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Noise-Induced Dysregulation of Quaking RNA Binding
Proteins Contributes to Auditory Nerve Demyelination and
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Noise exposure causes auditory nerve (AN) degeneration and hearing deficiency, though the proximal biological consequences are not
entirely understood. Most AN fibers and spiral ganglion neurons are ensheathed by myelinating glia that provide insulation and ensure
rapid transmission of nerve impulses from the cochlea to the brain. Here we show that noise exposure administered to mice of either sex
rapidly affects myelinating glial cells, causing molecular and cellular consequences that precede nerve degeneration. This response is
characterized by demyelination, inflammation, and widespread expression changes in myelin-related genes, including the RNA splicing
regulator Quaking (QKI) and numerous QKI target genes. Analysis of mice deficient in QKI revealed that QKI production in cochlear glial
cells is essential for proper myelination of spiral ganglion neurons and AN fibers, and for normal hearing. Our findings implicate QKI
dysregulation as a critical early component in the noise response, influencing cochlear glia function that leads to AN demyelination and,
ultimately, to hearing deficiency.
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Introduction
Extrinsic factors, such as exposure to noise and ototoxic drugs, as
well as intrinsic genetic defects and aging, cause the degeneration

of spiral ganglion neurons (SGNs) and auditory nerve (AN) fi-
bers, resulting in hearing loss (Liberman and Kiang, 1978; Spoen-
dlin, 1984; Zimmermann et al., 1995; Bao and Ohlemiller, 2010).
Approximately 95% of AN fibers are myelinated by cochlear glia.
Myelinating glia regulate the assembly of cellular adhesion
molecules and ion channels that are key elements of axo-glial
junctions and the paranodal structures at the node of Ranvier, a
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Significance Statement

Auditory glia cells ensheath a majority of spiral ganglion neurons with myelin, protect auditory neurons, and allow for fast
conduction of electrical impulses along the auditory nerve. Here we show that noise exposure causes glial dysfunction leading to
myelin abnormality and altered expression of numerous genes in the auditory nerve, including QKI, a gene implicated in regulat-
ing myelination. Study of a conditional mouse model that specifically depleted QKI in glia showed that QKI deficiency alone was
sufficient to elicit myelin-related abnormality and auditory functional declines. These results establish QKI as a key molecular
target in the noise response and a causative agent in hearing loss.
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critical structure for saltatory conduction (Susuki, 2013). Co-
chlear glia-associated paranodal structures and nodal clusters of
Na� channels are present along the entire length of AN processes
(Hossain et al., 2005; Kim and Rutherford, 2016). In the brain,
dynamic regulation of nerve myelination, required for nerve
plasticity and repair, continues into adulthood (Long and Corfas,
2014; Rao and Pearse, 2016). Myelin deficiencies significantly
deplete AN activity (Zhou et al., 1995; El-Badry et al., 2007; Jyothi
et al., 2010; Akil et al., 2015). A recent study in mice showed that
the induction of glial loss elicited remyelination but disrupted the
paranodal structure at the first heminodes, causing hearing defi-
ciency (Wan and Corfas, 2017). Using a rat model, Tagoe et al.
(2014) reported that noise exposure induced pathologies of paran-
odal axo-glial junctions and decreased conduction velocity in the
central processes of the AN projecting from SGNs to brainstem.

RNA binding proteins (RBPs) control post-transcriptional
events such as pre-mRNA splicing and mRNA stability, localiza-
tion, and translation (Fu and Ares, 2014). This wide range of
function allows these proteins to modulate the proteome of neu-
ral progenitor cells needed to facilitate differentiation into glial
and neuronal cells and to conduct myelination and form neural
circuitry (Wu et al., 2002). The Quaking (QKI) gene encodes a
KH-type family of RBPs and generates three major spliced tran-
scripts encoding QKI-5, QKI-6, and QKI-7 isoforms that differ in
their C termini (Ebersole et al., 1996; Hardy et al., 1996). QKI-5
harbors a nuclear localization signal and is located in the nucleus,
while QKI-6 is expressed throughout the cell and QKI-7 is cyto-
plasmic (Pilotte et al., 2001; Wu et al., 2002). QKI-5 and QKI-6
directly or indirectly regulate myelin-specific genes such as myelin-
associated glycoprotein (Zhao et al., 2006, 2010; Mandler et al.,
2014).

Here we have examined the linkage between noise exposure
and demyelination of SGNs and peripheral processes, focusing
on the molecular mechanisms that drive myelinating glial dys-
function. For this purpose, we used a noise exposure paradigm in
mice that resulted in permanent hearing loss. Our data show that
noise exposure causes demyelination of SGNs and disruption of
paranodal axo-glial junctions, promoting demyelination-asso-
ciated inflammatory responses and widespread changes in myelin-
related gene expression in the AN. Noise exposure caused a rapid
response in QKI RBP expression that was accompanied by
changes in the expression of numerous QKI targets associated
with myelination. Similar investigation of postnatal AN develop-
ment revealed that the upregulation of QKI-6 and QKI-7 and the
downregulation of QKI-5 occurred around the first 2 weeks after
birth, coinciding with myelination. Targeted deficiency of QKI in
adult cochlear glia disrupted myelin structure and paranodal
axo-glial junctions and resulted in hearing loss. Together, these
results identify QKI dysregulation as a critical early component in
the noise response, leading to glia dysfunction, demyelination,
and hearing loss.

Materials and Methods
Animals. All aspects of animal research were conducted in accordance
with the guidelines of the Institutional Animal Care and Use Committee
of the Medical University of South Carolina (MUSC) for CBA/CaJ mice
and with the McGill University guidelines set by the Canadian Council
on Animal Care for the QKIFL/FL;PLPCreERT and QKIFL/FL;- mice. CBA/CaJ
mice, originally purchased from The Jackson Laboratory, were bred in a
low-noise environment at the Animal Research Facility at MUSC. The
Quaking Cre-inducible knock-out mouse model QKIFL/FL;PLPCreERT and
littermate control QKIFL/FL;- were housed in a similar environment at the
Lady Davis Institute for Medical Research Small Animal Research Core.
All mice received food and water ad libitum and were maintained on a

12 h light/dark cycle. Subjects with signs of external ear canal and middle
ear obstruction or middle ear infection were excluded. Aside from the
exclusion criteria, subjects were chosen for their experimental groups at
random. Young-adult CBA/CaJ mice aged 6 –15 weeks and postnatal
mice at ages postnatal day 0 (P0), P3, P7, P10, P14, and P21 were used for
this project. The QKIFL/FL;PLPCreERT model (Darbelli et al., 2016) was
produced by crossing the QKIFL/FL mouse, which has loxP sites flanking
exon 2 of Quaking, with PLP-CreERT mice (Doerflinger et al., 2003). The
knockout was induced in �10-week-old QKIFL/FL;PLPCreERT mice by five
intraperitoneal injections of 10 mg/ml 4-hydroxytamoxifen (OHT) at 1
mg/25 g once per day. The knockout of exon 2, which is common for the
three major QKI isoforms QKI-5, QKI-6, and QKI-7, should result in a
null allele (Darbelli et al., 2016). Experiments were performed on �15-
week-old QKIFL/FL;PLPCreERT mice 28 d after the final OHT injection.
Age-matched QKIFL/FL;- littermates were used as controls.

Experimental design and statistical analyses. Statistical analyses were
completed using either dChip (Li and Wong, 2001; RRID:SCR_013504),
Microsoft Excel or GraphPad Prism 7 (GraphPad Software; RRID:
SCR_002798). Mice of either sex were used throughout the studies, as
our analysis showed that there was no significant difference in the effects
from noise exposure between sexes (data not shown). Mice used in each
experiment were assigned identification numbers to blind investigators
during data analyses. Sample sizes for auditory brainstem response
(ABR) threshold measurements were estimated using the R package
“pwr” (Champely, 2017). Sample sizes for other physiological measure-
ments (e.g., amplitude and latency), quantitative PCR (qPCR) studies,
and ultrastructural observations of type I SGNs (e.g., compactness of
myelin and G ratio measurements) were based on prior studies (Xing et
al., 2012; Lang et al., 2015). For microarray studies, prior analyses of
injured mouse auditory nerve demonstrated that a sample size of n � 3
was sufficient for robust detection of differentially expressed genes while
maintaining acceptable (i.e., moderate to low) false discovery rates (Lang
et al., 2015). Unless otherwise stated, each immunostaining experiment
used three mice for each experimental group. Representative images
from each immunostaining experiment are shown in the figures. Exact
sample sizes for all other experimental procedures are indicated in Table
1. Data in the figures are presented as either the mean � SE or the
mean � SD, as noted. Data were tested for normal distribution using the
Shapiro–Wilk normality test, and the groups being compared were
found to have similar variances. Depending on distribution, and data for
thresholds, amplitudes, and latencies were analyzed using either the non-
parametric Mann–Whitney test or Student’s t test, unpaired and two
tailed. Analysis of relative mRNA values obtained by qPCR for develop-
mental time points was performed by one-way ANOVA with Bonferro-
ni’s post-test; analysis of qPCR values for noise-injured samples versus
controls was performed by Student’s t test, unpaired and two tailed. G
ratio values compared with axon diameter or myelin thickness values
were plotted with computed linear regression lines. A p value of �0.05
was considered statistically significant.

Noise exposure. Noise exposure procedures were modified from previ-
ous studies (Lang et al., 2006). Briefly, young adult CBA/CaJ mice were
exposed to 8 –16 kHz octave-band noise at a 100, 106, or 112 dB SPL for
2 h using a Beyer DT48 Drive (Beyerdynamic) and monitored with a
probe-tube microphone (B&K 4134, Brüel & Kjær). Mice were then
killed immediately (Im), or on day 1, 7, 14, or 30 after noise exposure.

Physiological procedures. For each auditory function measurement, an-
imals were anesthetized via an intraperitoneal injection of a cocktail of 20
mg/kg xylazine and 100 mg/kg ketamine, and testing was performed in a
sound isolation booth (at MUSC) or a portable sound isolation appara-
tus (Lady Davis Institute for Medical Research). Each piece of auditory
brainstem measurement equipment was professionally calibrated before
use, and sound stimuli were delivered into the ear canal via a 10-mm-
long, 3- to 5-mm-diameter tube. ABR values acquired via Tucker Davis
Technologies Lab Rat Neurophysiology System 3 (RRID:SCR_006495)
and processed via the SigGen software package (version 4.4.1) were mea-
sured as previously described (Lang et al., 2015). Briefly, for young-adult
CBA/CaJ mice, ABRs were evoked at frequencies 4, 5.6, 11.3, 16, 22.6, 32,
40, and 45.2 kHz with 5 ms tone pips with cos 2 rise/fall times of 0.5 ms
delivered 31 times/s. Sound levels were reduced in 5 dB steps, from 90 to
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10 dB SPL. Results for each mouse were analyzed for threshold and
suprathreshold peak amplitudes and onset latencies at each frequency.
For noise-exposed mice, ABRs were recorded prenoise and postnoise Im,
or on days 1, 3, 7, 14, and/or 30, depending on the designated end point
of each group. For each noise and control group, thresholds were aver-
aged at each frequency, and mean � SEM values were calculated and
plotted using Origin 6.0 software (OriginLab; RRID:SCR_002815). For
suprathreshold amplitude and onset latency, measurements for no-noise
control and day 3 postnoise groups were averaged at each intensity level
for each frequency.

ABRs for mutant QKIFL/FL;PLPCreERT and QKIFL/FL;- littermate controls
were recorded at �15 weeks of age, just before sample collection. Record-

ings were performed and collected from the right ears of each mouse
using a portable SmartEP system and software (version 3.97; Intelligent
Hearing Systems). ABRs were evoked at frequencies of 8 and 16 kHz with
1 ms duration Blackman tones delivered at 19.3 times/s. Sound levels
were reduced in 10 dB steps from 100 to 10 dB SPL. Threshold measure-
ments for each group were plotted by mean � SEM values for each
frequency. ABR wave I amplitudes and latencies were plotted by mean �
SEM values for each intensity level per frequency.

Cochlear nerve tissue collection and total RNA isolation. Cochleae from
noise-exposed, controls and postnatal CBA/CaJ mice were collected at
their designated end points. Microdissections were performed to isolate
the AN from the rest of the cochlear structures, taking care to preserve

Table 1. Sample sizes for each experimental procedure

Experimental procedure Associated figures Sample size (n)

Threshold measurements of control vs
noise-exposed mice

1a– c Fig. 1a– c

Synapse ribbon and inner hair cell counts 1e,f,i,j Control � 3 cochlea*
D1 noise � 3 cochlea*
D14 noise � 4 cochlea*

Wave I amplitude measurements of
control versus noise-exposed mice

1k; 1-1 available at https://doi.org/10.1523/
JNEUROSCI.2487-17.2018.f1-1

See Fig. 1-1 available at https://doi.org/10.1523/JNEUROSCI.2487-
17.2018.f1-1

Examination of myelin pathology via
transmission electron microscopy

2a–l, 3j– q Control mice, * � 3
Noise mice*:
D1 � 3, D14 � 4, D30 � 14

Examination of NrCAM � nodal structures 2m 3 mice, 1 cochlear whole-mount per mouse for each control and D1
noise*

Examination of SGNs with abnormal myelin 2n 143 total glial cells counted from 3 control mice
215 total glial cells counted from 3 D1 noise mice

Wave I latency measurements of control
versus noise-exposed mice

2o; 2-1 available at https://doi.org/10.1523/JNEUROSCI.2487-
17.2018.f2-1

See Fig. 2-1 available at https://doi.org/10.1523/JNEUROSCI.2487-
17.2018.f2-1

Microarray analyses 4; 4-1 available at https://doi.org/10.1523/JNEUROSCI.2487-
17.2018.f4-1;
4-2 available at https://doi.org/10.1523/JNEUROSCI.2487-
17.2018.f4-2;
4-3 available at https://doi.org/10.1523/JNEUROSCI.2487-
17.2018.f4-3;
5b– e; 5-1 available at https://doi.org/10.1523/JNEUROSCI.2487-
17.2018.f5-1;
5-2 available at https://doi.org/10.1523/JNEUROSCI.2487-
17.2018.f5-2

3 mice for each control, post-noise exposure time points, and
developmental time points

mRNA expression of QKI variants and
potential targets of QKI in
control versus D1 noise mice

5a,f; 5-3 available at https://doi.org/10.1523/JNEUROSCI.2487-
17.2018.f5-3

Control mice � 2
D1 noise mice � 3

mRNA expression of QKI variants during
developmental time points

6a; 6-1 available at https://doi.org/10.1523/JNEUROSCI.2487-
17.2018.f6-1

3 mice for each developmental time points

Counts of Sox10 �/DAPI � cells and
Pan-QKI �/Sox10 �/DAPI �

cells in ANs of QKIFL/FL and
QKIFL/FL mice

7e,f; 7-1 available at https://doi.org/10.1523/JNEUROSCI.2487-
17.2018.f7-1

4 mice per genotype; 2– 4 sections analyzed per mouse

Examination of myelin pathology via
transmission electron microscopy

8a–j 3 mice per QKIFL/FL and QKIFL/FL genotype*

Examination of paranodal structures
via transmission electron microscopy

8b,g 17 nodal structures associated with 34 glial cells of 3 QKIFL/FL mice*

41 nodal structures associated with 54 glial cells of 3 QKIFL/FL mice*
G ratio analyses 8k 224 total fibers from 3 QKIFL/FL mice, 187 total fibers from 3 QKIFL/FL

mice
Threshold measurements of QKIFL/FL

versus QKIFL/FL mice
8q 4 mice per genotype

Wave I amplitude measurements of QKIFL/FL

versus QKIFL/FL mice
8r; 8-1 available at https://doi.org/10.1523/JNEUROSCI.2487-

17.2018.f8-1
See Fig. 8-1 available at https://doi.org/10.1523/JNEUROSCI.2487-

17.2018.f8-1, sample sizes are the same as ones for latency
measurements

Wave I latency measurements of QKIFL/FL

versus QKIFL/FL mice
8s; 8-1 available at https://doi.org/10.1523/JNEUROSCI.2487-

17.2018.f8-1
See Fig. 8-1 available at https://doi.org/10.1523/JNEUROSCI.2487-17.

2018.f8-1

D, Day; n, number of mice.

*Representative images are shown in the figures.
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peripheral fibers. Two cochleae from each mouse were pooled for indi-
vidual samples. Total RNA was purified from each sample using the
miRNeasy Mini Kit (Qiagen) per manufacturer instructions. The quality
of each total RNA isolation was assessed using the Agilent 2100 Bioana-
lyzer System, and low-quality samples showing degradation or contam-
ination were excluded.

Microarray hybridization and data analysis. Procedures for probe prep-
aration, hybridization, and microarray data processing were modified
from those described previously (Allen et al., 2009). Noise-exposed AN
samples were collected Im, and on days 1, 7, and 14 after exposure. Total
RNA (50 ng) was converted into biotin-labeled cRNA using the 3� IVT
Express Kit (Affymetrix). Hybridization to Mouse 430 2.0 GeneChips
(Affymetrix), and posthybridization washing, staining, and fluorescence
scanning were conducted using Affymetrix instrumentation following
manufacturer recommendations. Normalized hybridization data were
obtained by robust multiarray average (Irizarry et al., 2003), and detec-
tion calls were obtained by MAS 5.0 using Expression Console software
(Affymetrix). Microarray data are deposited in NCBI Gene Expression
Omnibus (accession GSE100365; RRID:SCR_007303). Comparative
analyses were conducted with dChip software. Given that samples had
been prepared from mice of both sexes (nine females, six males), a pre-
liminary analysis of expression data was conducted comparing females
with males. This analysis included a separate set of microarray expression
data generated for lateral wall of the same animals. Comparison based
solely on tissue and sex identified 48 genes that were significantly differ-
ent between male and female in both AN and cochlear lateral wall ( p �
0.01, Student’s t test, unpaired, two tailed, not assuming equal variance).
Review of these genes confirmed that many were X- or Y-linked. These
sex-dependent genes were eliminated from the AN dataset for all subsequent
analyses [Fig. 4-2 available at https://doi.org/10.1523/JNEUROSCI.2487-
17.2018.f4-2 (extended datasets were labeled as Figure X-Y, with “X”
indicating the main figure and “Y” indicating the extended data)]. For
unbiased expression analysis of the effect of noise, significant difference
was defined as an absolute fold change of �1.5 and p � 0.05 (Student’s t
test, unpaired, two tailed) for at least one pairwise relationship among the
control and postnoise time points; the false discovery rate, estimated
based on iterative comparisons using permuted group assignments, was
�24%. Enrichment analysis of biological process terms was conducted
with DAVID (Database for Annotation, Visualization, and Integrated
Discovery; Huang et al., 2009a, 2009b; RRID:SCR_001881) using mouse
gene symbols as input. Significantly enriched biological processes (ad-
justed p � 0.05, Benjamini–Hochberg adjustment) were summarized
with REVIGO (Supek et al., 2011; RRID:SCR_005825). A set of myelin-
related genes was compiled from several resources: (1) mRNAs enriched in
myelinating oligodendrocytes in mouse cerebral cortex compared with
astrocytes, neurons, oligodendrocyte progenitor cells, newly formed oli-
godendrocytes, microglia, and endothelia at FPKM (fragments per kilo-
base of transcript per million mapped reads) thresholds of 0.1, 1, 10, and
20 (Zhang et al., 2014); (2) mRNAs with normalized read counts of �100
and more than twofold increase in male mouse brain myelin (Thakurela
et al., 2016); (3) genes on the mouse 430 2.0 GeneChip (Affymetrix)
identified by query for the term “myelin”; and (4) a curated set of genes
related to the node of Ranvier. A set of putative QKI target genes was
compiled from genes alternatively spliced in a model of QKI deficiency
(Darbelli et al., 2016) and genes containing a QKI response element
(QRE; Galarneau and Richard, 2005). Gene sets were processed with the
NetAffx webtool (Affymetrix; RRID:SCR_007817) to match genes with
corresponding microarray content. Differential expression for focused
analysis of myelin-related and putative QKI target gene sets was defined
as p � 0.05 (Student’s t test, unpaired, two tailed) for at least one pairwise
relationship among the control and postnoise time points.

Quantitative PCR. Reverse transcription of total RNA was performed
with the iScript cDNA synthesis kit (BIO-RAD) using 25–50 ng of total
RNA in 20 �l reaction volumes according to manufacturer protocols.
The resulting cDNA samples were diluted to 100 �l by the addition of
water. qPCR was conducted as previously described (Cooley et al., 2014)
with a CFX96 Touch Real-Time PCR Detection System (BIO-RAD) us-
ing SsoAdvanced Universal SYBR Green Supermix (BIO-RAD). Briefly,
amplifications were performed in 10 �l reaction volumes with 2 �l of

diluted cDNA template, 1	 Supermix, and primer concentrations of 0.4
�M. All reactions were performed in technical triplicate with 40 cycles of
two-step cycling and a concluding melting procedure according to man-
ufacturer recommendations. Experimental and reference gene primers
designed for this project are given in Table 2. Other mouse gene primer
sets used in the study were total QKI (Pan-QKI; catalog #QT01058876,
Qiagen), QKI-1 (QKI-5; catalog #MQP073700, GeneCopoeia), QKI-2
(QKI-6; catalog #MQP073699, GeneCopoeia), and QKI-3 (QKI-7; cata-
log #MQP032742, GeneCopoeia). Melting curve profiles were reviewed
to ensure that all amplifications produced single amplicons indicative
of reaction specificity. Amplification data were analyzed with the PCR
Miner Web tool (Zhao and Fernald, 2005) to calculate reaction efficien-
cies and cycle thresholds. Relative mRNA expression values for experi-
mental genes were calculated as the starting fluorescence value relative to
the geometric mean of starting fluorescence values for two reference
genes (Liu and Saint, 2002). Reference genes used in the study were Tbp,
Hprt, and Actb.

Immunohistochemistry. Immunohistochemical procedures were mod-
ified from previous studies (Lang et al., 2015). After end-point physio-
logical recordings, mouse cochleae were collected and immediately fixed
with 4% paraformaldehyde solution in 1	 PBS for 1–2 h at room tem-
perature (RT) and decalcified with 0.12 M EDTA at RT for 1–2 d. For
mouse cochlear section preparations, the cochleae were embedded in
Tissue-Tek OCT compound and sectioned at a thickness of �10 �m. For
whole-mount preparations of mouse cochlear tissues, the auditory
nerves and attached organs of Corti were isolated from the rest of the
cochlear structures. The sections of the human temporal bones were
obtained from the collections of our previous studies (Xing et al., 2012;
Hao et al., 2014). The procedures for human cochlear tissue preparations
were reported in detail previously (Xing et al., 2012; Hao et al., 2014).

The primary and secondary antibodies used are listed in Table 3. Stain-
ing was performed either indirectly using biotinylated secondaries con-
jugated with fluorescent avidin (Vector Laboratories) or directly using
Alexa Fluor Dyes (Thermo Fisher Scientific). Nuclei were counterstained
using propidium iodide (PI), Hoechst stain, or DAPI. Slice and confocal
image stacks were collected using a Zeiss LSM 880 NLO microscope with

Table 2. Primer sequences used for quantitative PCR

Gene symbol Direction PCR primer sequence (5� to 3�)

Cdc42 Forward TGGAGAGCCATACACTCTTGG
Reverse TCTGTCTGTGGATAACTTAGCG

Gal3st1 Forward ATTGCTGCTGTACTCCTATGTGG
Reverse CCACTGGCTCATTGGGAATAGGG

Irgm1 Forward CCTAGGAAGAAAGGGGTGACG
Reverse GAGTTGGTTCCTTCGAATGCC

Rap1gds1 Forward GTGCCCTCAGGAATCTAGCC
Reverse AAAACCGTCTCCGTGACACC

Ugt8a Forward TTCATGGGTCCAGCCTATGG
Reverse CACCACTTACCCACCTCTGC

C1qb Forward CAGGCACTCCAGGGATAAAGG
Reverse CCCCTTTCTCTCCAAACTCACC

C1qc Forward GGAAGGACGGGCATGATGG
Reverse CGCCCTTCTGACCCTTGG

Ifit3 Forward TCTCTCCCTGACTCCTCTGC
Reverse TCAAAAGGTGCTCTGTCTGC

Ccl12 Forward ACGTCCGGAAGCTGAAGAGC
Reverse TTGGGGTCAGCACAGATCTCC

Pou3f2 Forward TTTCTTCAGATCCCCCAGACC
Reverse TGCATAAAGCGGGCAAACC

Gadd45a Forward AGCTGCTGCTACTGGAGAACG
Reverse GATCCTTCCATTGTGATGAATGTGG

Hprt Forward TCCTCCTCAGACCGCTTTT
Reverse CCTGGTTCATCATCGCTAATC

Tbp Forward TGAGAGCTCTGGAATTGTACCG
Reverse TGATGACTGCAGCAAATCGC

Actb Forward CGCGGCGATATCATCATCC
Reverse CCTCGCCTTTGCCGATCC
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ZEN acquisition software (Zeiss) or a Leica SP5 microscope with LAS AF
acquisition software (Leica Microsystems). Image stacks were taken at
0.75 �m intervals with image sizes of 134.95 �m (x) 	 134.95 �m (y)
from the Zeiss microscope and 144.72 �m (x) 	 144.72 �m (y) from the
Leica microscope. Images were processed using ZEN 2012 Blue Edition
(Carl Zeiss Microscopy), Application Suite X (version 3.0.2.16120; Leica
Microsystems), and Photoshop CC (Adobe Systems).

Hair cell and synapse ribbon counting. For hair cell and synapse ribbon
counting, cochleae for each control and postnoise group were dissected,
prepared for whole mounting, and immunostained for hair cell markers
Myosin-VIIa or PCP-4 and the presynaptic ribbon marker CtBP2. The
whole mounts were confocal imaged in the 5.6, 8, 11.3, 16, 22.6, 32, 45,
and 64 kHz frequency regions. Hair cells and CtBP2 � synapse ribbons
were counted per region. Counts from each sample per time point were
then averaged for the individual frequencies and are presented as the
mean � SEM.

Quantification of Sox10�/DAPI� and Pan-QKI�/Sox10�/DAPI� glial
cells. Sections containing either apical and middle or middle and basal
regions were taken from QKIFL/FL;- and QKIFL/FL;PLPCreERT mice (n � 4
mice/group; 2– 4 sections analyzed per mouse). Each section was immu-
nostained with Pan-QKI to detect all QKI variants, with Sox10 to mark
glial cells, and with DAPI to show cell nuclei. Sections were analyzed by
confocal microscopy, and measurements were taken from maximum
intensity projections of slice stacks per section. Similar areas of measure-
ment were chosen for each osseous spiral lamina (OSL) and Rosenthal’s
canal (RC) region from the samples. Sox10 �/DAPI � cells (i.e., glial cells)
and Pan-QKI �/Sox10 �/DAPI � cells (i.e., glia expressing QKI) were
counted and cell densities were calculated as the number of cells counted
divided by the area measured. Sox10 �/DAPI � and Pan-QKI �/Sox10 �/
DAPI � cell densities for QKIFL/FL;- and QKIFL/FL;PLPCreERT mice were
tested for significant difference ( p � 0.05) using the nonparametric
Mann–Whitney test and plotted as mean � SEM values.

Transmission electron microscopy and observation of abnormal myelin.
Sample preparation procedures for transmission electron microscopy
(TEM) were modified from a previous publication (Lang et al., 2015).
Briefly, deeply anesthetized mice were cardiac perfused with a mixture of
10 ml of saline and 0.1% sodium nitrite solution, followed by 15 ml of 4%
paraformaldehyde and 2% glutaraldehyde in 0.1 M phosphate buffer, pH
7.4, fixative solution. The same fixative solution was used to perfuse the
excised cochleae through the round window and for further immersion

overnight at 4°C. Cochleae were then decalcified using a 0.12 M EDTA
solution at RT for 2–3 d with a magnetic stirrer. Cochleae were postfixed
using a 1% osmium tetroxide and 1.5% ferrocyanide solution for 2 h in
the dark, subsequently dehydrated, and then embedded in Epon LX 112
resin. Semithin sections for pre-TEM observation of AN orientation were
cut with a 1 �m thickness and stained with toluidine blue. Once a coronal
plane for a given cochlear turn could be observed, ultrathin sections at 70 nm
thickness were cut and stained with uranyl acetate and lead citrate and then
examined using a JEOL JEM-1010 transmission electron microscope.

Myelin pathology of the ANs of control and 106 dB SPL noise-
exposed, young-adult CBA/CaJ mice at days 1, 14, and 30 were processed
for TEM. Electron micrographs from CBA/CaJ control and day 1 animals
were used for quantitative analysis of myelin. Myelination of type I SGNs
was visually inspected for the compactness of the lamellae. Noncompact-
ness was classified as having spaces between opposing myelin layers and
the absence of major dense line formation. The percentages of SGNs with
noncompact myelin sheaths were calculated and plotted as the mean �
SEM. Electron micrographs of AN fibers were collected from mutant
QKIFL/FL;PLPCreERT and control QKIFL/FL;- cochleae. Myelin thickness, axonal
diameters, and G ratios were measured using the open-source imaging soft-
ware Fiji (Schindelin et al., 2012; RRID:SCR_002285), with the G Ratio for
ImageJ plug-in (gratio.efil.de) using the developer instructions.

Results
Functional declines and pathological alterations in the
cochlea in response to noise exposure
We first characterized pathophysiological alterations in cochleae
of adult CBA/CaJ mice exposed to octave-band noise (8 –16 kHz)
at 100, 106, or 112 dB SPL for 2 h. Auditory brainstem responses
were measured at several time points after noise exposure to eval-
uate AN function. As shown in Figure 1a, a 100 dB (SPL) expo-
sure induced wave I threshold shifts up to �55 dB immediately
after exposure. However, thresholds improved rapidly with nearly
complete recovery by 7 d after exposure. For noise exposure at SPLs
of 106 and 112 dB, threshold shifts up to �65 dB were seen Im (Fig.
1b,c). Although wave I thresholds improved by day 3, permanent
threshold shifts (PTSs) of �20 dB were present at 16 kHz and
higher-frequency regions for the 106 dB exposure (Fig. 1b), and

Table 3. Primary and secondary antibodies used

Host Company Catalog no. (RRID no.) Concentration

Primary antibody
Anti-Cntn1 Polyclonal goat IgG R&D Systems AF904 (AB_2292070) 1:200
Anti-CtBP2 Mouse IgG1 BD Biosciences 612044 (AB_399431) 1:200
Anti-Iba-1 Rabbit Wako Pure Chemicals Industries 019-19741 (AB_839504) 1:100
Anti-Ly6G Monoclonal rat IgG Abcam ab25377 (AB_470492) 1:200
Anti-myosin VIIa Rabbit Proteus Biosciences 25-6790 (AB_10015251) 1:200
Anti-neurofilament 200 Monoclonal mouse IgG1 Sigma-Aldrich N0142 (AB_477257) 1:200
Anti-NrCAM Polyclonal rabbit IgG Abcam ab24344 (AB_448024) 1:200
Anti-Pan-QKI clone N147/6 Monoclonal mouse IgG1 UC Davis/NIH NeuroMab Facility 75-168 (AB_2173149) 1:200
Anti-PCP-4 Polyclonal rabbit IgG Santa Cruz Biotechnology sc-74816 (AB_2236566) 1:200
Anti-QKI-5 Polyclonal rabbit IgG Bethyl Laboratories A300-183A (AB_2721231) 1:200
Anti-QKI-6 clone N182/17 Monoclonal mouse IgG1 UC Davis/NIH NeuroMab Facility 75-190 (AB_10673511) 1:100
Anti-QKI-7 clone N183/15 Monoclonal mouse IgG1 UC Davis/NIH NeuroMab Facility 75-200 (AB_10675300) 1:100
Anti-Sox10 Polyclonal goat IgG Santa Cruz Biotechnology sc-17342 (AB_2195374) 1:100
Anti-Sox2 Polyclonal Goat IgG Santa Cruz Biotechnology sc-17320 (AB_2286684) 1:100

Secondary antibody
Anti-goat Alexa Fluor 488 Polyclonal donkey IgG (H � L) Thermo Fisher Scientific A-11055 1:500
Anti-rabbit Alexa Fluor 568 Polyclonal donkey IgG (H � L) Thermo Fisher Scientific A-11011 1:500
Anti-rat Alexa Fluor 488 Polyclonal donkey IgG (H � L) Thermo Fisher Scientific A-21208 1:500
Biotinylated anti-goat IgG Horse Vector Laboratories BA-9500 1:100
Biotinylated anti-rabbit IgG Horse Vector Laboratories BA-1100 1:100

Anti-biotin dyes
Fluorescein avidin DCS N/A Vector Laboratories A-2011 1:100
Texas Red avidin D N/A Vector Laboratories A-2006 1:100

NIH, National Institutes of Health.
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of �35 dB at 5.6 kHz and higher-frequency regions for the 112 dB
exposure (Fig. 1c). A comparison of threshold shifts for the 11.3
kHz stimulus at all three SPL levels of noise exposure is provided
in Figure 1d. Because the 106 and 112 dB noise levels induced PTS
in most frequency regions, these two noise levels were chosen for
use in subsequent experimentation.

The effect of noise exposure at 106 dB SPL on afferent synaptic
ribbons was evaluated quantitatively by immunostaining flat
preparations of the basilar membrane with anti-C-terminal bind-
ing protein (CtBP2; Khimich et al., 2005). CtBP2� presynapse
losses of �50% were seen for frequency regions �16 kHz (Fig.
1e) at both days 1 and 14 (Fig. 1f). Electron micrographs revealed

Figure 1. Noise-induced functional declines in the young adult CBA/CaJ mouse AN. ABR wave I threshold shifts as a function of frequency showed dynamic alterations Im, and 1 d (D1), 3 d (D3),
7 d (D7), 14 d (D14), and 30 d (D30) after noise exposure. a– c, The mice were exposed to an 8 –16 kHz octave-band noise at 100 (a), 106 (b), or 112 (c) dB SPL for 2 h. d, Mean ABR wave I threshold
shifts at 11.3 kHz showed �20 dB declines at D3 to D30 after exposure to 106 and 112 dB noise, but recovered rapidly to near-normal levels after a 100 dB SPL exposure. Data from mice of both sexes
are included in all physiological studies, as their ABRs are not significantly different before and after noise (data not shown). e– h, There was a marked loss of ribbon synapses under inner hair cells
(IHCs) at frequency regions �22.3 kHz at both D1 and D14 after 106 dB SPL noise exposure. Ribbon synapses and IHC nuclei were visualized with anti-CtBP2 antibody (green) in control (e, top) and
D1 noise-exposed mice (e, bottom) at the 8 and 45.2 kHz regions. f, Ribbon counts under IHCs revealed a �50% loss of CtBP2 � synapses at the 22.3 kHz and higher-frequency regions at both D1
and D14 after noise exposure. g, An electron micrograph from the 22.6 kHz region reveals vacuole-like spaces filled with debris (*) in the afferent terminal regions under an IHC at D1 after 106 dB
exposure. h, An enlarged image of the region, identified by a black arrow in g illustrates two remaining ribbon synapses. i, Staining of hair cells with an antibody to PCP-4 revealed outer hair cell (OHC)
losses in higher-frequency regions at D14 after a 106 dB exposure. j, PCP-4 � cell counts document OHC losses at 16 kHz and in higher-frequency regions at D14 after 106 dB noise exposure. k, Wave
I amplitudes were reduced at 5.6, 11.3, 16, and 32 kHz at D3 after 106 dB noise exposure (*p � 0.05, **p � 0.01, and ***p � 0.001, Mann–Whitney test; Figure 1-1 available at https://doi.org/
10.1523/JNEUROSCI.2487-17.2018.f1-1, exact statistical output). All data were presented as mean � SEM.
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Figure 2. Noise-induced demyelination and disruption of paranodal axoglial junctions. a, b, Normal type I (I) SGNs and their myelinating glial cells in an adult CBA/CaJ mouse. The panel to the
right of b shows enlargements of the boxed areas in b. The top image shows compact myelin lamellae (white arrowheads), and the bottom image shows paranodal axo-glial junctions (black
arrowheads). c–f, One day after 106 dB SPL noise exposure for 2 h, the compact lamellae of myelin sheaths are disrupted. c–f, Disruption of the myelin (Figure legend continues.)

Panganiban et al. • Glial Dysfunction Contributes to Hearing Loss J. Neurosci., March 7, 2018 • 38(10):2551–2568 • 2557



that the synapse ribbons, which remained at day 1, appeared to
have normal ultrastructural features (Fig. 1g,h). Evaluation of
hair cells by immunodetection of PCP-4 (Purkinje cell protein 4),
a recently identified putative hair cell marker (Ku et al., 2014),
showed that 106 dB noise elicited a loss of outer hair cells at
frequency regions �22.6 kHz at day 14 after exposure (Fig. 1i,j).
Losses of inner hair cells were detected only for frequency regions
�45.2 kHz (Fig. 1i,j). A significant reduction of ABR wave I
amplitudes was seen at 5.6 kHz and higher-frequency regions after
exposure (Fig. 1k and Fig. 1-1 available at https://doi.org/10.1523/
JNEUROSCI.2487-17.2018.f1-1, exact statistical output).

Structural changes in myelin and axo-glial junctions
following noise exposure
Our previous studies of mouse and human cochleae demon-
strated that myelin abnormalities occur before a significant AN
loss, suggesting that glial dysfunction plays a critical role in the
early phase of AN degeneration in sensorineural hearing loss
(Xing et al., 2012). To investigate this supposition, we examined
ultrastructure of myelinating glia in mice exposed to 106 or 112
dB noise. Since this exposure paradigm induces PTS in the fre-
quency range of �16 kHz (Fig. 1b,c), sections from 16 to 45.6 kHz
regions of the cochlea were selected for TEM examination. Elec-
tron micrographs from control mice showed that type I SGNs are
ensheathed with multiple layers of compact myelin lamellae
proximal to the glia and multiple layers of noncompact myelin
lamellae proximal to the neuron (Fig. 2a,b). Myelinating cells
enclosing axons often have only compact myelin (Fig. 2b). My-
elin paranodal loops were seen to be in tight contact with axons
through axo-glial junctions (Fig. 2b). Loss/disruption of myelin
was frequently observed in the AN nerve within RC Im and on
day 1 (Fig. 2c–e), whereas no gross pathological alterations were
seen in the neuronal bodies (Fig. 2). Disruptions were also present in
paranodal axo-glial junctions (Fig. 2f). Myelin abnormalities were
more pronounced at day 14 and included loss/disruption of com-
pact myelin lamellae, the appearance of degenerative myelin whorls
(Fig. 2g,k), and disruption of and, in some cases, a total loss of
myelin sheaths (Fig. 2h,i). At day 30, pathological alterations in
myelin were still present in the mice exposed to 106 dB noise (Fig.
2l). In randomly selected sections from the middle turn and mid-
dle portion of the basal turn of noise-exposed cochleae among all
the mice examined, 225 of 288 identifiable glial cells exhibited at
least one of the myelin abnormalities described above. These my-
elin abnormalities were found in 165 of 215 glial cells at day 1 and
in 60 of 73 glial cells at day 14. By comparison, only 41 of 143 glial
cells seen in control samples exhibited similar myelin abnormal-

ities. Approximately 77% of glial cells observed in ears on day 1
and 29% of glial cells in controls had abnormal myelin levels (Fig.
2n; n � 3 mice/group).

Neuronal cell adhesion molecule (NrCAM) is expressed in the
nodal axolemma and plays an important role in maintenance of
the axon initial segment and the nodes of Ranvier (Amor et al.,
2014). Immunostaining of the AN with anti-NrCAM antibody at
day 1 revealed a loss of axon initial segments (heminodal) at the
habenula (Hab) opening in regions encoding frequencies of �8
kHz (Fig. 2m). A significant delay of ABR wave I latencies was
seen in frequency regions �11.3 kHz after noise exposure (Fig. 2o
and Fig. 2-1 available at https://doi.org/10.1523/JNEUROSCI.
2487-17.2018.f2-1, exact statistical output). These results were
consistent with the appearance of myelin abnormalities and the
disruption of paranodal structures at similar frequencies, per-
haps leading to slower conduction velocities.

Involvement of macrophages in demyelination after
noise exposure
Macrophages contribute to the process of nerve degeneration by
phagocytosing myelin debris and axonal remnants. Macrophage
recruitment/migration into the cochlea has been reported to oc-
cur following noise-induced cochlear insult (Hirose et al., 2005;
Sautter et al., 2006), ototoxic drug-induced SGN degeneration
(Lang et al., 2016), and genetic modification-induced hair cell
loss (Kaur et al., 2015). To validate the presence of macrophages
in the AN, sections from control and noise-exposed ears were
immunostained with Iba-1, a key calcium binding protein that is
expressed by microglia/macrophages, but not neural cells (Naka-
mura et al., 2013). Iba-1� macrophages were present in several
regions of the AN in noise-exposed cochleae (Fig. 3a– e). Like
monocytes/macrophages, neutrophils are also often seen in in-
jured tissues (de Oliveira et al., 2016). Immunostaining for lym-
phocyte antigen 6 complex locus G6D (Ly6G), a commonly used
marker for granulocytes/neutrophils (Daley et al., 2008), identi-
fied Ly6G� cells in the control cochlear bone marrow (Fig. 3f)
but did not identify any Ly6G� neutrophils in the ANs of either
noise-exposed or control mice (Fig. 3g–i). These findings suggest
that monocytes/macrophages, but not granulocytes/neutrophils,
are involved in AN degeneration after exposure. Further support
for this is provided by examination of ultrathin sections from
control and noise-exposed mice. Macrophages were often pres-
ent in regions of myelin degeneration at both days 1 and 14 after
exposure (Fig. 3k–p). Ensheathment of abnormal-appearing
neurites by macrophage processes (Fig. 3m) supports the involve-
ment of activated macrophages in demyelination following noise
exposure. Very few macrophages were seen in the ANs of controls
or at day 30; when present, these macrophages were surrounded
by normal-looking axons (Fig. 3j,q).

Gene expression analysis identifies noise-induced effects on
genes associated with inflammation and myelin
To understand molecular changes following noise exposure, we
performed microarray transcriptional profiling on ANs from
control adult mice and mice Im, or on days 1, 7, or 14 (n � 3 per
group). Differential expression analysis identified 1247 probe sets
corresponding to 901 unique genes that were significantly differ-
ent among the pairwise relationships (Fig. 4 and Fig. 4-1 available
at https://doi.org/10.1523/JNEUROSCI.2487-17.2018.f4-1). No-
tably, the comparison excluded 48 genes detected as differentially
expressed based on animal sex in a preliminary analysis of expression
data (Fig. 4-2 available at https://doi.org/10.1523/JNEUROSCI.
2487-17.2018.f4-2). Examination of expression patterns for the

4

(Figure legend continued.) sheath surrounding neurons, often with large separations (black
arrowhead in c, asterisks in d and e, white arrowhead in f) and disruption of axo-glial junctions
(black arrowhead in f). The panel to the right of f contains enlarged images of the boxed areas
in f. g, h, k, Fourteen days (D14) after noise exposure, demyelination of SGNs was associated
with numerous myelin whorls and cytoplasmic vacuolization (black arrows in g and k, and
white arrow in h). At D14, a typical type I SGN was seen ensheathed by a single layer of satellite
glial cell cytoplasm lacking myelin (i) as occurs in type II (II) neurons of the control AN (j). l, At
D30, most glial cells ensheathing type I SGNs have lost their compact myelin lamellae (black
arrows). m, A reduction (arrows) and eventual loss (arrowheads) of NrCAM � nodal structures
were seen in the habenula at D1 after 112 dB SPL noise exposure. n, The percentage of SGNs
with abnormal myelin sheaths was greatly increased at D1 after 106 dB SPL exposure. o, De-
layed wave I latencies were present at 11.3, 16, and 32 kHz at D3 after 106 dB SPL noise exposure
(*p � 0.05 and **p � 0.01, Mann–Whitney test; Figure 2-1 available at https://doi.org/
10.1523/JNEUROSCI.2487-17.2018.f2-1, exact statistical output). Data are presented as the
mean � SEM. Scale bars: a, d, 3 �m; b, c, f, g, k, l, 800 nm; e, i, j, 2 �m; h, 5 �m; m, 4 �m.
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Figure 3. Macrophages appear to be recruited to and activated in regions of noise-induced demyelination. a, Low-magnification images immunostained for Iba-1 from a control cochlea (left) and
a cochlea at 1 d (D1) after exposure to 106 dB noise for 2 h (right). OSL and RC regions are indicated. White arrows indicate Iba-1-positive cells. c– e, Immunostaining for Iba-1 revealed many
macrophages (Mc) within the OSL (c) and RC (d, e) at D1 after noise exposure. b, No Iba-1 � cells were seen in the OSL or RC of control non-noise-exposed cochlear sections. Nuclei were
counterstained with DAPI (a– d). f, Ly6G-positive cells (green, white arrows) are present in the bone marrow of a young adult control mouse. g–i, No Ly6G � cells could be found in the ANs of control
or noise-exposed mice at D1 or D7 after 106 dB SPL noise exposure (3 animals examined per experimental condition; 2 sections analyzed per animal; sections contained either apical and middle or
middle and basal regions). Nuclei were counterstained with PI (f–i). j, A macrophage is present among three AN axons in a control cochlea section (left). Middle, An enlarged image of the boxed area
of the left panel. Right, A macrophage is shown next to a blood vessel and some AN fibers in a control cochlea. k–p, Numerous macrophages appeared in regions with myelin abnormalities at D1
(k–n) and D14 (o, p) after noise exposure. White arrowheads indicate an empty space in a myelin sheath (k), a fused myelin sheath (n), and a type I SGN ensheathed by only one layer of myelin (o).
Most macrophages contained numerous inclusion bodies with electron-dense contents resembling myelin and often were seen closely apposed to segments of myelin sheath (m). The panel to the
right of m shows an enlarged image of the boxed area in m. At D14, macrophages appear to have engulfed many segments of degenerating axons (white arrowheads in p). q, At D30, macrophages
with numerous inclusions containing electron-dense material are still present in regions of remaining healthy-looking AN fibers. Scale bars: a, 20 �m; b (for b– d), 10 �m; e, 8 �m; f (for g–i),
10 �m; j (left), k, m– q, 2 �m; j (right), l, 800 nm.
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noise-responsive genes showed that most exhibited transient up-
regulation or downregulation after exposure that peaked in Im or
day 1 samples but returned to near-normal levels in day 14 sam-
ples (Fig. 4a). Analysis of biological processes enriched among all
of the differentially expressed genes detected a core set of related
processes associated with wounding and inflammation (Fig. 4b,
top network), including the process that had the overall highest
enrichment score, immune response (padj � 5.9E-08). Also
enriched among the differentially expressed genes was a set asso-
ciated with apoptosis and DNA metabolism (Fig. 4b, middle net-
work) and independent processes that included cell cycle and
positive regulation of development (Fig. 4b, bottom).

To address the myelin pathologies observed following noise
exposure, we specifically examined expression data for myelin-
related genes. The list of myelin genes interrogated was compiled
from several sources, including the gene ontology database and
datasets produced from recent RNA-sequencing profiling of my-
elinating cells (Zhang et al., 2014; Thakurela et al., 2016). The
compiled myelin list comprised 1849 unique genes that in turn
corresponded to 3510 probe sets for the microarray platform
used in our experiments. Analysis of the expression of these genes
in response to noise found that approximately half were statisti-
cally different (p � 0.05) for at least one pairwise relationship in
our dataset (1063 of 1849 unique genes � 57%; 1560 of 3510
probe sets � 44%; Fig. 4-3 available at https://doi.org/10.1523/
JNEUROSCI.2487-17.2018.f4-3). Clustering analysis of expres-
sion patterns for these genes again showed that many underwent
transient upregulation or downregulation that peaked in Im or
day 1 samples (Fig. 4c).

Quaking and its potential target genes in the AN are affected
by noise exposure
Among genes differentially expressed in response to noise, the
QKI gene is well characterized as a key regulator for the formation
and maintenance of myelin and axo-glial junctions in the CNS (Dar-
belli et al., 2016). The QKI gene generates three major spliced tran-
scripts encoding QKI-5, QKI-6, and QKI-7 isoforms (Ebersole et al.,
1996). Here we examined the expression of Pan-QKI and specific
variants in response to noise. Quantitative PCR analysis of isoform
expression in the mouse AN 1 d after noise exposure revealed signif-
icant change in QKI-7 but not in QKI-5 and QKI-6 (Fig. 5a). These
data, coupled with our findings of differential expression of QKI by
microarray, demonstrated that QKI isoform expression is al-
tered in response to noise and suggests that targets of QKI may
also be affected. We therefore reanalyzed the microarray ex-
pression data to examine putative targets of QKI, compiling a
list of 1416 mRNAs containing the QRE, a bipartite consensus
binding sequence (Galarneau and Richard, 2005), and 28
RNAs detected as differentially spliced in mouse oligodendro-
cytes (Darbelli et al., 2016). Collectively, the list of putative QKI
targets corresponded to 3102 probe sets on the microarray plat-
form used for our study. Query of these probe sets revealed that
1297 (42%) were statistically different (p � 0.05, Student’s t test,
unpaired) for at least one pairwise relationship in our dataset
(Fig. 5-1 available at https://doi.org/10.1523/JNEUROSCI.2487-
17.2018.f5-1). Clustering analysis of expression patterns for these
putative QKI targets regulated by noise again showed that most
underwent transient upregulation or downregulation peaking Im
or at day 1 after noise exposure (Fig. 5b).

Figure 4. Gene expression responses in the noise-injured AN. a, Microarray analysis identified 1247 gene representations (probe sets) that were differentially expressed following noise exposure
(Figure 4-1 available at https://doi.org/10.1523/JNEUROSCI.2487-17.2018.f4-1). Time points evaluated after noise exposure were Im following exposure, and 1 d (D1), 7 d (D7), and 14 d (D14) after
exposure. Differential expression was defined as a fold change of �1.5 and p � 0.05 (Student’s unpaired t test) for any pairwise relationship among control and noise exposure samples; the false
discovery rate for this analysis was �24.1%. Microarray analyses exclude genes found to be different solely as a function of sex (Figure 4-2 available at https://doi.org/10.1523/JNEUROSCI.2487-
17.2018.f4-2). b, Enrichment analysis results for gene ontology biological process terms associated with differentially expressed genes shown in a. Enrichment was performed with DAVID and
significant terms ( p �0.05, Benjamini-Hochberg adjusted) were summarized with REVIGO. Node intensity reflects significance score; node size reflects the number of differentially expressed genes.
c, Microarray expression profiles of 1560 myelin-related genes (probe sets) that were affected by noise exposure ( p �0.05, Student’s unpaired t test; Figure 4-3 available at https://doi.org/10.1523/
JNEUROSCI.2487-17.2018.f4-3). Myelin-related genes for analysis were compiled from published studies (Zhang et al., 2014; Thakurela et al., 2016) and internet resources (see Materials and
Methods).
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Given the established relationship between QKI and myelin
(Darbelli and Richard, 2016), we determined the overlap between
the myelin-related genes affected by noise and the putative QKI
targets affected by noise. Of the 1560 differentially expressed myelin-
related probe sets and the 1297 differentially expressed QKI target
probe sets, 143 were both myelin-related and putative QKI targets
(Fig. 5c,d and Fig. 5-2 available at https://doi.org/10.1523/
JNEUROSCI.2487-17.2018.f5-2). Unsurprisingly, QKI was one of

the genes identified by this analysis; other genes of interest included
Cdc42, Irgn1, Ugt8a, Egr2, Mal, Kcna1, NF1, and Nfasc.

QKI and its potential RNA targets in the adult cochlea fail to
fully recapitulate their developmental regulatory patterns
after noise exposure
Our previous study revealed that acute nerve injury caused tran-
scriptional effects in the AN resembling a developmental transi-

Figure 5. Expression patterns of QKI variants and potential targets of QKI in response to noise injury. a, Relative expression levels of all QKI mRNA (Pan) and QKI variants measured by qPCR analysis
of AN in control (Con) mice and mice at 1 d (D1) after noise exposure. Expression levels shown are normalized to Hprt (hypoxanthine phosphoribosyltransferase) and Tbp (TATA-Box Binding Protein);
error bars indicate SD; p values shown are for unpaired Student’s t tests. b, Microarray expression profiles for potential QKI target genes that are differentially expressed following noise exposure
(Figure 5-1 available at https://doi.org/10.1523/JNEUROSCI.2487-17.2018.f5-1). Putative QKI targets for analysis were compiled from studies by Galarneau and Richard (2005) and Darbelli et al.
(2016). Differential expression was defined as p � 0.05 (Student’s unpaired t test) for any pairwise relationship among control and noise exposure samples. c, Venn diagram depicting overlap
between the group of myelin-related genes regulated by noise exposure (shown in Fig. 4c) and the group of putative QKI targets regulated by noise exposure. d, Left, Microarray expression profiles
for the 143 gene representations (probe sets) depicted in c that are myelin related, putative QKI targets and are differentially expressed in response to noise (Figure 5-2 available at https://doi.org/
10.1523/JNEUROSCI.2487-17.2018.f5-2). Genes of interest are indicated to the left. Right, Expression profiles of the 143 genes in the developmental AN at P0 to P21. Microarray data were queried
from our previous study (Lang et al., 2015). e, Average relative (z standardization) expression patterns for clustered genes identified in d. Relative noise responses are summarized by line graph
(blue); relative developmental patterns are summarized by area graph (yellow). f, Summarization of qPCR analyses performed to validate expression changes measured by microarray analysis. Log
fold changes measured for D1 vs control comparisons are plotted for microarray analysis (x-axis) vs qPCR analysis (y-axis; Figure 5-3 available at https://doi.org/10.1523/JNEUROSCI.2487-
17.2018.f5-3, exact statistical output).
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tion from the mature to the immature state (Lang et al., 2015).
For example, AN injury caused upregulation of Sox2 and other
neural progenitor-related genes and increased the proliferation
of a subset of glial cells. Specific temporal patterns of QKI expres-
sion in developing nerve tissue are associated with the states of
glial cell differentiation and myelination. For example, the ex-
pression of QKI-6 and QKI-7 peak at approximately P14, coin-
ciding with myelination of brain tissues (Ebersole et al., 1996;
Hardy et al., 1996). We next examined whether this select group
of genes, which are myelin related, and putative QKI targets,
which are responsive to noise injury, also exhibited evidence of
developmental regulation. To address this, we queried our previ-
ously described microarray dataset that profiled mouse auditory
development from P0 to P21 (Lang et al., 2015), which covers a
critical period for glial maturation and myelination. Clustering
analysis of these genes (Fig. 5d,e) revealed that nearly all showed
vivid patterns of upregulation or downregulation during the de-
velopmental period. Inspection of the heatmap involving both
injury and development profiles identified three prominent clus-
ters, with two (clusters 1 and 2) showing upregulation by noise
and downregulation during development and the third (cluster
3) showing the opposing pattern of downregulation by noise and
upregulation during development (Fig. 5e). Among these clus-
ters, only cluster 1 showed temporal patterns for development
and noise exposure that were fundamentally similar. For clusters
2 and 3, the developmental and injury temporal response pat-
terns were largely opposing. Of the 143 myelin-related, putative
QKI target, noise-responsive genes, 98 were present in these three
clusters (69%). Opposing temporal relationships were also ap-
parent in the unclustered QKI targets, which contain 31% of
myelin-related QKI targets. These results highlight that there is

similarity but also discordance in how putative QKI targets are
regulated in the developmental, promyelination state, versus the
injury response state.

Validation of differential expression was performed for several of
the genes identified by this focused analysis of myelin and QKI genes
as well as genes identified in the original, unbiased differential ex-
pression analysis that had highlighted an effect on immune response.
As demonstrated in Figure 5f, fold changes measured by qPCR for
day 1 versus control samples showed a strong correlation with fold
changes measured by microarray analysis (Fig. 5-3 available at
https://doi.org/10.1523/JNEUROSCI.2487-17.2018.f5-3, exact
statistical output).

Expression patterns of QKI isoforms in postnatal and
adult ANs
To extend our observation of QKI regulation in AN during post-
natal development, we analyzed the expression of total QKI (pan)
and the three different isoforms, focusing on the following three
critical stages of myelination: P3, P7, and P14 (Fig. 6a and Fig. 6-1
available at https://doi.org/10.1523/JNEUROSCI.2487-17.2018.
f6-1, exact statistical output). Pan-QKI expression increased gradu-
ally through postnatal development, with a significant increase in
expression between P3 and P14. All three of these transcripts were
detectable throughout postnatal development, with QKI-7 being
more abundant than QKI-5 and QKI-6. QKI-6 and QKI-7 were
both significantly upregulated during postnatal development,
while QKI-5 was significantly downregulated. These patterns
match findings for QKI isoform expression in the mouse brain
(Ebersole et al., 1996), with QKI-6 and QKI-7 increasing and
QKI-5 decreasing in the mouse AN at times that coincide with the
onset of myelination.

Figure 6. Expression patterns of QKI variants in normal postnatal and adult ANs. a, Expression levels of QKI-5 mRNA decrease from P3 to P14, while QKI-6 and QKI-7 levels increase from P3 to P14,
presenting a pattern similar to that seen for Pan-QKI. Relative expression levels of all QKI mRNA (Pan and QKI variants) were measured by qPCR analysis in the ANs of CBA/CaJ mice at P3, P7, and P14.
Expression levels shown are normalized to Hprt and Actb; error bars indicate SEM; *p � 0.05, **p � 0.01, and ***p � 0.001 by one-way ANOVA with Bonferroni’s post-test (Figure 6-1 available
at https://doi.org/10.1523/JNEUROSCI.2487-17.2018.f6-1, exact statistical output). b, Low-magnification image of AN section immunostained with the anti-Pan-QKI highlighting location of RC
where all images were obtained. c– g, Immunostaining with anti-QKI antibodies showing protein expression patterns of QKI isoforms in the glial cells but not neurons (white arrows) of the normal
ANs from mice aged 2 months (2M; c, d, f) or 14 d (e), and temporal bone from a human ear, aged 38 years (g). The nuclei were stained with PI. Scale bars: b, 50 �m; c (for c– g), 8 �m.
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We further examined auditory QKI expression, detecting total
and variant QKI proteins in mouse and human cochlear sections.
Analyses in mice were focused on RC (Fig. 6b), which contains
satellite glial cells (SGCs) that ensheath soma of SGNs and
Schwann cells (SCs) that myelinate fibers. Immunohistochemical
analyses were performed on cochlear sections from 2-month-old
young adult mice (Fig. 6c,d,f) and P14 mice (Fig. 6e), and both
ears from a 38-year-old human donor (Fig. 6g). QKI-5 was ex-
pressed in nuclei of both SCs and SGCs (Fig. 6c). QKI-6 and
QKI-7 were expressed predominantly in the cytoplasm of glia
surrounding SGNs and fibers (Fig. 6d,e). Pan-QKI detection in
the mouse confirmed that total QKI protein was distributed in
both nucleus and cytoplasm but that it was limited to glial cells
(Fig. 6f). Pan-QKI detection in human temporal bones revealed a
similar distribution, with QKI present in nuclei and cytoplasm of
SCs and SGCs, but not of neurons (Fig. 6g).

Reduction of QKI protein expression in AN glial cells of adult
QKIFL/FL;PLPCreERT mice
To investigate the importance of QKI RBPs to glial cell function
in the auditory system, we examined the effects of QKI deficiency
by using the QKIFL/FL;PLPCreERT mouse model that targets all QKI
variants in glial cells. The QKIFL/FL;PLPCreERT mouse model was
generated by crossing QKIFL/FL with an inducible Cre knock-out
line, PLP-CreERT, that induces QKI knockout in Plp1-expressing
glial cells after being activated by injections of OHT (Doerflinger
et al., 2003).

Immunostaining analyses of RC and OSL regions were performed
on cochleae of 15-week-old OHT-treated QKIFL/FL;PLPCreERT mice
and compared with QKI FL/FL;- littermate controls (Fig. 7a). Im-
munostaining for Pan-QKI showed that nuclear QKI was notably
reduced in SGC nuclei in QKI-deficient cochleae compared with
glia in control cochlea (Fig. 7b). QKI was also substantially re-
duced in glial cytoplasm of QKIFL/FL;PLPCreERT mice compared
with controls, which had a QKI distribution comparable to that
seen in CBA/CaJ mice (Fig. 6f). Figure 7c illustrates a substantial
loss of QKI in nuclei and cytoplasm of SCs ensheathing periph-
eral fibers in the OSL. To determine QKI reduction specifically in
the glial cells, dual immunostaining was performed for Pan-QKI
with Sox10, a marker of glial cell nuclei (Britsch et al., 2001;
Breuskin et al., 2010). We chose the prodifferentiation/myelina-
tion factor Sox10 because it is expressed in fully differentiated,
mature SCs in the adult peripheral nervous system (Kuhlbrodt et
al., 1998; Britsch et al., 2001; Finzsch et al., 2010). In control mice,
QKI colocalized with Sox10 in nuclei of SGCs and SCs in RC (Fig.
7d). However, only a few QK� cells stained positively with Sox10
antibody in QKI-deficient mice (Fig. 7d). Quantification of
Sox10� glia cells expressing QKI showed that there was a profound
reduction in Pan-QKI�/Sox10�/DAPI� cell density in the OSL of
QKIFL/FL;PLPCreERT mice compared with controls (Fig. 7e and Fig. 7-1
available at https://doi.org/10.1523/JNEUROSCI.2487-17.2018.
f7-1, exact statistical output). Quantification of Pan-QKI�/
Sox10�/DAPI� cells in RC also showed a significantly reduced
density in QKI-deficient mice compared with controls (Fig. 7f
and Fig. 7-1 available at https://doi.org/10.1523/JNEUROSCI.
2487-17.2018.f7-1, exact statistical output). Total glia cell
counts were not significantly different between QKIFL/FL;- and
QKIFL/FL;PLPCreERT ANs.

To investigate further the consequences of QKI deficiency in
cochlear glial cells, we evaluated the distribution of Sox2, a glial
progenitor marker (Graham et al., 2003; Ferri et al., 2004), in
control and QKI-deficient mice. Sox2 is a marker of immature,
undifferentiated glia, and negatively regulates myelination by in-

hibiting SC differentiation (Graham et al., 2003; Le et al., 2005)
and promotes a progenitor-like glial state associated with neuro-
nal repair after injury (Parrinello et al., 2010). Sox2 expression
declines as glia mature (Le et al., 2005), but is present in satellite
glial cells in adult nerves (Koike et al., 2015). In our studies, OSL
of control mice contained only a few Sox2� cells, and there was
no colocalization of Sox2 with QKI in SCs (Fig. 7g). Sox2� cells
were more abundant in RC of control mice, and these Sox2�

SGCs stained positively for Pan-QKI antibody (Fig. 7i). Interest-
ingly, QKI-deficient mice showed a substantially different profile
of Sox2 expression. In the OSL, there was a notable increase in the
number of Sox2� SCs (Fig. 7h), although there was still no evi-
dent colocalization of Sox2 and residual QKI in the mutant ani-
mals. In RC of QKI-deficient mice, Sox2� SGCs appeared to be
increased compared with controls (Fig. 7j). These findings sug-
gest that QKI deficiency may lead to dedifferentiation in a subset
of cochlear glia.

QKI deficiency results in demyelination and disruption of
paranodal structures in the adult AN
To examine further the role of QKI RBPs in AN architecture and
function, we assessed the ultrastructure of myelin and flanking
paranodes in QKIFL/FL;PLPCreERT mice in OSL, Hab), and RC re-
gions (Fig. 8e). We examined 41 nodal structures associated with
54 glial cells of 3 QKIFL/FL;PLPCreERT mice and 17 nodal structures
associated with 34 glial cells of 3 QKIFL/FL;- control mice. QKI-
deficient mice showed evidence of hypomyelination, with a re-
duced number of lamellae wrapping some type I AN fibers (Fig.
8a,f). Mutants also exhibited aberrant myelin structure and the
presence of unmyelinated fibers (Fig. 8f). In addition, QKI-
deficient mice exhibited pathologies in the paranodal region
flanking the node of Ranvier. In the control mice, terminal my-
elin loops of each lamella were well organized, closely apposed to
each other, and appeared to have proper septate-like junctions
connecting the loop heads to the axolemma (Fig. 8b). In the
QKI-deficient animals, the paranode had thinner terminal loop
heads that were more broadly spaced, with some large gaps pres-
ent within the structure (Fig. 8g). In the habenular region, where
AN fibers form heminodes, demyelinate naturally, and connect
to the organ of Corti, the control AN showed thickly myelinated
fibers close to the bony perforation, along with unmyelinated
heminodes (Fig. 8c). In contrast, in the QKI-deficient sample
there were few myelinated fibers, which were in different states of
dysmyelination, and there was a large open space clear of hemi-
nodes and axons (Fig. 8h). Soma of type I SGNs were densely
myelinated and appeared healthy in control mice (Fig. 8d), whereas
type I neurons in the QKI-deficient mice showed dysmyelination,
with debris-laden spaces separating the cell membrane from the
lamellae (Fig. 8i). Additionally, regions of hypomyelination with
limited, noncompact lamellae could be seen in close proximity to
densely myelinated soma (Fig. 8j). The observation of hypomy-
elination in the QKI-deficient animals was supported by a mea-
sured increase in the G ratio compared with controls (Fig. 8k).

To understand what may be causing the structural aberration
in the axo-glial junctions at the paranodes in QKI-deficient ani-
mals, we performed coimmunostaining for contactin1 (Cntn1),
an axo-glial connector protein (Boyle et al., 2001), and neurofila-
ment 200 (Dillman et al., 2009). Sections from the OSL and RC in
control samples showed characteristic paranodal patterns
throughout the nerve fibers (Fig. 8l,m, top panels). Conversely,
Cntn1 staining and the distinctive patterns were largely absent in
the QKI-deficient samples (Fig. 8l,m, bottom panels). As another
measure of the effect of QKI deficiency on nodal structures, we
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Figure 7. QKI protein expression is reduced in glial cells of adult QKIFL/FL;PLPCreERT mice. a, Low-magnification images of QKIFL/FL;- and QKIFL/FL;PLPCreERT ANs after OHT injection immunolabeled for
Pan-QKI and Sox10. RC, OSL, and Hab opening regions are indicated. Nuclei were counter stained with PI. b, c, Pan-QKI (QKI) immunoreactivity in glial cell nuclei is greatly reduced in both RC (b) and
the OSL (c) of QKI exon 2 mutation mice. Control QKIFL/FL;- and mutant QKIFL/FL;PLPCreERT mice were evaluated 4 weeks after OHT injections. d, Dual immunolabeling for Pan-QKI and Sox10,
demonstrates the loss of QKI expression in most Sox10 � glial cells (green). Nuclei were counterstained with DAPI. e, f, Cell density counts for total glial cells in OSL (as indicated by Sox10 � cells)
and glial cells expressing QKI (as indicated by cells positive for both Sox10 and Pan-QKI) in OSL (e) and RC (f) from the three cochlear turns in QKIFL/FL;- and mutant QKIFL/FL;PLPCreERT mice. Total glial
cells, based on density, were not significantly different between control and mutant mice in the OSL and RC of any of the turns (e, f, left panels). There were almost no QKI-positive glial cells in the
OSL (e, right); QKI-positive glial cell density in RC (f, right) was decreased by more than half in all cochlear turns in QKI-deficient mice compared with controls. N �4 for each group; error bars indicate
SEM; *p � 0.05 by the Mann–Whitney test (Figure 7-1 available at https://doi.org/10.1523/JNEUROSCI.2487-17.2018.f7-1, exact statistical output). g–j, Dual immunostaining for Pan-QKI and
Sox2, a glial progenitor marker, revealed much higher reactivity of Sox2 in the OSL (g, h) and RC (i, j) in QKIFL/FL;PLPCreERT compared with control QKIFL/FL;- mice. Scale bars: a, 50 �m; b– d, g–j, 15 �m.
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performed dual immunostaining for NrCAM and Cntn1. In
QKI-deficient animals, paranodes flanking the heminodes
were devoid of Cntn1 at the habenula (Fig. 8n, bottom) and
were mostly absent on the flanks of axonal nodes of Ranvier in
the OSL compared with controls (Fig. 8o). Some Cntn1 �

paranodal structures were seen in the RC in QKI-deficient
cochleae (Fig. 8p).

AN function was tested in QKI-deficient animals by ABR
measurements. Comparison of controls with QKI-deficient
animals showed that latencies of ABR wave I responses were
significantly delayed for 8 and 16 kHz stimuli in QKI-deficient
animals (Fig. 8s and Fig. 8-1 available at https://doi.org/10.1523/
JNEUROSCI.2487-17.2018.f8-1, exact statistical output). However,

ABR thresholds of wave I were not significantly different between
control and QKI-deficient groups for 8 and 16 kHz stimuli (Fig. 8q),
and neither were the measured amplitudes (Fig. 8r). Together, these
findings show that QKI-deficient mice have ABR defects consistent
with the dysmyelination observed in these animals.

Discussion
While it is well established that myelination of nerve fibers by
myelinating glia and dynamic regulation of this activity are cru-
cial for proper nerve function, little is known about pathological
changes in cochlear myelinating glia following injury/stress such
as noise exposure. Our findings show that noise exposure suffi-
cient for inducing nerve degeneration and permanent hearing

Figure 8. Diminished QKI expression results in demyelination and disruption of paranodal structures in the adult AN. a– d, Ultrastructural features of AN fibers (a), a paranodal junction (b), axon
initial segments at the Hab opening (c), and SGNs in cochleae from control QKIFL/FL;- mice 4 weeks after OHT injections (d). e, Low-magnification image of a control AN highlighting the location of
RC, OSL, and Hab. f–j, Abnormalities in myelin morphology around axons and type I (I) SGNs and paranodal structures in QKIFL/FL;PLPCreERT mice 4 weeks after OHT injections. Pathological
manifestations associated with diminished QKI expression included missing nerve fibers (f; *), myelin enfolding (f, white arrows), thinning myelin or reduced myelin lamellae (f, i, j, black arrows),
a loss of the myelin sheath at the axon initial segment (h; *), and cytoplasmic vacuolization in glial cells (i, black arrowheads). The image in g shows disruptions in a paranode (black arrowheads)
of a mutant mouse. Terminal myelin loops of the paranodal junctions flanking the nodes of Ranvier in the mutant mouse are disorganized, with abnormal spaces between the lamellae, and loop
heads disconnected from the axolemma. Myelin lamellae ensheathing the soma of a mutant mouse are less compact and decreased in number (j, black arrow). k, G ratio analysis revealed
hypomyelination in the AN fibers, in particular the large-caliber fibers (with diameters of �3 �m), in QKIFL/FL;PLPCreERT mice. l, m, Immunostaining for paranodal Cntn1 and the neuronal marker
neurofilament 200 showed that while numbers of NF � nerve fibers (m, white arrows) remained similar, the expression of paranodal Cntn1 was decreased greatly (i, m, white arrows) in mutant
mice. n–p, Immunostaining for Cntn1 and the nodal marker NrCAM revealed the disappearance of Cntn1 � paranodal flanks in heminodes at the Hab (n, white arrows) the nodes of Ranvier along
fibers in the OSL (o), and in RC nodes ( p; arrowheads). q, r, ABR measurements from control and mutant mice showed no significant difference in ABR wave I thresholds (q) or amplitudes (r) between
the two groups at 8 and 16 kHz. s, In contrast, ABR wave I latencies were significantly increased in the mutant mice (*p � 0.05 by Student’s unpaired t test; Figure 8-1 available at
https://doi.org/10.1523/JNEUROSCI.2487-17.2018.f8-1, for exact statistical output). All data were presented as the mean � SEM. Scale bars: a, f, 2 �m; b, g, 400 nm; c, d, h, i, 2 �m;
j, 800 nm; l, m, 8 �m; p (for n–p), 8 �m.
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loss elicits rapid cellular and molecular responses on myelinating
glia. Our data reveal that dysfunction of QKI RBPs and their
putative targets lead to myelinating glial dysfunction, resulting in
SGN demyelination, disruption of paranodal axo-glial junctions,
and AN functional deficiencies. These findings implicate a new
mechanism of AN functional deficiency in noise-induced hearing
loss (NIHL).

Exposure to moderate noise levels, for example octave-band
noise at �100 dB SPL for 2 h in CBA/CaJ mice, can lead to
temporary threshold shifts but chronic decreases in suprathresh-
old amplitudes. Such a response is characteristic of hair cell rib-
bon synaptopathy and has been termed “hidden hearing loss”
(Liberman, 2015). However, pathological effects in moderate-
noise models are relatively minor in the period shortly after noise
exposure (Kujawa and Liberman, 2006). Here we used a model of
NIHL with more severe noise exposure levels of 106 or 112 dB
SPL for 2 h at 8 –16 kHz. Within a short time, young adult mice
showed permanent ABR threshold shifts across most cochlear
frequency regions, synaptopathy, and a reduction in hair cell
numbers. This exposure protocol generates a cochlear injury of
sufficient magnitude to allow characterization of the cellular and
molecular responses of the AN. In a previous study, a noise ex-
posure regimen of 110 dB SPL for 9 h in adult rat ears resulted in
demyelination of the central portion of the AN and decreased
conduction velocity (Tagoe et al., 2014). Our data expand on this
important finding, showing that such noise causes demyelination
of the SGNs and paranodal axo-glial junctions in the peripheral
process in the ANs. These results are also consistent with those of
a previous report (Kurioka et al., 2016) in which thinner myelin
sheaths were identified in the peripheral process of the AN after
noise exposure.

Another interesting finding of our study is that inflammatory
cells, particularly activated monocytes/macrophages but not
granulocytes/neutrophils, are involved in demyelination of SGNs
and ANs after noise exposure. Our data showed that the mac-
rophages appear to be recruited to and activated in regions of
noise-induced demyelination. This was supported by our gene
expression analysis, which found inflammation to be one of the
top biological processes induced in AN after noise exposure. Af-
ter injury in the peripheral nervous system, degenerating myelin
and axon debris is phagocytosed by either resident or infiltrating
macrophages (Chen et al., 2015). Emerging evidence suggests
that monocytes/macrophages can be both detrimental and ben-
eficial with regard to nerve regeneration and remyelination (Mi-
ron and Franklin, 2014). Our recent study demonstrated that
hematopoietic-derived monocytes/macrophages contribute to
AN remodeling after SGN loss (Lang et al., 2016). Additionally,
Kaur et al. (2015), reported that macrophage recruitment into the
cochlea enhances the survival of SGNs in a model of selective hair
cell deletion. Further experiments are needed to determine
whether macrophages in the AN promote remyelination of AN
and neuron survival.

Glial proliferation following injury is an important aspect of
remyelination involved in nerve repair. In the peripheral nervous
system, rapid Schwann cell proliferation is required for remyeli-
nation following injury (Ludwin, 1988). In the CNS, glia (e.g.,
oligodendrocytes) can proliferate after injury, but the period is
more restricted than that of the SCs in the peripheral nervous
system (Ludwin, 1988). Even under severe injury conditions that
induce rapid type I SGN loss, glial cells show a dramatic increase
in proliferation. However, despite this remarkable capacity of
glial cells to proliferate in response to injury, there is no direct
evidence of AN remyelination or axon regeneration after co-

chlear injury for animal models of NIHL, despite several decades
of study (Schmiedt, 1984; Spoendlin, 1985; Borg et al., 1995;
Bohne and Harding, 2000; Liberman, 2016; Liberman and Ku-
jawa, 2017). Here, our finding that QKI RBPs and associated
myelin targets undergo dysregulation after noise exposure provides
molecular insight into the failure of remyelination and regeneration
after noise injury and is potentially applicable to forms of neurode-
generative disease (Dutta and Trapp, 2011).

RNA splicing is a key mechanism for generating proteomic
diversity in neural cells, which require coordination of complex
activities such as myelination, synaptogenesis, and nerve regen-
eration (Grabowski, 2011). RBPs, which bind to specific cis-
acting splicing elements on pre-mRNAs, play a vital role in
regulating cell-specific and developmental stage-specific alterna-
tive splicing (Braunschweig et al., 2013). The QKI RBPs have all
been shown to affect RNA splicing patterns in myelinating cells,
thus influencing myelination. QKI-5 was found to regulate my-
elination by affecting pre-mRNA splicing of myelin genes (Wu et
al., 2002). QKI-6, in coordination with heterologous nuclear ri-
bonucleoproteins factors A1 and H/F, regulated splicing in my-
elinating cells of the CNS (Zhao et al., 2010; Mandler et al., 2014),
and its forced expression in oligodendrocytes partially rescued
hypomyelination and severe tremor in QKI-deficient mice (Zhao
et al., 2006). Ectopic expression of QKI-6 and QKI-7 in myelinat-
ing glial cells blocked proliferation and promoted myelination of
the peripheral nervous system (Larocque et al., 2009). Here, our
transcriptomic data revealed distinct QKI isoform expression
patterns in noise-exposed animals as well as during mouse hear-
ing development. During development, the transition from im-
mature to mature (myelinating) state was matched by an increase
in QKI-6 and QKI-7 and a decrease in QKI-5. Interestingly, in
noise-exposed ANs, while there were suggestive expression dif-
ferences for all QKI isoforms, only an upregulation of QKI-7 was
detected as being significant. Thus, the QKI isoform expression
pattern following noise injury does not fully recapitulate a devel-
opmental, promyelination state. These data suggest the possibil-
ity that this deficiency in the QKI isoform response, and the
downstream consequences on myelin target gene expression, are
causal factors in the failure of remyelination leading to NIHL. A
better understanding of how QKI isoform expression is con-
trolled in cochlear glia may lead to new therapeutic interventions
for NIHL and other neurodegenerative disorders.

In conclusion, our studies reveal the critical roles of myelinating
glia and QKI RBPs in the maintenance of adult AN. In response to
noise injury, adult mice rapidly exhibit glial dysfunction and altered
expression of QKI RBPs in the AN. Transcriptomic analysis and
pathophysiological evaluation of noise-exposed mice indicate that
these dysfunctions represent a primary response to noise injury
that ultimately culminates in NIHL. Furthermore, our data sug-
gest that the influence of QKI on myelination is dependent on
precise control of QKI isoform expression.
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