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Abstract

CHARGE syndrome is a multiple anomaly developmental disorder characterized by a variety

of sensory deficits, including sensorineural hearing loss of unknown etiology. Most cases

of CHARGE are caused by heterozygous pathogenic variants in CHD?7, the gene encoding
Chromodomain DNA-binding Protein 7 (CHD7), a chromatin remodeler important for the
development of neurons and glial cells. Previous studies in Chd767* mouse model of CHARGE
syndrome showed substantial neuron loss in the early stages of the developing inner ear

that are compensated for by mid-gestation. In this study, we sought to determine if early
developmental delays caused by Chd7 haploinsufficiency affect neurons, glial cells, and inner
hair cell innervation in the mature cochlea. Analysis of auditory brainstem response recordings in
Chd767* adult animals showed elevated thresholds at 4 kHz and 16 kHz, but no differences in
ABR Wave | peak latency or amplitude compared to wild type controls. Proportions of neurons in
the Chd767* adult spiral ganglion and densities of nerve projections from the spiral ganglion to
the organ of Corti were not significantly different from wild type controls. Inner hair cell synapse
formation also appeared unaffected in mature Chd76%* cochleae. However, histological analysis
of adult Chd76"* cochleae revealed diminished satellite glial cells and hypermyelinated Type |
spiral ganglion axons. We characterized the expression of CHD7 in developing inner ear glia and
found CHDY7 to be expressed during a tight window of inner ear development at the Schwann cell
precursor stage at E9.5. While cochlear neurons appear to differentiate normally in the setting of
Chd7 haploinsufficiency, our results suggest an important role for CHD7 in glial cells in the inner
ear. This study highlights the dynamic nature of CHD7 activity during inner ear development in
mice and contributes to understanding CHARGE syndrome pathology.
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1. Introduction

CHARGE syndrome (Coloboma of the eye, Heart defects, Atresia of the choanae,
Retardation of growth, Genital hypoplasia, Ear abnormalities) is a developmental disorder
occurring in approximately 1 in 10,000 live births annually (Van Ravenswaaij-Arts and
Martin, 2017). Ear abnormalities, including mixed conductive/sensorineural hearing loss, are
the most penetrant phenotypes in CHARGE (Hale et al., 2016; Van Ravenswaaij-Arts and
Martin, 2017). Individuals with CHARGE achieve varying degrees of hearing restoration
and improved language from cochlear implants, but abnormalities in temporal bone structure
and facial nerve obstruction can disrupt successful implantation of cochlear prosthetics
(Choo et al., 2017). Alternative approaches for restoring hearing in CHARGE, such as

gene therapy, could significantly benefit from improved understanding of the etiology of
sensorineural hearing loss (Hastings and Brigande, 2020; Omichi et al., 2019).

CHARGE syndrome is predominantly caused by pathogenic variants in CHD7 (Chd7

in mice), the gene encoding CHD7, a chromatin remodeling enzyme critical for neural
development (Bergman et al., 2011; Feng et al., 2017; Van Ravenswaaij-Arts and

Martin, 2017; Yao et al., 2020). We have previously demonstrated that the Chd767*
haploinsufficiency mouse model of CHARGE syndrome recapitulates many of the hallmark
features of CHARGE, including hearing loss (Adams et al., 2007; Hurd et al., 2011; Layman
etal., 2011). Developmental studies of Chd7G”* embryos have revealed altered progression
of cochleovestibular ganglion (CVVG) neurogenesis, in which the population of the CVG

by neuroblasts is delayed by 1-2 days of development (Hurd et al., 2010). Whether these
defects in neurogenesis have lasting effects through adulthood, or underly the hearing loss
observed in Chd7G”* mice, has not been determined.

In this study, we sought to address the etiology of hearing loss in Chd7¢7* adult mice

by interrogating multiple components of the peripheral auditory nervous system within the
inner ear. Using physiological and histological techniques, we identified a requirement for
CHD?7 in the development and/or maintenance of satellite glia and myelination of Type |
spiral ganglion axons in the adult mouse cochlea. We discovered that while some aspects

of cochlear innervation are insensitive to Chd7 haploinsufficiency, glial cells in the spiral
ganglion are uniquely sensitive to Chd7loss and may contribute to hearing loss in CHARGE
syndrome.

2. Materials & Methods

2.1 Animals

Chd767* mice were generated as previously described (Hurd et al., 2007) and maintained on
a mixed 129S1/SvimJ background (The Jackson Laboratory, Stock #002448). Genotyping
for the mutant allele was conducted as previously described (Hurd et al., 2010).

Sox10-H2BVenus (TQ(Sox10-HIST2H2BE/YFP#150Ut) mice were generated as previously
described (Corpening et al., 2011) and maintained on a C3HeB/FeJ background (The
Jackson Laboratory, Stock #000658). Genotyping for the intact BAC harboring Sox10
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regulatory elements and the H2BVenus transgene was conducted as previously described
(Corpening et al., 2011).

Animals were housed in a climate-controlled facility on a 12-hour light cycle and provided
with food and water ad /ibitum. Mice were euthanized via cervical dislocation followed by
decapitation. All procedures involving animals were conducted using protocols approved by
the Institutional Animal Care and Use Committee (IACUC) at the University of Michigan
and in accordance with the Guide for the Care and Use of Laboratory Animals.

2.2 Auditory Brainstem Response (ABR)

Wild type and Chd7G7* animals ages 6-8 weeks (N=11, with 5 males and 6 females,

in each genotype group) were anesthetized with ketamine (65 mg/kg) and xylazine (3.5
mg/kg) with additional anesthetic administered as needed to maintain anesthesia depth
sufficient to insure immobilization and relaxation. Body temperature was maintained with
water circulating heating pads and heat lamps. ABRs were recorded in an electrically and
acoustically shielded chamber (Acoustic Systems, Austin, TX). Needle electrodes were
placed at the vertex (active), the test ear (reference) and the contralateral ear (ground)
pinnae. Tucker Davis Technologies (TDT) System |1l hardware and SigGen/BioSig software
(TDT, Alachua, FL) were used for stimulus presentation and response recording. Tones were
delivered through an EC1 sound driver (TDT, calibrated in a closed volume approximating
the volume of a subject’s ear canal with a B&K 1/8 inch microphone), with the speculum
consistently placed just inside the tragus. Stimulus presentation consisted of 15 ms tone
bursts, with 1 ms rise/fall times, presented at a rate of 10 per second. Up to 1024 responses
were averaged for each stimulus level. Responses were collected for stimulus levels 10 dB
steps at higher stimulus levels, then with additional 5 dB steps near threshold. Thresholds
were interpolated between the lowest stimulus level where a response was observed, and 5
dB lower, where no response was observed. Stimuli were presented at 4, 16, and 32 kHz
frequencies for each animal. Two-way ANOVA was conducted to statistically determine the
effect of stimulus frequency and/or genotype on ABR thresholds.

ABR waveforms were analyzed in BioSig software. Peaks of Waves I-V were called by

two independent observers blinded to genotype of the subjects. Wave | peak latency was
defined as the time in milliseconds from stimulus onset to the crest of Wave 1. Wave | peak
amplitude in nanovolts was defined as the difference in voltage between the crest of Wave |
and the preceding trough. Two-way ANOVA was used to statistically determine the effect of
stimulus intensity and/or genotype on Wave | peak latency and amplitude.

2.3 Embryo and Inner Ear Collection

To collect Sox10-H2BVenus embryos, timed pregnancies were established between SoxI0¢-
H2BVenus males and wild type females with the morning of seminal plug detection
designated as E0.5. Embryos at stages E9.5, E10.5, E14.5, and E17.5 were harvested in

cold PBS and fixed in freshly prepared 4% paraformaldehyde (PFA) for 1 hour at room
temperature for E10.5 or overnight at 4°C for older embryos. Inner ears were collected from
adult wild type and Chd7G%* animals that were transcardially perfused with freshly prepared
4% PFA. Further fixation of the inner ear was achieved by making a small perforation in the
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otic capsule at the apex of the cochlea and slowly perfusing 1mL PFA followed by one hour
of fixation at room temperature. Inner ears were processed for whole mount Xgal staining

as described previously (Hurd et al., 2011). Samples were infiltrated with 30% sucrose as

a cryoprotectant prior to embedding in OCT freezing medium and cryostat sectioning at 12
microns. Frozen sections were stored at —80°C before processing for immunohistochemistry.

Immunohistochemistry on Frozen Sections

Frozen sections were processed for immunohistochemistry as previously described (Hurd
et al., 2010). Briefly, sections were thawed at room temperature, permeabilized in
PBS-Tween20, and blocked for one hour in blocking solution. Tissues were incubated
overnight at 4°C in primary antibody. For fluorescent staining, sections were incubated in
secondary antibody for either direct detection or by Tyramide SuperBoost amplification
(TSA, Invitrogen #B40933). Slides were mounted, cover-slipped, and imaged on a Leica
DM5000B stereomicroscope. Reagents are all listed in Supplementary Table 1. A minimum
of three sections cut from three embryos in each developmental age group were stained for
gene expression analysis.

Immunohistochemistry on Cochlear Whole Mount Preparations and Quantification of

Synaptic Puncta

Immunohistochemistry for synaptic markers was conducted in whole mount on cochleae
dissected from postnatal mice, using methods described previously (Kurioka et al., 2016;
Lee et al., 2016). Chd7""* and Chd7G”* mice (N=6 per genotype group) were sacrificed

at postnatal day 28 (P28) and their temporal bones were collected. Samples were fixed in
4% paraformaldehyde for 1.5 hours and then rinsed with PBS. Epithelia from the apical
cochlear region were sub-dissected for processing. Tissues were blocked in 5% Normal Goat
Serum and 0.3% Triton X-100 for 1 hour at room temperature and then incubated in primary
antibodies against CtBP2 and GIuA2 overnight at 4°C. After rinsing with PBS, tissues were
incubated in secondary antibodies diluted in 1% Normal Goat Serum for 1 hour at room
temperature. Additional rinses with PBS were followed by a final incubation in Phalloidin
conjugated to AlexaFluor 488 for 40 minutes. Tissues were rinsed and mounted onto slides
with Prolong Gold Anti-Fade mounting media (Invitrogen #P36930). All reagents used are
listed in Supplementary Table 1.

Imaging was performed on a Leica Inverted SP5 confocal microscope at the Microscopy
& Image Analysis Laboratory at the Biomedical Research Core Facility at the University
of Michigan. Z-series confocal stacks were obtained and analyzed in ImageJ software
(Schneider et al., 2012). CtBP2/GIuA2 positive puncta were marked and counted in each
Z-series slice. The total number of double-positive puncta were divided by the number of
inner hair cells to obtain average puncta per inner hair cell. Five cochleae were analyzed
per genotype. Averages were statistically compared using Student’s t-test with significance
defined as p < 0.05.

2.6 Transmission Electron Microscopy (TEM)

Adult wild type (N=6 male) and Chd76%* (N=7 male) mice were transcardially perfused
as described above with 2% Glutaraldehyde, 0.15M Cacodylate fixative. Cochleae were

Hear Res. Author manuscript; available in PMC 2023 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ritter et al.

2.7 G-ratio

Page 5

then harvested and perfused with the same fixative, then drop-fixed for a minimum of two
hours at room temperature. Cochleae were then placed in 3% EDTA with glutaraldehyde for
10-14 days at room temperature until the bone became soft, with fresh solution replaced
every other day. Tissues were then rinsed in cacodylate buffer for ten minutes, incubated

in 1% OsQ4 for one hour while shaking, followed by rinsing in water. The cochleae were
then incubated in uranyl acetate for 30 minutes while protected from light and thoroughly
rinsed in water before proceeding through an alcohol dehydration series. Samples were

then washed in propylene oxide and gradually transitioned to Epon embedding media over
several hours. Cochleae were embedded in Epon and sectioned through the midmodiolar
plane on a Leica Ultracut R ultramicrotome at 80nm thickness and mounted on grids

for TEM imaging. Imaging was conducted on a JEM-1400Plus transmission electron
microscope (JEOL, Tokyo, Japan) with 80 kV accelerating voltage at 2,500X magnification.
The cochlear region of each image (apex vs. base) was noted at the time of imaging.

Analysis

G-ratios from TEM images were measured using a G-ratio calculator plugin for ImageJ
(Goebbels et al., 2010) from a minimum of 100 nerves from each cochlea in both apex and
base (N=6 male wild type, 7 male Chd76%*)). Linear regression analysis was performed
to compare G-ratios against axon diameter. Two-way ANOVA tests were used to determine
the effect of either region and/or genotype on mean G-ratio, mean myelin thickness, and
mean axon diameter between. Statistical effect size was determined by calculating Cohen’s
d coefficient (Lakens, 2013).

2.8 Neuron, Glial Cell, and Axon Projection Counting

Cochleae processed for TEM imaging described above were also used for quantification

of spiral ganglion neurons and glial cells. Semi-thin sections in the midmodiolar plane
were cut on an ultramicrotome and mounted on slides. The number of spiral ganglion
neurons and glial cells were counted in the apex and base regions of the spiral ganglion
using previously published methods (Fukui et al., 2012; Kommareddi et al., 2015; Sha

et al., 2008). Within the total glial cell group, satellite cells encasing neuron cell bodies
and myelinating Schwann cells encasing nerve fibers were quantified. Raw cell counts,

as well as spiral ganglion cell density (cells/10,000um?2) were measured in ImageJ. Spiral
ganglion area was demarcated by the osseous spiral lamina. A minimum of five sections
were quantified for each region of each animal (N=4 wild type males, 6 Chd767* males).
Cell counts were conducted by two independent observers blinded to animal genotypes. The
statistical effect of cochlear region (apex vs. base) and genotype (wild type vs. Chd7CG7#)
was tested via two-way ANOVA with Tukey’s HSD post-hoc test. Statistical effect size
was determined by Cohen’s d coefficient (Lakens, 2013). This same procedure was used to
determine the density of axon projections from the spiral ganglion to the organ of Corti.
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3. Results

3.1 Chd7S"* mice exhibit low frequency-specific hearing loss but normal Wave | latency
and amplitude

In a previous study of adult Chd7C%* mice, we reported elevated thresholds of air-
conduction ABR at 4 and 16 kHz stimulus frequencies (Hurd et al., 2011). Here we asked
whether additional deficits in auditory signal propagation could be detected by ABR. From
a new cohort of wild type and Chd7¢”* male and female mice (N=11 in each genotype
group), we recorded ABRs at 4, 16, and 32 kHz frequencies. In addition to measuring ABR
threshold, we collected two additional data points: Wave | peak amplitude, an indicator of
auditory nerve signal propagation strength, and Wave | peak latency, an indicator of speed
of neurotransmission through the auditory nerve (Fig 1A). As previously reported, we found
that adult Chd76%* mice exhibit significantly increased ABR thresholds at 4 kHz (39 dB
SPL vs 80 dB SPL, p = 7.117%) and 16 kHz (22 dB SPL vs 47 dB SPL, p = 0.00105)
stimulus frequencies, but not at 32 kHz (51 dB SPL vs 49 dB SPL, p = 0.88) (Fig 1B). We
computed and examined average ABR waveforms for each stimulus frequency and noted
that Chd767* waveforms do not appear different from those of wild type littermate controls
(Fig 1C, F, I). We calculated and compared input/output (1/O) growth functions for Wave

| peak latency (Fig 1D, G, J) and for Wave | peak amplitude (Fig 1E, H, K), and found

no statistically significant differences in either of these measures of auditory nerve function
between Chd7¢%* and wild type littermate controls. These experimental results suggest that
auditory nerve function is normal in Chd7G%* mice or that such deficiencies are present but
below the level of detection using air conduction ABR. To help explore these possibilities,
we carefully examined the cochlear spiral ganglion, organ of Corti, and auditory nerve in
Chd767* mutant mice.

3.2 Neuron densities are normal but satellite glial cells are reduced in adult Chd76t/*

spiral ganglion
Previous studies of embryonic development in Chd7¢7* mice demonstrated a developmental
delay during embryogenesis in the production of cells in the cochleovestibular ganglion
(CVG) (Hurd et al., 2010). Chd7C”* embryos exhibit substantially fewer neuroblasts in
the CVG at E10.5, but cell numbers recovered to wild type levels by E11.5 (Hurd et al.,
2010). However, whether this delay in CVG cell production affects neurons and glial cells
in similar proportions in the adult spiral ganglion is unknown. To answer this question, we
examined mid-modiolar plane sections of the apex, middle, and base regions of the cochlea
in 8-week-old wild type (N=4) and Chd7¢7* (N=6) male animals and measured spiral
ganglion neuron and glial cell density (Fig 2). We observed no morphological abnormalities
of the spiral ganglion in Chd7¢”* cochleae (Fig 2A-D). We measured the density of neurons
in the spiral ganglia and found the mean apex neuron densities were 9.76 + 0.83 neurons/10
mm? in wild type, versus 8.91 + 0.59 neurons/10 mm? in Chd7¢"* spiral ganglia. Average
base neuron densities were 9.72 + 0.36 neurons/10 mm? in wild type ears spiral ganglia,
versus 9.39 + 0.25 neurons/10 mm? in Chd76%* samples (Fig 2E). We used two-way
ANOVA with Tukey’s HSD post-hoc test to determine if region of the cochlea or genotype
affected cell density in the spiral ganglion. There were no statistically significant differences
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in average neuron density by region (f(1) = 0.305, p = 0.5877) or genotype (f(1) = 1.284, p =
0.2729).

We also measured the density of glial cells in the spiral ganglion in wild type and Chd76¢7*
cochleae. In our analyses, we separately counted two glial cell populations in the cochlea:
satellite glial cells that provide neurotrophic support to spiral ganglion neuronal cell bodies,
and myelinating Schwann cells that encase peripheral nerve projections from the spiral
ganglion to the organ of Corti (Lago-Baldaia et al., 2020). Our measurements showed

a significant reduction in satellite glial cells in Chd7¢”* cochleae (f(1)=5.103, p=0.373,
two-way ANOVA), with no effect of region (f(1)=0.026, p=0.875, two-way ANOVA)

(Fig 2F). Apex satellite glial cell densities were 4.37 + 0.49 glial cells/20mm? in wild

type spiral ganglia, compared to 3.36 + 0.16 glial cells/10 mm? in Chd76%* samples.

The difference in apex satellite glial cell densities exhibited a large statistical effect size
(Cohen’s ¢=1.496). In the base, mean satellite glial cell densities were measured as 4.22
+0.72 cells/10 mm? in wild type vs. 3.56 + 0.19 cells/10 mm?, with a moderate effect

size (Cohen’s ¢=0.686).. Interestingly, myelinating Schwann cell densities tended to be
reduced in Chd7G”* cochleae, but cell density differences between genotypes narrowly
missed statistical significance (f(1)=4.171, p=0.058, two-way ANOVA) (Fig 2G). Cochlear
region did not impact differences in Schwann cell densities between genotypes (f(1)=0.149,
p=0.704). Mean apex Schwann cell densities were measured as 8.652 + 1.48 cells/10mm? in
wild type and 7.768 + 0.515 in Chd767* ears respectively. Mean base Schwann cell densities
were similar to apex measurements; 9.013 + 0.314 cells/10mm? in wild type vs. 7.026 +
0.361 cells/20mm? in Chd767* samples. From this experiment, we conclude that glial cells
are specifically affected by loss of Chd7, while spiral ganglion neurons are insensitive to
Chd7 haploinsufficiency.

3.3 Chd7 haploinsufficiency does not impact the density of spiral ganglion afferent

projections

Although proportions of neurons were unaffected by Chd7 loss, we next questioned if CHD7
is required for the outgrowth of nerve fibers projecting from the spiral ganglion to the

organ of Corti by measuring the density of myelinated axons traversing through the osseous
spiral lamina in the apex and base of the cochlea in wild type (N=8 male) and Chd7¢"*
(N=8 male) 8-week old mice (Fig 3). The overall morphology of the nerve bundles in
Rosenthal’s canal appeared comparable between wild type and Chd7¢%* cochleae imaged
by TEM (Fig 3A). Average apex nerve densities in wild type and Chd76”* samples were

not statistically significantly different (9.7 neurons/10 mm? vs. 8.9 neurons/10 mm?), nor
were average nerve densities in the base (7.21 £ 0.77 nerves/100 um? in wild type vs. 8.09 +
1.21 nerves/100 pm? in Chd767*) (Fig 3B). Two-way ANOVA showed no effect of cochlear
region on axon density (f(1) = 2.967, p = 0.096) nor genotype (f(1) = 0.004, p = 0.947).
These experimental results indicate that loss of one copy of Chd7does not alter the ability of
Type | spiral ganglion neurons to traverse the osseous spiral lamina and project to the organ
of Corti.
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3.4 Loss of Chd7 does not affect formation of inner hair cell synaptic terminals

Formation of intact synapses from Type I spiral ganglion neurons on inner hair cells (IHC)
in the organ of Corti is critical for inner ear development. We investigated if Chd7is
required for this developmental process by quantifying synaptic puncta in P28 wild type
and Chd76%* cochleae (Fig 4, N=6 male animals per genotype group). Whole mount
apical cochlear preparations were stained with CtBP2 (presynaptic marker) and GIuA2
(postsynaptic marker) and imaged via confocal microscopy. Samples were counter-stained
with phalloidin to visualize hair cells and the average number of intact synaptic puncta,
defined as overlap of CtBP2 and GIuA2, were measured in wild type (Fig 4A-A") and
Chd7C"* animals (Fig 4B—B"). We found no statistically significant difference in the
average number of intact synaptic puncta between the two genotype groups (12.82 + 0.86
puncta/IHC in wild type vs. 13.76 + 1.01 puncta/IHC in Chd7¢%*, p = 0.4952, Welch’s
t-test, Fig 4C). This result suggests that CHD7 is not required for the formation of inner hair
cell synapses in the auditory sensory epithelium.

3.5 Chd7is required for appropriate myelination of Type | neurons in the spiral ganglion

Previous studies in a mouse model of CHARGE syndrome revealed a critical role for

CHD?7 in regulating myelination in the central nervous system (CNS) (He et al., 2016).

We hypothesized that CHD7 may similarly regulate myelination in the peripheral auditory
nervous system. To test this, we processed 8-week-old wild type (N=6 male) and Chd767*
(N=7 male) cochleae for TEM and quantified myelination of spiral ganglion neurons (Fig
5). We noted an increase in myelin thickness in Chd767* cochleae compared to wild type
littermates (Fig 5A). The overall G-ratio throughout the entire cochlea was significantly
decreased in Chd7¢%* mutant spiral ganglia compared to wild type (0.707 + 0.004 in wild
type vs. 0.671 + 0.006 in Chd767*, p = 0.001015, Welch’s t-test, Fig 5B). While the
decrease in Chd7C”* G-ratio is subtle, it is of large statistical effect size (Cohen’s ¢=2.46).
Both wild type and Chd7¢%* spiral ganglion nerves showed a linear relationship between
axon diameter and G-ratio in the apex and base of the cochlea, indicating that nerve fibers of
all sizes exhibited altered myelination through the entire length of the cochlea (Fig 5C-D).
To determine if myelin thickness was driving the lower average G-ratio in Chd767* samples,
we separated the myelin thickness and axon diameter measurements from the G-ratios

and analyzed them individually in both apex and base regions. Indeed, myelin thickness
increased by 10% in the apex and 15% in base Chd767* spiral ganglia compared to wild
type samples (0.5704 + 0.0028 um vs. 0.6284 + 0.0042 um in apex, 0.5782 + 0.0032 um

vs. 0.6702 + 0.0038 um in base, f(1)=7.542, p=0.0128, two-way ANOVA) (Fig 5E-F).
However, mean axon diameter was not significantly different between the two genotype
groups in either apex or base regions (1.422 + 0.0061 um in wild type vs. 1.428 + 0.0077
um in Chd7G"* apex spiral ganglia, and 1.351 + 0.0069 pum vs 1.308 + 0.0059 pum in wild
type and Chd76%* base spiral ganglia respectively, f(1)=0.070, p = 0.795, two-way ANOVA,
Fig 5G-H). From these results, we conclude that CHD7 participates in the regulation of
myelination of Type | spiral ganglion neurons.
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3.6 Chd7is expressed in migratory neural crest and Schwann cell precursors populating
the cochleovestibular ganglion

Chd7 is known to be expressed in developing CVG neurons (Hurd et al., 2010), but

its expression in developing glia has not been characterized. We employed a transgenic
Sox10-h2BVenus mouse line that faithfully recapitulates endogenous expression of Sox10,
a transcription factor expression in neural crest cells fated to become Schwann cells

and satellite glial cells (Corpening et al., 2011; Jessen et al., 2015). We collected
Sox10-h2BVenus transgenic embryos at stages E9.5, E10.5, E14.5, and E17.5 and stained
transverse cryo-sections with anti-CHD7 antibody (Fig 6, N=at least 3 sections from 3
embryos per age group). At stage E9.5, neural crest cells rostral to the otocyst are emigrating
ventrally from the neural tube, some which express SoxZ0-H2BVenus (Fig 6A) or CHD7
(Fig 6B). We noted some co-localization between SoxZ0-H2BVenus and CHD?7 in this cell
population (Fig 6C), which corroborates previous reports of Chd7 expression in neural
crest cell lineages (Bajpai et al., 2010; Fan et al., 2021; Fujita et al., 2016). Examination
of the CVG at E9.5, which ultimately gives rise to the cochlear spiral ganglion and
vestibular ganglion (Coate and Kelley, 2013), showed extensive expression of CHD7 in
Sox10-H2BVenus+ Schwann cell precursors (Fig 6B—B”). A similar pattern of expression
was also present in the caudal CVG, although with more CHD7+, SoxZ0-H2BVenus- cells
that are likely neuronal in identity (Fig 6C—C”). Interestingly, by one day later at E10.5,
CHD?7 was largely excluded from SoxZ-H2BVenus+ cells in the CVG (Fig 6D-D”).

By E14.5, CHD7 and SoxI0-H2BVenus expression were mutually exclusive in the spiral
ganglion (Fig 6E-E”) and this expression pattern continued through E17.5 (Fig 6F—F").
From this gene expression analysis, we conclude that CHD?7 is initially robustly expressed
in neural crest-derived Schwann cell precursors during the earliest stages of CVG formation
but is rapidly down-regulated in developing glial cells at E10.5.

4. Discussion

In this study, we sought to determine the etiology of hearing loss observed in the Chd7¢%*
mouse model of CHARGE syndrome. By systematically investigating the core components
of the peripheral auditory system, we found that cochlear innervation is preserved with

loss of one copy of Chd7. Interestingly, we discovered a novel function for CHD7 in the
development and/or maintenance of satellite glial cells in the spiral ganglia and in regulating
myelin sheaths encasing Type | spiral ganglion neurons innervating the auditory sensory
epithelium of the cochlea. These findings have important implications for CHD7 function in
the peripheral nervous system and CHARGE syndrome.

This study builds upon previous work showing hearing loss at low- and mid-range
frequencies in Chd767* mice but not higher frequencies (Hurd et al., 2011). Here we

also found normal Wave | peak latencies and amplitudes, wild type proportions of spiral
ganglion neurons, neuronal projections, and IHC synapses in Chd7¢”* cochleae. These
observations together suggest that the auditory nerve is normal and functional in this model
of CHARGE syndrome. It is possible that other chromatin remodelers may be able to act
in a compensatory manner to mitigate loss of Chd7. CHD7 functions as part of a large
protein complex that includes other chromatin remodelers, such as BRG1 (Bajpai et al.,
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2010; Martin, 2010). Future experiments will investigate whether CHD7-interacting partners
like BRG1 are up-regulated in Chd7C"* tissues.

Using the Chd7G”* mouse line, our group also previously demonstrated a delay at E10.5

in the delamination of neuroblasts from the otocyst that give rise to the CVG. Neuroblasts
in Chd76%* mice are normal by E11.5 (Hurd et al., 2010). Normal numbers of neurons in
the Chd76”* CV/G suggests that this initial delay in neuroblast production in the CVG does
not impact neuron numbers in the adult spiral ganglion. Recent studies characterizing the
genetic diversity of spiral ganglion neurons have also demonstrated at least four neuronal
subtypes in the ganglion: Type 1a, 1b, 1c, and Type 2 (Shrestha et al., 2018; Sun et al.,
2018). It will be interesting to determine how early these neuronal subtypes are specified in
development and whether these subtypes are disrupted in Chd76%* mice.

In this study, we observed a significant reduction in the density of satellite glial cells within
the spiral ganglion of Chd767* cochleae. Satellite glial cells provide important neurotrophic
support to neurons within the spiral ganglia and other peripheral sensory and motor systems
(Lago-Baldaia et al., 2020). A prior study reported spiral ganglion neuronal degeneration
upon loss of satellite glial cells in mice, which led to subsequent hearing loss (Akil et al.,
2015). In our study, we did not find evidence of neuronal degeneration in Chd76%* spiral
ganglia, but it is possible that a deficit in satellite glia could alter neuronal physiology in
the cochlea that could contribute, at least in part, to hearing loss. In addition to reduced
satellite glial cells, we observed a subtle but significant increase in myelination of Chd76%*
spiral ganglion nerve projections to the organ of Corti. Aberrant myelination of spiral
ganglion neurons can have a significant impact on the function of the auditory nerve and
hearing. Deafness in peripheral neuropathies, such as Charcot-Marie-Tooth syndrome, as
well as Hidden Hearing Loss, can be attributed (at least in part) to defective myelination

of spiral ganglion neurons (Long et al., 2018; Wan and Corfas, 2017). Indeed, one of the
causative genes of Charcot-Marie-Tooth, Pmp22, encodes a core myelin component and
loss of function of PmpZ22in mice leads to both hypermyelination and demyelination of
peripheral nerves (Adlkofer et al., 1995; Bolino et al., 2016; Sander et al., 1998). CHD7
may be an upstream regulator of Pmp22 or other essential myelination genes, such as

Mpz, or Plp1 (Kastriti and Adameyko, 2017). We were surprised to note that, despite
observing a significant increase in myelin sheath thickness in Chd76%* cochleae, there

was no statistically significant difference in Wave | peak latency in ABR recordings. It is
important to note that even a small alteration in myelination can significantly impact nerve
conduction velocity, but ABR is not the most sensitive means to determine if this is the case.
Future studies will investigate this question using /n vivo electrophysiological recording of
nerve conduction velocity (Schulz et al., 2014).

CHD? has been the subject of numerous studies focused on CNS development, including
neurons and oligodendrocytes (Feng et al., 2017; He et al., 2016; Reddy et al., 2021).
Despite the numerous peripheral nervous system (PNS) related clinical features of
CHARGE, the PNS has not been as thoroughly studied in CHD7 animal models. The current
report is an important contribution to the study of peripheral phenotypes of CHARGE
syndrome. Other studies have illustrated the importance of CHD?7 in early neural crest
developmental events, including neural crest specification, neural crest stem cell formation,
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and the development of craniofacial mesenchyme (Bajpai et al., 2010; Fan et al., 2021;
Fujita et al., 2016). To our knowledge, this is the first report of a role for CHD7 in the
development and/or maintenance of satellite glia and, as well as the production of myelin
in Schwann cells. In this study, we found that CHD?7 is indeed expressed in early-stage
neural crest-derived Schwann cell precursors (SCPs) that give rise to both satellite glia and
myelinating Schwann cells (Kastriti and Adameyko, 2017).. In embryonic development,
the SCP population bifurcates into two genetically distinct glial cell lineages: immature
Schwann cells and satellite glial cells. Given our observation that C/d7 expression is
downregulated in glia by E14.5, about the time that immature Schwann cell and satellite
glial lineages diverge, it is possible that satellite glia fail to properly develop from the

SCP cell state with loss of Chd7. Another possibility is that the cell loss and increased
myelin production we observed in Chd7¢”* mice is a non-cell autonomous effect of
Chd7loss in spiral ganglion neurons (Jessen et al., 2015; Long et al., 2018). Non-cell
autonomous functions of CHD7 could also play a role in neuron-glia interactions between
spiral ganglion neurons and satellite glia (Lago-Baldaia et al., 2020); a disruption in cell-
cell communication mechanisms could lead to aberrant development or death of satellite
glia. For example, Neuregulin-ErbB receptor signaling between neurons and Schwann cells
plays a critical role in regulating myelin production through development and adulthood
(Birchmeier and Nave, 2008; Brinkmann et al., 2008; Chen et al., 2006). It is possible that
CHDY7 regulates the expression of Neuregulin in spiral ganglion neurons. Future studies will
investigate neuron-glia interactions in the developing inner ear.

It is important to note that Chd7¢”* mice also exhibit middle ear defects, including stapedial
malformations that result in ossicular chain fixation and ankylosis (Hurd et al., 2011).
Given the lack of overt neural inner ear phenotypes, it is possible that the increased ABR
thresholds observed in Chd7G”* mice are indicative of primarily conductive hearing loss,
rather than sensorineural. Air conduction ABR relies on the presentation of sound stimuli
through the external ear canal and the middle ear, which presents a confounding variable
in analysis of hearing in Chd7¢”* mice. Overall, this work demonstrates that in the mouse,
cochlear innervation is insensitive to Chd7 haploinsufficiency, with the exception of glial
cells and myelination in the spiral ganglia. We have demonstrated a previously unknown
role for CHD7 in myelin production in the peripheral nervous system that informs our
understanding of inner ear pathology in CHARGE syndrome and CHD7-related disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Elevated air-conduction ABR thresholds at low stimulus frequencies but unaltered
Wave | peak latency and amplitudein adult Chd7C"* mice.

(A) Schematic of typical ABR waveform with peaks labeled and Wave | peak latency and
amplitude defined. (B) ABR thresholds at 4, 16, and 32 kHz stimulus frequencies in 6 to
8-week-old wild type (blue) and Chd7G”* (red) male and female mice. N=11 wild type mice
(5 male) and 11 Chd76%* mice (5 male). *** denotes p < 0.001 by two-way ANOVA. (C)
Average ABR waveforms (solid line) with standard error of the mean (ribbons) recorded at 4
kHz stimulus frequency in wild type (blue) and Chd767* (red) mice. Vertical and horizontal
dashed lines represent stimulus onset and noise floor, respectively. (D) Wave | peak latency
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(ms) at 4 kHz stimulus frequency plotted against stimulus intensity (dB SPL). Each dot is
one animal. Error bars represent standard error of the mean. (E) Wave | peak amplitude
(nV) plotted against stimulus intensity (dB SPL) for wild type (blue) and Chd767* (red)
mice at 4 kHz stimulus frequency. Each dot represents one animal and error bars represent
standard error of the mean. (F-H) Average ABR waveforms, Wave | peak latency, and Wave
| peak amplitude, for ABRs recorded with 16 kHz stimulus frequency. (I-K) Average ABR
waveforms, Wave | peak latency and amplitude for ABRs recorded with 32 kHz stimulus
frequency.
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Figure 2. Reduced glial cell densitiesin the spiral ganglion in adult Chd7S%* mice.
(A, B) Representative light micrographs of spiral ganglia in the apex and base regions of

the cochlea in 8-week-old wild type mice (N=4 males). Zoom-inset in A highlights the
cells that were quantified: neurons (blue outline), satellite glial cells (magenta outline),

and myelinating Schwann cells (yellow outline). Green outlines denote spiral ganglion area
measured. (C, D) Representative images of spiral ganglia in apex and base regions of
8-week-old Chd76%* cochleae (N=6 males). Scale bars in A-D represent 50um. (E-G) Box
and whisker plots of neuron (E), satellite glial cell (F), and Schwann cell (G) density in
spiral ganglia of wild type (blue) and Chd7G7* (red) cochleae. Bold center lines of each box
denote median; box border denote upper and lower quartiles. Differences in mean neuron
density were not statistically significant in any region measured (denoted by n.s., two-way
ANOVA), but satellite cells adjacent to neurons were significantly reduced in apex and base
(p=0.0373, two-way ANOVA). Myelinating Schwann cells adjacent to nerve fibers were
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reduced in Chd7¢”* cochleae but did not reach statistical significance (p=0.058, two-way
ANOVA). Scale bars: 50 um.
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Figure 3. Density of myelinated spiral ganglion nerve fibersprojecting to the organ of Corti is

unaffected in adult Chd7CY* mice.

(A) TEM images of auditory nerve fibers in the osseous spiral lamina of wild type (top)

and Chd76%* (bottom) cochlear apex. Green lines demarcate the area measured to calculate
nerve density. (B) Box and whisker plots of nerve density measured in the apex and base
show no statistically significant difference in nerve density between wild type and Chd7¢7*
cochleae (denoted by n.s., two-way ANOVA). Bold center lines of each box denote median;
box border denote upper and lower quartiles. N=8 male mice for each genotype group. Scale

bar: 4 ym.
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Figure 4. Inner hair cell synaptic puncta areintact in postnatal Chd76U* organ of Corti.
Whole mount preparations of wild type (A-A”) and Chd767* (B-B”) P28 cochleae (apex)

stained with Phalloidin, CtBP2, and GIluA2. (C) Box and whisker plot of synaptic puncta
quantification as average number of CtBP2+/GluA2+ puncta per inner hair cell. Bold center
lines of each box denote median; box border denote upper and lower quartiles. No statistical
significance of difference in mean is denoted by n.s. (Welch’s two sample t-test). N=6 male
mice per genotype group. Scale bar: 25 pm.
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Figure 5. Subtle but significant hyper myelination of auditory nervefibersin adult Chd76U+

cochleae.

(A) TEM images of spiral ganglion axons of equivalent diameter from wild type (top)

and Chd76%* (bottom) apical cochleae. The myelin sheath encasing the Chd7C7* axon is
visibly thicker. (B) Box and whisker plot of mean G-ratio of each ear assessed in wild type
(N=6 male) and Chd767* (N=7 male) mice. ** indicates p < 0.001 by Welch’s two sample
t-test. Bold center lines denote median; box borders denote upper and lower quartiles. (C-D)
Scatter plot of G-ratio vs. axon diameter measured in wild type (blue) and Chd7¢7* (red)
spiral ganglia in apex (C) and base (D) of the cochlea. Linear regression analysis shows
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decreased G-ratio in Chd7¢7* mutants compared to wild type controls in both apex and
base regions. (E-H) Histograms of distribution of apex myelin thickness (E), base myelin
thickness (F), apex axon diameter (G), and base axon diameter (H) of axons measured to
compute G-ratios. Myelin thickness is significantly increased in Chd76%* apex and base
spiral ganglion axons, while axon diameter is not significantly different. * denotes p < 0.05.
by two-way ANOVA. Scale bar: 200 nm.
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Sox10-H2BVenus anti-CHD7 Merge

Figure 6. Chd7 istransiently expressed in a subset of Schwann cell precursorsin the
cochleovestibular ganglion but absent in glial cellsin the developing and mature spiral ganglion.

Transverse cryo-sections of SoxZ0-H2BVenus (green) transgenic embryos stained with anti-
CHD7 antibody (magenta). Staining at E9.5 shows robust expression of CHD7 in Sox10+
migratory neural crest cells (NCCs) rostral to the otocyst (A-A”), as well as in Sox10+
NCCs populating the cochleovestibular ganglion (cvg) rostral to the otocyst (ot) (B-B”™).
CHD7 is also expressed in the caudal portion of the cvg, but in a mosaic pattern (C-C”).
Arrow on the right side indicates the rostral to caudal presentation of panels A-C. By E10.5,
CHD?7 expression within the cvg is mostly restricted to SoxZ0 cells, with few remaining
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double-labeled cells (D-D™). By 14.5 (E-E”) and continuing through E17.5 (F-F”), CHD7
and Sox10-H2BVenus are mutually exclusive in the cochlear spiral ganglion (sg) while
CHD?7 remains high in the cochlea (co) and SoxI¢ cells. Staining was conducted on a
minimum of 3 sections from 3 embryos for each age group. Scale bar: 100 um.
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