpaired t-test.
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neurons intertwined with the central axons in the modiolus of
Isl1CKO is depicted in the cochlear sections (Fig. 1 M and N). In
line with the unusual position of SGNs, the radial fibers were
significantly lengthened in all regions of the Is/ICKO cochlea
(Fig. 10), but the overall radial fiber density was reduced (Fig.
1P). We performed immunostaining for cleaved Caspase-3 (S/
Appendix, Fig. S3) to determine whether neuron number was
affected by apoptosis during inner ear development. Most apo-
ptotic neurons were found outside the cochlea in the vestibular
ganglion (VG) area in E14.5 Is/ICKO, implying that missing
neurons in the Rosenthal’s canal are due to the altered migration
of SGNs rather than neuronal death in the developing inner ear.

Interestingly, Is/I deficiency caused a shortening of the
cochlea, which was on average ~20% and 25% shorter at PO
and in adults, respectively (S/ Appendix, Fig. S4 A and B). Since
Neurod1< is expressed only in neurons, the shortening of the
cochlea appears to be a secondary effect of the abnormalities in
neuronal development. A similar phenotype of truncated growth
of the cochlea was reported for Neurodl and Neurogl mutants
because of alternations in spatiotemporal gene expression (11, 19,
20, 25). Correspondingly to the truncated cochlear phenotype
(11, 19, 20, 25), detailed analyses showed abnormalities in the
epithelium at the apical end with disorganized rows of OHCs
and ectopic IHCs among OHCs in the I[s/ICKO cochlea (S/
Appendix, Fig. S4C). The disorganized apical epithelium repre-
sented ~11.8% of the length of the organ of Corti in adults.
Antitubulin labeling revealed a reduced and disorganized innerva-
tion in the region of OHC:s in [s/1CKO (SI Appendix, Fig. S4D).
In the controls, fibers extending through the tunnel of Corti were
oriented toward the base to form three parallel outer spiral bun-
dles. In contrast, guiding defects in the extension of these fibers
in Is/1CKO were apparent, with neurites extending with random
turns toward the base and the apex (arrowheads in ST Appendix,
Fig. S4D). To further investigate cochlear histopathology in
Is/1CKO, we evaluated synaptic contacts from type I SGNs onto
IHCs in 2-mo-old mice (S Appendix, Fig. S4E). CtBP2™ ribbon
synapse number was reduced in Is/ICKO, representing ~46%,

51%, 56%, and 69% ribbons of the control base, midbase, mida-
pex, and apex, respectively (SI Appendix, Fig. S4F and Table S1).
Altogether, these results demonstrate the prominent effects of 571
deletion on the formation of the spiral ganglion and innervation
patterns in the cochlea.

ISL1 Regulates Neuronal Identity and Differentiation Programs
of SGNs. To gain insight at the molecular level on how the I5/1
elimination causes the neuronal phenotype in the cochlea, we
sought to identify potential ISL1 targets through global tran-
scriptome analysis. We opted to use Bulk-RNA sequencing to
obtain sequencing depth and high-quality data (25). Six biolog-
ical replicates were used per genotype, and each replicate con-
tained a total of 100 tdTomato* SGNis isolated from the E14.5
cochlea (Fig. 24). By E14.5, sensory neurons cease to prolifer-
ate and are undergoing active differentiation and axonogenesis.
Compared to controls, 650 protein-coding genes were differen-
tially expressed in /s/ICKO neurons (Fig. 2B and Dataset S1).
Gene ontology (GO) term enrichment analysis revealed highly
enriched GO terms associated with neuron development, includ-
ing “neurogenesis,” “neuron differentiation,” and “nervous sys-
tem development” (Fig. 2C and Dataset S2). The most enriched
and specific GO categories for down-regulated genes were asso-
ciated with neurotransmission-related machineries, such as
“transmembrane transporter,” “voltage-gated channel,” “cation
and ion transport,” and “membrane potential regulation,” indi-
cating changes in neuronal cell functions. The analysis identified
enrichment of down-regulated genes involved in axon develop-
ment, guidance, axonogenesis, and neuronal migraton, including
members of all four axon guidance molecules and their cognate
receptors, the ephrins-Eph, semaphorins-plexin, netrin-unc5, and
slit-roundabout (27). The neurotrophic tyrosine kinase receptors
(Ntrk2 and Nirk3) and a G protein-coupled chemokine receptor
(Cxcrd), important regulators of neuronal migration, were also
down-regulated (28).

In contrast, up-regulated genes particularly enriched in s/ CKO
neurons were associated with “regulation of synapse organization,
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synapse structure or activity” and “regulation of synapse assembly,”
indicating changes relating to the ability of neurons to form neuro-
nal projections toward their targets. Up-regulated genes encoding
molecules critical for synapse formation and adhesion included sev-
eral members of the cadherin superfamily (CAh7, Cdh10, Pedhs,
Pcdh9, Pedhl10, Pedhl8, and Pedh19), adhesion-related genes (Prprd,
Prprs, Crtnap2, Itga4, and Itga5), and the ephrin ligands (Efa3 and
Efna5). Interestingly, “synaptic signaling” was among GO terms
with significant representation in both up- and down-regulated
genes, suggesting changes in synaptic circuits and neuronal activity.
We also found many genes encoding transcription factors and
signaling molecules, indicating that ISL1 may act through tran-
scription networks instead of defined target genes. The expres-
sion of neural-specific basic helix-loop-helix (bHLH) factors
important for differentiation and maturation of neurons was
increased in Is/1CKO, including members of NeuroD (Neurod6
and Neurod2), Nscl (Nhlh2), and Olig (Bhlhe23) families (29).
Genes encoding LIM domain proteins, the transcription factors
Lhx1, Lhx2, Lmo2, and Lmo3, a core member of the PCP signal-
ing paradigm, Pricklel, and neuronal homeobox genes, Emx2,
Unex, and Pknox2 were up-regulated in Is/JCKO neurons.
Pricklel is an essential regulator of neuron migration and neu-
rons’ distal and central projections in the cochlea (30). Some of
the identified genes encoding regulatory molecules shown to be
essential for neuronal development, the formation of SGNs, and
their projections were down-regulated in ISLICKO neurons,
such as the signaling molecules ShhH (31), Wnt3 (3), and Fgfs
(Fgf10, Fgfl1l, and Fgf13) (32, 33), and the transcription factors
Gata3 (13, 14), Irx1, Irx2, Pou3f2, Pou4f2, and RunxI (3, 4).

Consistent with the idea that ISL1 may control a gene-
expression program mediating different aspects of neuronal
development in the cochlea, several identified genes are known
to affect the formation of SGNs and their innervation patterns.
For example, a mouse model with EphA4-deficient signaling in
SGNis results in aberrant mistargeting of type I projections to
OHCs (34) and SGN fasciculation defects (35). Targeted dis-
ruptions of the neurotrophin receptors, Nk2 and Nwk3, are
associated with misplaced SGNs in the modiolus, disorganized
projections, and reduced neuronal survival (36). The neurotro-
phin receptor p75NTR (Ngfi)deficient SGNs demonstrate
enhanced neurite growth behavior (37). Mutation of Pricklel
results in disorganized apical afferents (30). Reduced and aber-
rant cochlear innervation was shown in mice with Gara3-specific
SGN deletion (14). Nrp2 expressed in SGNs is required for
axon path finding and a normal pattern of cochlear innervation
(38). The axon guidance molecule SLIT2 and its receptor
ROBO1/2 control precise innervation patterns, and their dele-
tions induce misplacement of SGNs (39). Mice lacking Decc have
the more severe phenotype of mislocated SGNs and disorganized
central projections, although most SGNs of Dec™”~ remained
within Rosenthal’s canal (40). These molecular differences dove-
tail well with abnormalities in the innervation pattern and SGN
migration defects Is/ICKO. Dcc, Epha5, Ntngl, Prdm8, Robo2,
Slit2, Thx3, Uncx, Gata3, Lhx1, Lhx2, Cdh7, Nhih2, Ntrk2, and
Ntrk3 were further validated by qRT-PCR of RNA isolated
from whole inner ears of E14.5 embryos (SI Appendix, Fig. S5).
These changes indicate that ISL1 regulates transcriptional net-
works that underlie neuronal identity and function during differ-
entiation of SGNs and that /I elimination results in a major
impairment in the development, axonogenesis, migration, and
molecular characteristics of these neurons.

IsI1CKO Mice Have Altered Hearing Function. Considering the
substantial abnormalities in the formation of the spiral ganglion,
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innervation, and molecular neuron features, we assessed the
hearing function of Is/1CKO. We evaluated distortion product
otoacoustic emissions (DPOAE) to determine the robustness of
OHC function and cochlear amplification. Compared to con-
trols, the DPOAE responses of Is/ICKO were significantly
reduced in the frequency range between 4 and 24 kHz (Fig.
3A4). DPOAE amplitudes at frequencies of 26 kHz and higher
were comparable between control and /s/7 CKO mice. Based on
the physiological place-frequency map in the normal mouse
cochlea (41), frequencies above 26 kHz are located at the basal
half of the cochlea. Thus, decreased DPOAE responses may be
attributed to the more profound morphological abnormalities
in the apex, disorganized innervation, and disorganized rows of
OHC:s in the apical end.

We evaluated auditory brainstem responses (ABRs), which
measure electrical activity associated with the propagation of
acoustic information through auditory nerve fibers. Measure-
ments of ABR thresholds showed that all /s/7CKO animals dis-
played elevated thresholds indicative of hearing loss compared

A B ABR thresholds
80- — Control (n=10)| ¢
a — ISITCKO (n=T7
g 2
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Fig. 3. Hearing impairment is detected in /s/7CKO mice. (A) DPOAEs show
significantly reduced levels in the low and middle-frequency range (4 to
24 kHz), stimuli intensities L1/L2 = 70/60-dB SPL. Data are expressed as
mean + SEM. (B) The average ABR thresholds of /s/TCKO and control mice are
analyzed by click-evoked ABR. Data are expressed as mean =+ SD. (C) Aver-
aged ABR response curves evoked by an 80-dB SPL click; (E) by a 90-dB SPL
pure tone of 32-kHz frequency; and (G) by a 90-dB SPL pure tone of 8-kHz
frequency are presented. (D, F, and H) Averaged individual ABR wave
amplitudes are shown for the corresponding peaks. Data are expressed
as mean + SEM. Two-way ANOVA with Bonferroni post hoc tests *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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to age-matched control animals, except at frequencies 32 and
40 kHz, which were comparable to ABR thresholds in control
mice (Fig. 3B). Using click-evoked ABR, we evaluated wave-
form characteristics associated with the propagation of acoustic
information through the auditory nerve to higher auditory cen-
ters (Fig. 3C). Wave I reflects the synchronous firing of the
auditory nerve. In contrast, waves II to V are attributed to the
electrical activity of downstream circuits in the CN, superior
olivary complex, lateral lemniscus, and IC (42). Waves IV and V
are products of the sound-evoked neuronal activity in the lateral
lemniscus and IC (43—45). The waves IV and V are often paired
and superimposed in commonly used nontransgenic mouse
strains (44, 45). The ABR traces in all of our panels were aver-
aged traces from all measured animals. A part of the animals in
both experimental groups had a hardly distinguishable wave V in
response to the click and 8-kHz sound stimulation; therefore, to
prevent bias, we did not include wave V. The amplitudes of
ABR waves I to IV were significantly reduced in Zs/ICKO (Fig.
3D). Since the ABR thresholds for 32 kHz and above were com-
parable between age-matched controls and /5/1CKO (Fig. 3B),
we used the pure-tone stimuli of 32 kHz to evaluate ABR
responses (Fig. 3E). A significant difference among the genotypes
was found only for amplitude reduction of wave III (Fig. 35),
thus indicating preserved synchronized activities of peripheral
and brainstem auditory processing. Although waves I and 1II
amplitude for both mutant and control mice were similar, there
were apparent differences in the ABR waveform morphology.
The latency of ABR wave I was delayed, the relative interwave
latency between peaks I and II was shortened, and the trough
between wave I and II diminished, resulting in a fusion of both
peaks in I/ICKO. A delay of the leading peak of ABR wave I
recovered toward ABR wave III. The wave I and II changes
reflect abnormalities in the summated response from SGNs,
auditory nerve fibers, and most likely the CN.

Additionally, we used a pure-tone stimulus of 8 kHz to evalu-
ate ABR responses (Fig. 3G), as ABR thresholds for 8 kHz were
significantly reduced for Is/ICKO mice. In contrast to ABR
amplitudes at 32-kHz stimuli, ABR amplitudes for 8-kHz pure-
tone stimuli were significantly reduced for I to III waves (Fig.
3H). The results indicate abnormalities in the cochlear auditory
neurons and propagation of acoustic information through audi-
tory nerve fibers to higher auditory centers. We observed a
marked drop in the wave I growth function. Still, by comparing
wave | and IV peaks, an increased central gain was noted in
Il1CKO (SI Appendix, Fig. S6), indicating neural plasticity at
higher auditory circuits for cochlear damage with diminished
afferent input (46).

IsI1CKO Mice Display Abnormalities in the Ascending Auditory
Pathways. Having recognized uneven hearing function loss, as
measured by ABRs, we further wanted to investigate the distribu-
tion of SGNis in the //ICKO cochlea and the morphology of the
components of the central auditory pathway. We generated
three-dimensional (3D) visualization of the cochlea using light-
sheet fluorescent microscopy (Fig. 4 A-I and Movies S1-S4). In
the first cochlear preparation, neurons were visualized by tdTomato
reporter expression and hair cells in the organ of Corti were
labeled using anti-Myo7a. In the second preparation, tdTomato™
neurons were colabeled with anti-NeuN, a nuclear marker of dif-
ferentiated neurons. Compared to the recognizable coil of SGNs
in the controls (Fig. 4 A-Cand Movies S1 and S2), SGNs were
aberrantly distributed in the Is/ICKO cochlea (Fig. 4 D~/ and
Movies S3 and S4). Many Is/1CKO neurons were in the center

of the cochlea, the modiolus, that normally contains only central
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processes of SGN, as shown in the control cochlea (Fig. 4 B
and Q). Some Is/ICKO neurons were found in their proper posi-
tion in Rosenthal’s canal, forming a dense strip of neurons, sug-
gesting a partially preserved organization of the spiral ganglion
(Fig. 4 Fand ). This segment of the spiral ganglion formed in
the midbase of the /s/1CKO cochlea correlates with the estimated
characteristic place in the cochlear place-frequency map for the
characteristic frequency (CF) of 32 kHz (40) (Fig. 4)). Pardal
preservation of the spiral ganglion in the midbase corresponds to
the retained high-frequency hearing function of s/ CKO. Identical
to the SGN migration abnormalities recognized at PO, most
SGNs were in the modiolus, outside of Rosenthal’s canal, in
Is[1CKO adult mice (SI Appendix, Fig. S7). Apart from the
changes in the cochlear ganglion, the VG was fused and
enlarged in /5/1CKO compared to distinct superior and inferior
vestibular ganglia in controls (Fig. 4 K'and L). The spatial seg-
regation between the vestibular and spiral ganglion was dimin-
ished in Zs/1CKO, with some areas fused, and thus, forming an
aberrant “spiro-vestibular” ganglion.

Using dye tracing, we evaluated the segregation of central
axons of the auditory nerve (the cranial nerve VIII) (Fig. 54,
schematic view of dye applications). In controls, the central
axons labeled by dyes applied into the base and apex are segre-
gated in the auditory nerve and from the VG, labeled by dye
injected into the vestibular end-organs (Fig. 5B). In contrast,
the central axons virtually overlapped in the auditory nerve
(vellow fibers), and neurons labeled by cochlear dye applica-
tions were detected to be intermingled with vestibular neurons
in an aberrant “spiro-vestibular” ganglion in Is/ICKO (Fig.
50). Unfortunately, the mixing of spiral and VG neurons in
Is/1CKO mice precluded a full quantitative assessment.

The CN is the first structure of the ascending auditory path-
ways, where the auditory nerve fibers project. The auditory
nerve bifurcated with one branch, synapsing in the posteroven-
tral and dorsal CN (DCN) and the other innervating the antero-
ventral CN (Fig. 54). Dye tracing showed segregated projections
of apical and basal cochlear afferents forming parallel isofre-
quency bands in controls at E16.5 (Fig. 5D). In contrast, com-
parable injections in /s/1CKO showed that axonal projections to
the CN were reduced, restricted, disorganized, and lacked clear
apex- and base-projection segregations, as many fibers over-
lapped (Fig. 5 E~G). Only a few fibers can occasionally be
seen expanding to the DCN in [5/ICKO at E16.5 (Inser in
Fig. 5F). Aberrant central projections were further demon-
strated by cochlear neurons projecting to the lateral vestibular
nucleus in Is/ICKO (Fig. 5]). No such projections were found
in control mice with segregated vestibular projections to the
vestibular nucleus, and basal and apical afferents reaching the
CN (Fig. 5H). Collectively, these data show disorganized cen-
tral projections and a loss of tonotopic organization of both
the auditory nerve and the CN in /5/ICKO, as the apical and
basal projections are not completely segregated (see graphic
summary in Fig. 5)).

Since the size and number of neurons in the CN depend on
input from the auditory nerve during a critical development
period (47), we analyzed the volume of the CN of Is//CKO. The
volume of the CN of mutants was reduced by ~50% compared
to controls at P35 (87 Appendix, Fig. S8). As Is/I is not expressed
in the CN (20), the reduced size is likely a secondary effect asso-
ciated with reduced afferent input consistent with the previously
reported impact of neonatal cochlear ablation (2). The spherical
and globular bushy cells are principal cells that receive large audi-
tory nerve endings, called “endbulbs of Held” and “modified
endbulbs,” specialized for precise temporal firing (1, 48). Using
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antiparvalbumin to label spherical bushy cells and anti-VGlutl
to label auditory nerve endbulbs of Held (49, 50), we demon-
strated that auditory afferents of /s/ICKO and controls formed
comparable clusters of boutons that wrap the somas of their
targets and the density of bushy cells was similar (ST Appendix,
Fig. S8 C-H).

Characteristics of IC Neurons Are Distorted in Is/TCKO. We
evaluated IC properties, which is the principal auditory struc-
ture of the midbrain for the ascending auditory pathways and
descending inputs from the auditory cortex (51). The IC allows
for sound localization, integrates multisensory and nonauditory
contributions to hearing, and plays an essential role in generat-
ing the startle response. We demonstrated no significant IC size
reduction in fs/ICKO compared to controls (Fig. 6 A and B).
We compared neuronal characteristics in the central nucleus of
the IC of Is/ICKO and control animals using multichannel
electrodes. Compared to a well-defined narrow single-peaked
profile of the excitatory receptive field in controls, we recorded
the multipeaked broad tuning curves in the IC of Is/1CKO,
suggesting multiple inputs from the lower levels of the auditory
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NeuN

Fig. 4. Neurons in the /s/7CKO inner ear are abnor-
mally distributed. (A-/) Microdissected cochleae of
reporter control-AiT4 and Is/1CKO-Ai14 mice were
cleared (CUBIC protocol), immunolabeled, imaged,
and reconstructed in 3D using light-sheet fluores-
cence microscopy (Movies S1-S4). (A) In the control
cochlea, tdTomato™ SGNs form a coil of the SG in
the Rosenthal's canal and anti-Myo7a-labeled hair
cells show the spiral shape of the organ of Corti.
Parts of the VG with tdTomato* neurons and the
saccule with Myo7a* hair cells are shown. (B and ()
Anti-NeuN (a nuclear marker of differentiated neu-
rons) colabeled tdTomato* neurons form the SG
and VG in the control cochlea; the modiolus con-
tains the central processes, forming the auditory
nerve (AN). (D-F) In Is/1CKO-Ai14, tdTomato* neurons
are mainly located in the conical central part of the
cochlea, the modiolus, in contrast to the spiral of
the organ of Corti with Myo7a* hair cells. Some
IsITCKO neurons form a segment of the SG in the
Rosenthal's canal (RC) in the midbase region
(arrowhead), shown in detail in F, the RC area is
highlighted by dotted lines. (G and H) Abnormal
and uneven distribution of cochlear tdTomato™
neurons is shown by anti-NeuN colabeling. Many
neurons are misplaced in the modiolus, but some
neurons are in their close-normal position in the
Rosenthal's canal (arrowhead). (/) Schematic draw-
ing of the mouse cochlea shows the cochlear
place-frequency map for four cochlear regions
termed the apex (corresponding to the best
encoding frequencies ~8 kHz at the distance from
the basal end of 82%), midapex (~19 kHz at 49%
length), midbase (~32 kHz at 32% length), and
basal turn (~62 kHz at 9% length) (41). (K) Whole-
mount images of the P10 inner ear show distribu-
tion of tdTomato-labeled neurons in superior
(sVG) and inferior VG (iVG), and SG in the control-
Ai14. (L) In the IsI1CKO-Ai14, the VG is fused and
enlarged, spatial segregation between the VG and
SG is diminished, forming an aberrant “spiro-
vestibular” ganglion, and the SG has lost its spiral
shape. (Scale bars: 200 pm in all panels, except for
B and /, which are 100 pm.)

system and the worsened tunning characteristics of IC neurons
(Fig. 60).

The investigation of the responsiveness of IC neurons (IC
units) to different sound frequencies showed higher excitatory
thresholds in fs/ICKO compared to controls in measured fre-
quencies between 6 and 28 kHz (Fig. 6 D and E). Responsive-
ness of IC units to recorded frequencies above 28 kHz was
comparable between control and mutant mice. These compara-
ble thresholds for high frequencies between control and
Is/1CKO mice are consistent with the ABR measurements. At
the low-frequency range, below 6 kHz, we did not record any
IC neurons in Is/ICKO. Compared to the controls, the IC neu-
ronal responses in [s/ICKO had a higher broadband noise
(BBN) threshold, a narrower dynamic range, higher spontane-
ous activity, and a lower maximum response magnitude (Fig.
6F), suggesting a functional reduction in sensitivity to sound,
audibility, intensity discrimination, and increased excitability of
IC neurons in Is/1CKO. A commonly used metric unit of audi-
tory tuning is the “quality factor” or Q, defined as the CF
divided by the bandwidth, measured at 20 dB above the mini-
mum threshold (Qyo). Results revealed a significanty lower
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Fig. 5. Is/TCKO neurons project unsegregated and disorganized central projections to the CN. (A) The schematic diagram visualizes dye tracing from the inner
ear and its connections to the auditory brainstem, using insertions of differently colored NeuroVue dyes into the vestibular end-organ (utricle, magenta),
cochlear base (red), and apex (green). Axonal projections from cochlear neurons to the CN bifurcate with one branch synapsing in the DCN and the other inner-
vating the anteroventral CN (AVCN). (B) Images of individual colors of the separate channels and a merged image show distinct and spatially restricted bundles
of neuronal fibers of the auditory nerve (AN) projecting to the CN and the VG in controls, labeled by dye applications. The only mixed bundle (yellow) is inner
ear efferents (IEE). (C) In Is/TCKO, the segregation of central axons is lost, as fibers labeled from the apex and base are mainly overlapping in the AN (yellow
fibers), and neurons labeled by dyes applied into the cochlear base and apex are mixed with VG neurons to form an aberrant ganglion, the “spiro-vestibular”
ganglion. Note that fibers labeled from the apex (green) form an unusual fiber loop around the ganglion, and no IEE are recognizable in /s/7CKO. (D) The tono-
topic organization of the CN subdivisions is shown with low-frequency afferents labeled from the apex (green) and high frequency from the base (red) and orga-
nized as parallel fibers in isofrequency bands in controls at E16.5. (E) In Is/1CKO, cochlear afferents enter the AVCN as a single bundle instead of forming separate
basal and apical projections. The branch synapsing in the AVCN is reduced and disorganized. Arrowheads indicate overlapping fibers. The DCN branch is repre-
sented by just a few fibers in Is/TCKO (Inset). (F and G) Images of individual colors of the separate channels represent projections labeled from the apex (green)
and base (red), shown as a merged image in E. (H and /) The confocal section shows segregated cochlear afferents from the base and apex, and vestibular affer-
ents extend toward the control’s lateral vestibular nucleus (LVN). In contrast, cochlear afferents of /s/TCKO overlap (yellow fibers), and some basal afferents
extend toward the CN, and some project toward the LVN and loop back to the CN. (/) Graphic summary of aberrant location and projections of auditory neurons
in Is/TCKO. In the control, the auditory system is tonotopically organized, including neurons of the SG, the AN, and the CN subdivisions. In Is/7CKO, excluding
some portion of neurons in the base, neurons are located outside of Rosenthal’s canal. Some neurons projecting to the cochlea are mixed with vestibular neu-
rons. The central axons are not segregated in the AN and AVCN. Projections entering the DCN are diminished in /s/7CKO. AC, anterior crista; D, dorsal; HC, hori-
zontal crista; P, posterior axes; PVCN, posteroventral CN; PC, posterior crista; RB, restiform body; r1-r6, rhombomere 1-6; U, utricle; S, saccule; VN, vestibular
nerve. (Scale bars, 100 pm.)
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quality factor in Is/1 CKO (Fig. 6G), showing substantially wors-
ened frequency selectivity.

To evaluate the precise temporal representation of sound in
the central auditory system, we performed an acoustic stimula-
tion of the IC units with trains of five clicks with different
interclick intervals from 100 ms up to 15 ms. In control mice,
increasing the time interval between clicks led to a better syn-
chronization of neuronal responses with the individual clicks in
the train, implying precision and reliability of temporal sound
discrimination ability (Fig. 6H). In contrast, the precise tempo-
ral decoding in Is/1CKO was disrupted, as the synchronization
of neuronal responses was significantly lower for the whole
range of interclick intervals. The synchronization level of neu-
ronal responses of /s// CKO remains almost constant, suggesting
a lack of precise temporal sound processing.
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T T
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The Auditory Behavior of IsI1TCKO Mice Is Altered. Next, we
evaluated the behavioral responses of s//CKO to sound stimuli.
Since vestibular dysfunctions might influence auditory behavioral
responses, we first assessed the vestibular and motor function of
Is/1CKO. During open-field observations, Is// CKO mice did not
display any abnormal locomotor behavior, such as ataxia, diffi-
culty maintaining balance, wagging or vertical bobbing move-
ments of the head, or circling movements. The air-righting test,
a basic vestibular function test, and motor function tests on the
rotarod demonstrated comparable motor coordination between
control and s/ CKO mice (SI Appendix, Fig. S9). Concurrently,
the size of the sensory epithelia of the vestibular organs and
the size of the dorsal root ganglia were unaffected in Is/ICKO
(ST Appendix, Fig. S9). Thus, locomotor activities of Is/ICKO

were comparable to control mice. The acoustic startle response
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Fig. 7. The ASR and PPI responses are altered in the /s/TCKO. (A) ASR
thresholds for BBN bursts and tone pips at 8, 16, and 32 kHz in control
and Is/ITCKO mice are shown. Holm-Sidak method multiple comparison
t-test. *P < 0.05, **P < 0.01. (B) Significantly increased ASR latency to BBN
is found in Is/7TCKO compared to control mice; unpaired t-test, **P < 0.01.
(C) Amplitude-intensity ASR functions for BBN stimulation and (D) for tone
pips of 8 kHz and (E) 32 kHz at different decibel SPL intensities in control
and /s/TCKO mice are shown. (F) Efficacy of the BBN, (G) 8-kHz, and
(H) 32-kHz tone prepulse intensity on the relative ASR amplitudes are dis-
played; ASR ratio = 1 corresponds to the ASR amplitude without a pre-
pulse (uninhibited ASR). Two-way ANOVA with Bonferroni post hoc tests.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. All data are expressed
as mean + SEM.

(ASR) is usually used as a behavioral readout of hearing status
mediated by a brainstem circuit linking cochlear root neurons to
spinal motoneurons. The structural basis of the ASR includes
cochlear root neurons, CN neurons, the nucleus of the lateral
lemniscus, the caudal pontine reticular nucleus, spinal interneur-
ons, and spinal motor neurons (52, 53). Similar to the ABR
thresholds, the ASR thresholds of Is/1 CKO significantly increased
for startle tone stimuli of 8 kHz and BBN, but not for the high-
frequency startle tones (Fig. 7A4). The peak latency of the ASR to
the BBN stimulation at the 110-dB sound pressure level (SPL)
intensity was prolonged in I/ICKO (Fig. 7B), indicating a
slower reaction to the acoustic stimuli. We found significantly
reduced ASR amplitudes for all tested sound stimuli at higher
intensities, showing deteriorated acoustic startle reactivity in
Is/1CKO mice (Fig. 7 C-E).

To further assess complex auditory discrimination behavior,
we exposed control and Is//CKO mice to a prepulse inhibition
(PPI) paradigm (i.e., the inhibition of the ASR induced by pre-
senting an acoustic stimulus shortly preceding the presentation of
an acoustic stimulus, the startling sound). The circuit mediating

PNAS 2022 Vol. 119 No.37 2207433119

a prepulse on the startle reflex involves central structures of the
auditory pathway, including the IC and the auditory cortex
(54, 55). We used ecither BBN or pure-tone pips of 8 and
32 kHz at increasing intensities as a nonstartling acoustic stimu-
lus (prepulse) that preceded the startle stimulus in a quiet back-
ground (Fig. 7 F~H). The PPI with the prepulse of 32 kHz, the
well-preserved audible frequency in Is/ICKO, was comparable
between control and mutant mice. Interestingly, the prepulse of
8 kHz resulted in a more prominent inhibition of the startle
response in Is/ICKO than in controls, despite the significant
hearing deficiency at 8 kHz, as shown by ABR evaluations. This
indicates that the 8-kHz prepulse response was enhanced in
Isl1CKO, suggesting neural hyperactivity of the central auditory
system (46, 56). Thus, the ASR and PPI of startle analyses indi-
cate abnormalities in the acoustic behavior of Zs/1 CKO.

Discussion

Our study shows that LIM homeodomain transcription factor
ISL1 regulates neuronal development in the cochlea. Using RNA
profiling, morphological, and physiological analyses, we provide
evidence that ISL1 coordinates genetic networks affecting the
molecular characteristics of SGNs, pathfinding abilities, and audi-
tory information processing. The elimination of //I in neurons
during inner ear development results in a migration defect of
SGN, disorganized innervation in the cochlea, unsegregated and
reduced central axons, and reduced size of the CN. This neuronal
phenotype of Is/ICKO was accompanied by hearing impairment,
abnormalities in sound processing in the IC, and aberrant audi-
tory behavior. ISL1 is critical for the development of multiple tis-
sues, neuronal and nonneuronal cells (57-61). Different aspects
of neuronal development depend on ISL1, including specification
of motoneurons (57), sensory neurons (24, 59), axonal growth
(62), and axonal pathfinding (63). During inner ear develop-
ment, ISL1 is expressed in both neuronal and sensory precursors
(19, 21, 22). Transgenic modulations of /s/I indicate important
roles of ISL1 in the maintenance and function of neurons and
hair cells and as a possible contributing factor in neurodegenera-
tion (64-67). These studies suggest that ISL1 plays a role in
developing neurons and sensory cells, but no direct evaluation of
ISL1 function has been performed. To circumvent the pleiotropic
effects of I5/1 in embryonic development, we used Newurodl“” to
delete Is/I specifically in the inner ear neurons.

We established that ISL1 is necessary for neuronal differenti-
ation programs in the cochlea and the functional properties of
the auditory system. Our RNA profiling of SGNs demon-
strated transcriptome changes induced by a loss of Is/I affecting
the molecular characteristics of neurons and pathfinding abili-
ties, including neurotransmission, the structure of synapses,
neuron migration, axonogenesis, and expression of crucial guid-
ance molecules. Consistent with the central role of ISL1 in sen-
sory neuron developmental programs (24), regulatory networks
of signaling molecules and transcription factors were affected in
Is/1CKO neurons, such as proneural bHLH factors (members
of NeuroD, Olig, and Nscl families), LIM-only (Lmo2, Lmo3)
and LIM homeodomain transcription factors (LhxI, Lhx2,
Is[2), transcription activation complexes for coordination of
particular differentiation programs Eyes absent (Eya4 and Eya2)
and Sine oculis (Six2), POU homeodomain transregulatory fac-
tors (Pou3f2 and Poudf2), and FGF signaling molecules (Fgf10,
Fgfl1, Fgf13, Fgf14) and their downstream targets (Etwl, Etv4,
Er5). Interestingly, the transcription factor Gata3 was down-
regulated, suggesting that ISL1 is upstream of the Gata3 tran-
scriptional network of neuronal differentiation programs (14).
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Thus, ISL1 orchestrates a complex gene regulatory network driv-
ing multiple aspects of neuronal differentiation in the cochlea
and defining neuronal features.

The most striking morphological features of the neuronal
phenotype of Is/1CKO are the aberrant migration and pathfind-
ing of SGNs. A similar migration deficit was reported for
ErbB2-null mutants (68); however, the interpretation of the
findings is convoluted by the compounded direct inner ear
effects and the effects associated with neural crest-derived
Schwann cells. Additionally, conditional deletion of SoxI0 pro-
duced by Wnt1* resulted in abnormal migration of SGNs
similar to the /s/ICKO phenotype (69). Migration defects of
SGNs in both ErbB2 (68) and Sox10 mutants (69) were attrib-
uted to the complete absence of Schwann cells in the entire inner
ear ganglion. However, in our /s/ICKO, Sox10* Schwann cells
were found in a similar density in the spiral ganglion of both
mutant and control mice, thus excluding any direct involvement
of glial cells in the migration defects of Is/I-deficient neurons.
We identified several genes with altered molecular profiles that
are associated with neuronal phenotypes of projection and
migration abnormalities. For example, misplaced SGNs in the
modiolus are in N#k2 and Nirk3 neurotrophin receptor
mutants (36). Less severe phenotypes of misplaced SGNs have
been reported for mice lacking Dce (40) or mice with deficient
Slit/Robo signaling (39). All these reported SGN migration
defects are also associated with abnormalities in projections. In
line with the /s/1CKO phenotype of deficient neuronal migra-
tion and projections, Is/I elimination in SGNs resulted in
major transcriptional changes of genes encoding members of
all four classes of guidance molecules and their receptors,
growth factors, neurotrophic factor receptors, and cell adhe-
sion molecules (NCAM family, integrins, cadherins, and pro-
tocadherins), among others that are known to participate in
molecular networks coordinating neuronal migratory behav-
iors, axon guidance, and neural circuit assembly.

More profound disorganization of peripheral processes than
defects found in Is/ICKO or both Er6B2-null (68) and Sox10
mutants (69) was reported for delayed conditional deletion of
Gata3 in SGNs (14). Despite severe disorganization of cochlear
wiring of this Gam3 mutant, central projections maintained
their overall tonotopic organization within the auditory nerve
and the CN (13, 14). In contrast, we provide compelling evi-
dence that elimination of s/ in SGNis affected the pathfinding
abilities of neurons in the cochlea to form peripheral processes
and establish central projections. Such profound disorganization
of peripheral and central projections is known for Newurodl
mutations (17, 19, 20). Deletions of NeurodI result in miswired
and diminished SGNs, and loss of tonotopy (17, 20). Some-
what similar disorganization of central axons with unsegregated
auditory nerve fibers, reduced size of the CN, and missing tono-
topic organization of synapsing branches in the CN subdivisions
was found in our /ICKO. Although both NeurodlCKO and
Is/1CKO demonstrated significant hearing loss, in contrast to the
reduced sound frequency range of Newrod1CKO (20), responses
for the entire measured frequency range were detected in Is/1 CKO.
The processing of high acoustic frequencies was broadly compara-
ble between age-matched controls and /1 CKO, indicating some
preservation of peripheral neuronal activity. Specifically, high fre-
quencies above 28 kHz were comparable between the control and
Is/1CKO mice, as shown by ABR measurements and extracellular
electrophysiological recordings of IC neuronal activity (Figs. 38
and 6 Dand E).

As a result of disorganized primary auditory neurons with
derailed central projections, the characteristics of persistent
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auditory function in the IC were altered with worsened tuning
capabilities of IC units and their increased spontaneous activity
and threshold elevations and decreased dynamic range. The
peripheral deficit in sound encoding results in abnormal audi-
tory behavior of Is/ICKO. Although no significant differences
of ABR thresholds at 32 kHz were observed between Is/1CKO
and control mice, indicating retained hearing function, the star-
tle reactions of Is/1CKO at 32 kHz were reduced. Plasticity of
the startle response is also evident in the PPI responses of
Is/ICKO mice, in which a weak prestimulus suppresses the
response to a subsequent startling stimulus. /s/J CKO mice dem-
onstrated PPI impairment for the pure tone of 8 kHz, reflecting
abnormal sensorimotor gating due to hyperactivity of the cen-
tral auditory system (56, 70).

Additionally, compared to control mice, DPOAE responses
of Is/l1CKO were reduced, indicating dysfunction of cochlear
amplification. The OHCs of the organ of Corti play a central
role in the active enhancement of sound-induced vibration. For
given OHCs, amplification only occurs at a precise frequency,
and thus, this mechanism provides a sharpening of the tuning
curve and improves frequency selectivity (71). Nevertheless,
DPOAE analysis showed that some function was preserved in
high-frequency OHCs in the Is/ICKO cochlea. Frequencies
above 28 kHz are located at the basal half of the mouse
cochlea, from the midbase to the basal end (41), which corre-
spond to the most preserved distribution of sensory neurons in
the area of the spiral ganglion of Is/ICKO mice. Usually,
decreased DPOAE amplitudes indicate loss and dysfunction of
OHCs (64, 71-73). Since Neurod1“™ is not expressed in sensory
cells in the cochlea, any changes in the development of OHCs
represent secondary effects of Is// elimination in neurons. Accord-
ingly, cochlear amplification deficits in Is/ICKO correlated with
the reduced and disorganized innervation of OHCs (SI Appendix;
Fig. S4). The medial olivocochlear efferents innervate OHCs
from the brainstem, representing a sound-evoked negative feed-
back loop suppressing OHC activity (74). The formation of
efferent intraganglionic spiral bundle was altered in Zs/1CKO,
indicating changes in efferent innervation in the cochlear region.
Besides efferents, OHC:s are innervated by the type II SGNs (75,
76). Although the function of type II SGNs remains obscure, it
is clear that these neurons are involved in auditory nociception
(77), and may also constitute the disputed sensory drive for the
olivocochlear efferent reflex (78, 79). As Is/I is expressed in both
type I and type II SGNs during inner ear development (4), char-
acteristics of both neuronal types might likely be affected in
Is/1CKO. Alternatively, the apical innervation of afferents and
efferents could cause a side effect in the 75/ CKO mice.

The unexpected close-to-normal hearing function and audi-
tory signal processing at high frequencies suggest some preser-
vation of tonotopic organization in the 15/ CKO cochlea for the
propagation of acoustic information. Correspondingly, our 3D
images of the 5/1CKO cochlea show that some neurons in the
base are in their proper position in the Rosenthal’s canal, form-
ing a segment of the spiral ganglion. These unexpected results
may reflect a timeline of sequential neuronal differentiation
from the base to the apex, as the first differentiated neurons are
in the base and the last SGNs undergo terminal mitosis in the
apex (80). As the cochlea extends, differentiating neurons
migrate along the cochlea to form the spiral ganglion. This pro-
cess is completely disrupted in the /s/7CKO cochlea, and many
neurons are concentrated in a conical-shaped central structure,
the modiolus, with only a portion of neurons in the Rosenthal’s
canal. Notably, the functional and spatial organization of SGNs
may differ in transcription factor networks required for their
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differentiation programs. For example, some NeurodI-lacking neu-
rons survive, form a rudimental cochlear ganglion, and establish
bipolar connections to their targets in NeurodI-null mice (12) or
the otocyst-deleted Neurodl conditional mutant (18). Consistent
with these findings, neurons forming a segment of the spiral gan-
glion in the Rosenthal’s canal of /5//CKO may not require ISL1
for their differentiation and the migration mode. Another possibil-
ity is that Neurod1“" may produce a delayed Is1 deletion, result-
ing in a close-to-normal spatial organization of SGNs and auditory
system function at high frequencies. A different Cre driver generat-
ing an earlier recombination of s/ in the otocyst might be used
to address the high-frequency hearing phenotype of Is/1 CKO.

Another secondary effect of [/ elimination in neurons likely
contributing to the hearing deficit of Is/ICKO is a shortened
cochlea accompanied by the disorganized apical epithelium. Sim-
ilar phenotypes of a shortened cochlea were previously reported
for deletion mutants of Neurod! and Neurogl, key transcription
factors for inner ear neuronal development (12, 19, 20,
80-82). Although mechanisms affecting the cochlear exten-
sion are unknown, it is clear that these confounding features
of the Is/ICKO phenotype would consequently impact
mechanical and neural tuning from the base to the apex of
the cochlea and the ability to perform time-frequency process-
ing of sound.

A limitation of our study is that we only assessed the func-
tional role of s/I in the inner ear neurons. Notably, the elimi-
nation of [s/I in developing neurons is only a part of the story.
The expression pattern of ISL1 indicates that ISL1 may control
the development of multiple inner ear progenitors (22). The
expression of ISL1 in sensory precursors is down-regulated as
hair cell differentiation is initiated, and thus ISL1 is not
detected in the differentiated sensory hair and supporting cells
in vestibular and cochlear epithelia (22). It is conceivable that
ISL1 may play a role in the specification of sensory fate and the
regulation of the initial sequential events in sensory precursor
development. Further studies will be needed to fully uncouple
regulatory mechanisms in inner ear development by targeted
eliminations of Is/I in sensory precursors.

Altogether, our study provides compelling evidence that
ISL1 is a critical regulator of SGN development, affecting neu-
ronal migration, pathfinding abilities to form cochlear wiring,
and central axonal projections. As such, ISL1 represents an
essential factor in the regulation of neuronal differentiation to
produce functional neurons in cell-based therapies and stem cell
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