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Abstract

Acoustic trauma, a leading cause of sensorineural hearing loss in adults, induces a complex

degenerative process in the cochlea. Although previous investigations have identified multiple

stress pathways, a comprehensive analysis of cochlear responses to acoustic injury is still lacking.

In the current study, we used the next-generation RNA-sequencing (RNA-seq) technique to

sequence the whole transcriptome of the normal and noise-traumatized cochlear sensory epithelia

(CSE). CSE tissues were collected from rat inner ears 1 d after the rats were exposed to a 120-dB

(sound pressure level) noise for 2 h. The RNA-seq generated over 176 million sequence reads for

the normal CSE and over 164 million reads for the noise-traumatized CSE. Alignment of these

sequences with the rat Rn4 genome revealed the expression of over 17000 gene transcripts in the

CSE, over 2000 of which were exclusively expressed in either the normal or noise-traumatized

CSE. Seventy-eight gene transcripts were differentially expressed (70 upregulated and 8

downregulated) after acoustic trauma. Many of the differentially expressed genes are related to the

innate immune system. Further expression analyses using qRT-PCR confirmed the constitutive

expression of multiple complement genes in the normal organ of Corti and the changes in the

expression levels of the complement factor I (Cfi) and complement component 1, s subcomponent
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(C1s) after acoustic trauma. Moreover, protein expression analysis revealed strong expression of

Cfi and C1s proteins in the organ of Corti. Importantly, these proteins exhibited expression

changes following acoustic trauma. Collectively, the results of the current investigation suggest

the involvement of the complement components in cochlear responses to acoustic trauma.
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One of the leading causes of sensorineural hearing loss in adults is acoustic overstimulation,

which can cause mechanical and metabolic stresses to the cochlear structure and

consequently induce sensory cell degeneration (Lim, 1986, Bohne and Harding, 2000,

Cheng et al., 2005, Henderson et al., 2006). Currently, there are no effective therapies

available for preventing sensorineural hearing loss. To minimize cochlear damage,

numerous pharmacological therapies have been studied (Abi-Hachem et al., 2010, Bielefeld

et al., 2011, Clifford et al., 2011, Guthrie et al., 2011, Oishi and Schacht, 2011). Moreover,

the development of gene therapies is also underway (Kesser and Lalwani, 2009, Di

Domenico et al., 2011, Zhai et al., 2011). Further progress toward these therapies requires a

better understanding of the molecular pathways responsible for controlling the cochlear

degenerative process.

Noise-induced cochlear damage involves complex molecular events. To decipher these

complex signaling pathways, several high throughput techniques, including microarrays and

PCR array, have been employed in large-scale analyses of noise-induced differential

expression of cochlear genes. Microarrays can be used to simultaneously quantify a large

number of genes, thus producing a wealth of information (Kaminski and Friedman, 2002,

Aittokallio et al., 2003, Weeraratna et al., 2004). However, this technique suffers from

intrinsic limitations (Shi et al., 2004, Larkin et al., 2005, Kawasaki, 2006, Shi et al., 2008),

including the inability to identify novel genes and to define a large dynamic change in gene

expression levels. Furthermore, due to hybridization artifacts and high background noise

signals, microarray techniques are often unable to detect low-abundance genes. In contrast,

the PCR array technique has an excellent sensitivity and a large dynamic range. However,

its throughput is limited.

Recently, the technique of RNA-sequencing (RNA-seq), which was developed as a deep-

sequencing platform, has enabled whole-transcriptome sequencing in a comprehensive way

(Mortazavi et al., 2008, Wang et al., 2009, Wilhelm and Landry, 2009, Marguerat and

Bahler, 2010). This ultra-high-throughput technology detects both known and unknown

gene transcripts. It features a large dynamic range, contributing to its ability to accurately

quantify a broader number of differentially expressed gene transcripts (Sengupta et al., 2010,

Tang et al., 2010, Tariq et al., 2011). Moreover, it is possible to obtain whole-transcriptome

sequencing with high reproducibility. Recently, RNA-seq has been utilized to compare the

transcriptome differences between various normal and pathological conditions in non-

cochlear tissues (Beane et al., 2011, Bottomly et al., 2011, Huang et al., 2011, Jager et al.,
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2011). This technique has the potential to identify novel signaling pathways involved in

noise-induced cochlear damage.

In the current study, we applied RNA-Seq to sequence the whole transcriptome of the

cochlear sensory epithelium (CSE) and to identify transcriptome changes after acoustic

trauma. A bioinformatic pathway analysis revealed the involvement of five signaling

pathways in noise-induced cochlear degeneration. The involvement of the complement

components was further confirmed through transcriptional analysis of sensory-cell-enriched

samples and posttranscriptional analysis of the cochlear sensory epithelium. This is the first

time that complement components have been implicated in noise-induced cochlear

degeneration.

2.0 Experimental Procedures

2.1 Animals and acoustic overstimulation

Sprague Dawley rats, (220–300 g, 2–3 months old, male and female, Charles River

Laboratories, Wilmington, MA) were used. For the RNA-seq analysis, eight rats were

divided equally into two groups (normal and noise-traumatized). For the qRT-PCR analysis,

six rats were divided equally into two groups (normal and noise-traumatized). For an

immunohistochemistry analysis, eight rats were divided equally into two groups (normal and

noise-traumatized). For a western blot analysis, three rats from the normal group were used.

For the qRT-PCR array analysis, six rats from the normal group were used. In addition,

three C57BL/6J (4–6 weeks old, male and female, The Jackson Laboratory, Bar Harbor,

Maine) were used to determine the constitutive expression of complement genes under

normal conditions.

Awake animals from the noise-traumatized group were exposed to a broadband continuous

noise (1–7 kHz) at the level of 120 dB (sound pressure level, re 20 μPa) for 2 h. This level of

noise was chosen because it is capable of inducing permanent hearing loss and sensory cell

apoptosis (Hu et al., 2009, Hu and Cai, 2010). The noise signal was generated with a real-

time signal processor (RP2.1, Tucker-Davis technologies (TDT), Alachua, Fl), routed

through an attenuator (PA5, TDT) and a power amplifier (Crown XLS 202, Harman

International Company) connected to a loud speaker (NSD2005–8, Eminence). The speaker

was suspended directly above the animal holding cage. The noise level at the position of the

animal’s head in the sound field was calibrated using a sound level meter (Larson and Davis

800 B, Depew, NY), a preamplifier (Larson and Davis, model 825) and a ½” condenser

microphone (Larson and Davis, LDL 2559). Rats were individually exposed to the noise in

the holding cage.

2.2 Auditory brainstem response test

Auditory brainstem responses (ABR) were measured before and 1 d after the noise exposure

to determine the hearing sensitivity of the animals. The animals were lightly anesthetized by

an intraperitoneal injection of a mixture of ketamine (87 mg/kg) and xylazine (3 mg/kg).

ABRs were recorded using stainless steel needle electrodes subdermally placed over the

vertex (noninverting electrode) and posterior to the stimulated and non-stimulated ear

(inverting electrode and ground electrode) of the animal. The acoustic stimuli were 5, 10,
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20, 30 and 40 kHz tone bursts (0.5 msec rise/fall Blackman ramp, 1 msec duration,

alternating phase) at the rate of 21/second, which were generated digitally using a D/A

converter (RP2.1, TDT, 100 kHz sampling rate) and fed to a programmable attenuator (PA5,

TDT), an amplifier (SA1, TDT) and a closed-field loudspeaker (CF1, TDT). The electrode

outputs were delivered to an amplifier (RA4LI and RA4PA; TDT) and then to a medusa

base station (RA16BA, TDT). TDT software (BioSig) controlled the auditory evoked

response averaging system. Responses were filtered (100–3000 Hz), amplified and averaged

using TDT hardware and software. These responses were then stored and displayed on a

computer. Stimulus levels were decreased in 5-dB steps. The lowest intensity that reliably

elicited a detectable waveform of the response was defined as the ABR threshold.

ABR thresholds obtained pre and 1 d post-noise exposure at the five tested frequencies (5,

10, 20, 30 and 40 kHz) were compared using a repeated measures two-way analysis of

variance (ANOVA) with post hoc Tukey’s test to compare the means.

2.3 Euthanasia of animals and harvesting of cochlear tissues

Following the final ABR testing at 1 d after noise exposure, the animals were decapitated

under CO2 gas anesthesia and cochlear tissues were harvested. The cochleae to be used for

RNA-seq and qRT-PCR analysis were immediately perfused through the round window

with an RNA stabilization reagent (RNAlater, Qiagen, Valencia, CA). The cochlea was then

carefully dissected to collect cochlear tissues in the RNAlater reagent under a dissection

microscope. For RNA-seq analysis, the CSE tissues were isolated, and the tissues from the

two cochleae of one animal were pooled together to generate one sample. For qRT-PCR

analysis, the CSE tissue was collected from one cochlea and the sensory cell-enriched

tissues from the other cochlea. The CSE tissues contained all the cells on the basilar

membrane, whereas the sensory cell-enriched tissues contained only the cells belonging to

the organ of Corti, which include the sensory cells, Deiters cells, pillar cells, inner

phalangeal cells and inner border cells.

The sensory cell-enriched tissues were obtained by micro-dissection of the cochlea using a

two-step process. The first step was performed in ice-cold Dulbecco’s phosphate buffer

saline solution (DPBS, GIBCO) and was completed within a few minutes. The modiolus

was removed along with the tissues of the lateral wall and the sensory epithelium; however,

the section that was designated for sample collection in the upper first cochlear turn was left

behind. Then, the cochlea was transferred into the RNA-stabilizing reagent. The second step

involved separating the sensory cell-enriched tissue from the basilar membrane using a

custom-made micro-knife. Specifically, we gently scraped the reticular laminar at the

junction between the Deiters cells and the Hensen cells and then pushed the tissue away

from the basilar membrane. The collected tissues were stored in the RNAlater medium at 4

°C until RNA extraction, which was performed within a few days after the dissection.

For immunohistochemistry analysis, the cochleae from both normal and noise-traumatized

animals were quickly removed from the skull and fixed overnight with 10% buffered

formalin. The cochleae were dissected in 10 mM PBS to collect the sensory epithelium for

subsequent immunostaining. For western blot analysis, the cochlear tissues containing the
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sensory epithelia and lateral walls from both ears were collected. The collected tissues were

immediately frozen in liquid nitrogen and used for subsequent protein isolation.

2.4 Isolation and quantification of total RNA

Total RNA was isolated using an RNA isolation kit (RNeasy Micro Kit or Mini Kit, Qiagen)

for the RNA-seq samples and the qRT-PCR samples. The cochlear tissue was physically

disrupted using a rotor-stator homogenizer in 150 μl Qiazol lysis buffer for 30 seconds. The

solution was incubated for 10 min at room temperature and then 50 μl of chloroform was

added. The mixture was shaken vigorously for 15 seconds, incubated for 5 min at room

temperature, and then centrifuged (12,000 rpm) for 15 min at 4 °C. The upper clear aqueous

layer was transferred into a centrifuge tube and combined with 175 μl of 75% ethanol,

mixed and passed through a spin column (provided in the RNeasy Micro / Mini Kit) and

centrifuged at 8000 rpm for 20 seconds. The solution was washed with the manufacturer-

provided buffer three times. Finally, total RNA was collected in either 12 μl of RNase free

water (RNeasy Micro Kit) or 50 μl of RNase free water (RNeasy Mini Kit). The quality and

quantity of collected total RNA for the RNA-seq samples was evaluated using the Agilent

Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA) and the RiboGreen

Quantification assay (Life Technologies, Grand Island, NY). The quality and quantity of

collected total RNA for the qRT-PCR samples was evaluated using a Nanodrop 2000

Spectrophotometer (Thermo Scientific, Wilmington, DE).

2.5 Illumina sequencing and analysis

For the RNA-seq samples, synthesis of cDNA from 8–11 ng of total RNA was performed

with the Clontech SMARTer™ Ultra Low RNA Kit (Clontech Laboratories Inc, Mountain

View, CA). From each cDNA sample, a sequencing library was prepared using the Illumina

Paired End Sample Prep Kit (Illumina Inc, San Diego, CA) according to Illumina’s Ultra

Low Input mRNA-Seq protocol. The average insert size of the libraries was 124 bp. Each

cDNA library was sequenced for 50 cycles, which generated 50 base pair reads, in a single

flow-cell lane on the Illumina HiSeq 2000 (Illumina). Thus, each read consists of a 50-base-

pair sequence of a DNA fragment. The total number of reads was obtained from sequencing

all the DNA fragments of each individual cDNA library. To evaluate the difference in the

average number of reads between the normal and noise-traumatized groups, Student’s t-test

was performed.

The sequence reads were aligned to the rat reference genome sequence (USCS Genome

Browser, Rn4) (Karolchik et al., 2011) using TopHat (version 1.3.2)(Trapnell et al., 2009)

and Bowtie (Langmead et al., 2009) to generate sequence alignments. The resulting

alignments were further assembled and annotated using Cufflinks (Trapnell et al., 2010).

Cuffdiff was used to detect differentially expressed gene transcripts between the normal and

the noise groups. A two-tailed Student’s t-test was used to evaluate the differences in

expression levels between the two groups. Estimated normalized expression levels were

reported in fragments per kilobase of transcripts per million fragments mapped (FPKM).

Measurements in FPKM incorporates a normalization step that enables expression levels for

different genes and transcripts to be compared. The fragments mapped to each transcript are

counted and then the counts are normalized to each transcripts length. A cut-off value of
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FPKM ≥ 0.1 was applied to reduce false positive identification of gene transcripts. To

evaluate the change in individual variation in the expression levels of the genes between the

two groups, the coefficient of variance (CV) was calculated from the FPKM values of each

gene transcript in each group, and the mean CV differences between the two groups were

compared using a Student’s t-test. To evaluate individual variation among samples within

either the normal or noise-traumatized group, a Pearson’s correlation analysis was

performed. An α level of 0.05 was selected for significance for all statistical tests.

2.6 Pathway analysis

The database DAVID (the database of annotation, visualization and integrated discovery)

(Song et al., 2009, Granath et al., 2011, Li et al., 2011) was used for pathway analysis. The

differentially expressed gene transcripts (q <0.05) identified from the RNA-Seq data were

input into DAVID, which identified enriched biological pathways and associated gene

transcripts.

2.7 qRT-PCR analysis

To verify the quality of the expression analysis of the RNA-seq, we compared gene

expression levels identified using RNA-seq with those shown by the qRT-PCR array. A set

of genes known to participate in apoptotic activity was used because apoptosis has been

linked to acute cochlear responses to acoustic trauma (Hu et al., 2006, Hu and Zheng, 2008).

The qRT-PCR array method has previously been described(Hu et al., 2009). Briefly, the

isolated total RNAs from the normal rats were reverse transcribed using the oligo-dT primed

reverse transcriptase supplied with the RT2 first strand kit (Qiagen). The resulting cDNA

template was loaded onto the RT2 Profiler™ PCR Array (Qiagen), and qRT-PCR was

performed on a MyIQ-single color real time PCR detection system (Bio-Rad, Hercules, CA).

The array included endogenous controls, Hprt1, Rplp1, Rpl13a and Ldha. We then

performed a Pearson’s correlation analysis to determine the strength of the correlation

between RNA-seq and qRT-PCR data. An α level of 0.05 was selected for significance for

the statistical tests.

To confirm the constitutive expression and the noise-induced changes in the expression of

complement pathway gene transcripts (see the Results section for the genes examined), we

repeated transcriptional analyses using qRT-PCR. The total RNA isolated from both the

CSE tissues and the sensory cell-enriched tissues were reverse transcribed using a High

Capacity cDNA Reverse Transcription Kit (Life Technologies). The cDNA samples were

used for qRTPCR on the MyIQ-single color real-time PCR detection system (Bio-Rad). The

Hprt1, Actb and Rplp1 pre-developed TaqMan assays were used as endogenous controls

(Life Technologies). For mRNA data analysis, the cycle threshold (CT) value of each

mRNA was normalized to the average value of the endogenous gene transcripts (Hprt1,

Rplp1 and Actb). Relative expression was calculated using the comparative CT (2–ΔΔCT)

method. To evaluate the fold differences between groups, Student’s t-test was performed.

An α level of 0.05 was selected for significance for all statistical tests.
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2.8 Immunohistochemistry

Immunohistochemistry was used to determine the changes in the protein expression patterns

of Cfi and C1s in the sensory epithelium. The harvested cochleae were permeabilized with

0.2% Triton X-100 in PBS for 30 min. The tissues were blocked with 10% donkey serum in

PBS, and incubated overnight at 4°C in a solution containing a primary antibody (Cfi,

sc-69465 or C1s, sc-99196; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) at the

concentration recommended by the manufacturer. After incubation, the tissues were rinsed

with PBS (3 ×), incubated with a secondary antibody (Alexa Fluor 488-labeled donkey anti-

goat antibody for Cfi and Alexa Fluor 488-labeled donkey anti-rabbit antibody for C1s) for

2 h, and counterstained with propidium iodide (5 μg/ml in PBS) for 10 min. Propidium

iodide stains the cell nuclei. Nuclei with increased intensity of propidium iodide staining

were defined as condensed nuclei regardless whether the nucleus decreased in size (Yang et

al., 2004, Hu et al., 2006). The cochleae from the animals that did not undergo noise

exposure were used as the normal control. Images of immunolabeled tissues were taken with

confocal microscopy (Zeiss LSM510, Carl Zeiss Microscopy, Thornwood, NY) using a

method that has been reported previously (Hu and Cai, 2010; Cai et al., 2012).

Quantification of C1s fluorescence was performed as previously described (Kirkeby and

Thomsen, 2005). To evaluate the difference in C1s immunolabeling intensities between

groups, Student’s t-test was performed. As a negative control, tissue samples from both

normal and noise-traumatized cochleae were incubated with only the secondary antibody

during the tissue processing to evaluate non-specific staining.

2.9 Western blot

For C1s total protein extraction, the harvested cochlear tissues from the normal animals

were homogenized on ice in 100 μl RIPA lysis buffer (Santa Cruz Biotechnology, Inc.).

Centrifugation at 12,000 rpm for 20 min at 4°C pelleted the nuclei and cell debris, leaving

the supernatant which was used for western blotting. For Cfi nuclear protein extraction, the

harvested cochlear tissues from the normal animals were processed using the NE-PER

Nuclear and Cytoplasmic Extraction Reagents according to the manufacturer’s instructions

(Pierce, Biotechnology, Inc., Rockford, IL). Both C1s and Cfi protein samples were then

denatured and separated under reducing conditions by electrophoresis in a NuPAGE Novex

4–12% Bus-Tris Gel (Life Technologies) at 125 V for 2 h. The SeeBlue Plus2 Pre-stained

standard and MagicMark XP were used as protein markers (Life Technologies). After

electrophoresis, the proteins were transferred onto a 0.2 μm PVDF transfer membrane (Life

Technologies) for 2 h at 30 V. Once the proteins were transferred onto the membranes, they

were blocked using 5% non-fat powdered milk in 1x Tris-buffered saline (TBS) with 0.05%

TWEEN-20 (TBSt) followed by incubation with the primary antibody (Cfi, sc-69465 or

C1s, sc-99196; Santa Cruz Biotechnology, Inc.) or the tissue-specific loading control

primary antibody (Gapdh, ABS16, EMD Millipore, Billerica, MA) at 4°C overnight. The

next day, membranes were washed in 1xTBSt (3×), incubated with secondary antibody

(donkey anti-goat-IgG-horseradish peroxidase (HRP) and donkey anti-rabbit-IgG- (HRP),

Santa Cruz Biotechnology Inc.) and visualized using the chemiluminescent substrate for

HRP (Thermo Fisher Scientific, Waltham, MA).
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Results

3.1 Noise-induced hearing loss

To provide a context for the interpretation of the RNA-Seq data, we examined the impact of

acoustic overstimulation on cochlear function. ABR thresholds were measured before (n =

4) and 1 d post-noise exposure (n = 4) to determine the change of the cochlear function.

Relative to pre-noise thresholds, there was an average threshold shift of 44.7 ± 3.2 dB (mean

± SD) at 1 d post-noise exposure (Fig. 1). A repeated measures two-way ANOVA (time ×

frequency) revealed that the shifts were statistically significant for the time factor (F = 2363;

df = 1, 30; p < 0.0001), but not significant for the interaction between the frequency factor

and the time factor (F = 2.450; df = 4, 30; p = 0.06), suggesting that the noise exposure used

in the current investigation induced significant hearing loss over the five tested frequencies.

This level of cochlear dysfunction is consistent with that observed in our previous

investigation using a similar noise paradigm (Cai et al., 2012).

3.2 RNA-Seq data set

For the Illumina library preparation, two samples, one from the noise group and the other

from the normal group, did not pass the quality control test and were excluded from the

RNA-Seq sequencing. Sequencing of the remaining cochlear cDNA samples (n = 3 for the

noise-traumatized and n = 3 for the normal group, collected from six individual animals)

generated an average of 176 ± 21 million reads (159 to 201 million) for the normal group

and 164 ± 47 million reads (113 to 208 million) for the noise-traumatized group (Table 1). A

read is defined as a short 50 base pair sequence of a DNA fragment. The read number

reflects the total number of short reads obtained from sequencing each individual cDNA

library. There was no significant difference in the average numbers of reads between the two

groups (Student’s t-test, p = 0.7). In all these samples, 89–96% of reads passed quality

filtering, an indication of the overall quality of the sequencing runs that was performed using

the standard Illumina chastity filter. The filter assigns each base a quality score based on the

Sanger format phred+33 scale (Casava 1.8) (Pomraning et al., 2012).

The sequence reads were mapped to the rat reference genome sequence (Rn4) using TopHat

(Trapnell et al., 2009) and Bowtie (Langmead et al., 2009). The resulting alignments were

further assembled and annotated using Cufflinks (Trapnell et al., 2010). Over 17000 gene

transcripts were mapped to annotated areas of the Rn4 genome. These gene transcripts were

used for subsequent analyses.

3.3 Expression profile of gene transcripts in the normal cochlear sensory epithelium

The expression profile of mRNAs in the rat CSE has not been previously reported.

Therefore, we sought to examine the CSE transcriptome of rats with normal hearing

sensitivity. The annotated sequences were refined using a cut-off value of FPKM ≥ 0.1 to

reduce false positive identification because FPKM values below 0.1 represent low to

undetectable gene transcript levels (Lundberg et al., 2010, Costa et al., 2011). With this cut-

off value, we identified 12040 gene transcripts that were expressed in all three biological

replicates.
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3.4 Correlation of RNA-Seq data and qRT-PCR data of selected genes

To verify the quality of the RNA-seq expression analysis, we first analyzed the expression

levels of 69 apoptosis-related gene transcripts with both RNA-seq and qRT-PCR and then

compared the results. These genes were selected because apoptosis has been implicated in

cochlear pathogenesis (Hu et al., 2002, 2006) and because the qRT-PCR data had already

been collected (Hu et al., 2009). Correlation analysis of the RNA-seq data and the qRT-PCR

data revealed a negative value for the correlation coefficient (r = −6.9, Pearson’s correlation,

p < 0.0001, Fig. 2). Because a higher CT value corresponds to a lower expression level, the

negative r value indicates a positive correlation between the expression levels assessed by

RNA-seq and qRT-PCR. This analysis indicates a high degree of consistency between the

RNA-Seq and the qRT-PCR array data sets.

3.5 Acoustic trauma causes differential changes in gene expression in the cochlear
sensory epithelium

Using the same strategy as for the analysis of normal cochlear samples, we refined the

annotated sequences for the noise-traumatized samples and identified 11873 gene transcripts

that were present in all three biological replicates. This number of gene transcripts is similar

to the number (12040) observed in the normal cochlear samples. However, the analysis of

the distribution of the mean FPKM values revealed that 75% of gene transcripts had FPKM

values ≥ 6 in the noise-traumatized cochlear samples, compared with only 53% of gene

transcripts with FPKM values ≥ 6 in the normal cochlear samples (Fig. 3). This shift of gene

transcript distribution suggests an increase in the copy numbers of many gene transcripts

following acoustic trauma.

We then compared the differential expression levels of the gene transcripts that were

expressed in both normal and noise-traumatized cochleae. A total of 70 gene transcripts

were significantly upregulated (p < 0.05, 2-tailed Student’s t-test), and 8 gene transcripts

were significantly downregulated following acoustic trauma (Table 2). In addition, we found

2776 gene transcripts that were not expressed in the normal cochleae became detectable in

the noise-traumatized cochleae. Conversely, 2951 gene transcripts that were constitutively

expressed in the normal cochleae became undetectable after acoustic trauma. Together, these

analyses indicate that acoustic overstimulation induces a widespread gene expression change

in the CSE.

3.6 Acoustic trauma increases individual variation in gene transcript expression levels

Previous investigations have demonstrated significant individual variation in the level of

cochlear damage following acoustic trauma (Cody and Robertson, 1983, Luebke and Foster,

2002). We therefore sought to determine whether individual variation exists in gene

expression responses to acoustic trauma. To this end, we calculated the CV from the mean

FPKM values for the transcripts of each individual gene belonging to either the normal or

noise-traumatized samples. The mean CV value for noise-traumatized samples was

significantly higher than that for the normal samples (Fig. 4, p < 0.0001, Student’s t-test),

suggesting an increase in the level of individual variation after acoustic trauma.
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To further illustrate this increase in individual variation following acoustic trauma, we

examined the correlation of the expression levels of the genes between individual samples

within a group (the noise-traumatized and the normal group) and found that the samples

from the normal group had a more stringent correlation (Figs. 5A, 5B and 5C, r = 0.98, p <

0.0001) than the noise-traumatized group (Figs. 5D, 5E and 5F, r = 0.95–0.98, p < 0.0001).

Together, these analyses indicate that acoustic trauma increases the individual variation in

the expression pattern of cochlear gene transcripts.

3.7 Identification of enriched biological pathways from differentially expressed gene
transcripts

The current RNA-seq analysis revealed multiple gene transcripts that are differentially

expressed after exposure to intense noise (Table 2). To obtain meaningful information about

the involvement of biological responses to acoustic trauma, we sought to identify enriched

biological pathways based on the gene transcripts that showed significant expression

changes after exposure to noise. Using DAVID, we found five enriched biological pathways

that were associated with 17 of the differentially expressed gene transcripts (Table 3). These

enriched biological pathways included the following: 1) the chemokine signaling pathway,

2) the cytokine-cytokine receptor interaction pathway, 3) the toll-like receptor signaling

pathway, 4) the complement pathway and 5) the viral myocarditis / tight junction (myosin)

pathways.

Among the five enriched biological pathways, the first four are related to the innate immune

system. Previous investigations have implicated the chemokine signaling and toll-like

receptor signaling pathways in cochlear pathogenesis due to acoustic trauma (Holme and

Steel, 2004, Fujioka et al., 2006, Sautter et al., 2006). To the best of our knowledge, the

complement pathway (Schlag and Redl, 1987, Bengtsson, 1993, Amour et al., 2004) has not

been linked to inner ear pathogenesis. We therefore focused on defining this pathway.

3.8 Confirmation of the complement components in cochlear pathogenesis

To confirm the changes in Cfi and C1s expression revealed by the RNA-seq analysis, we

examined the expression levels of these genes using qRT-PCR with three biological

repetitions for each experimental condition. In the normal CSE samples, both gene

transcripts were identified. One day after the noise exposure, these gene transcripts were

upregulated (Fig. 6A, Student’s t-test, p < 0.01), which is consistent with the results of the

RNA-seq analysis (Fig. 6B).

The CSE contains the cells of the organ of Corti as well as the cells of the non-organ of

Corti structure. The organ of Corti, housing the sensory cells, is the major site of acoustic

trauma (Brunner, 1976, Rydmarker and Nilsson, 1987, Bohne and Harding, 2000,

Nordmann et al., 2000). We therefore wanted to determine whether the change observed in

the CSE samples indeed occurs in the cells of the organ of Corti. To this end, we collected

sensory-cell-enriched samples containing only the cells belonging to the organ of Corti to re-

examine the expression levels of Cfi and C1s. Again, normal samples exhibited strong

constitutive expression of Cfi and C1s (Fig. 6C). Cfi was significantly upregulated in the
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noise-traumatized organ of Corti samples (Student’s t-test, p < 0.01). C1s was also

upregulated but not to a statistically significant level (Student’s t-test, p > 0.05).

To provide evidence for the expression of the genes related to the complement system in the

sensory cell-enriched samples of other rodent species, we examined the expression of

complement-pathway genes in C57BL/6J mice using qRT-PCR. Ten genes were selected

(Cr2, Cr4, C6, C9 CD14, C1qbp, C1qb, C1s, C1ra and C2). Among these genes, four (Cr2,

Cr4, C6 and C9) that were undetectable or expressed at low levels in rat cochleae examined

using RNA-seq were undetectable in mouse cochleae. The remaining genes (CD14, C1qbp,

C1qb, C1s, C1ra and C2) that were detectable in the rat cochlea were also detectable in the

mouse cochlea. Pearson’s correlation analysis revealed a significant correlation between the

rat and mouse models (Fig. 6D; r = −0.67, p = 0.034). The finding that complement system-

related genes are constitutively expressed in the cochlea provides additional evidence for the

possible involvement of complement genes in the maintenance of cochlear function.

3.9 The protein expression of the complement pathway gene transcripts in the organ of
Corti

To further confirm that the complement components are implicated in sensory cell responses

to acoustic trauma, we examined the protein expression pattern of Cfi and C1s in the organ

of Corti using immunohistochemistry.

In the normal cochleae, Cfi immunoreactivity was found in the nuclei of both the outer and

inner hair cells (Figs. 7A, 7B and 7C). The immunoreactivity was homogenous across the

cells. The supporting cell nuclei also displayed Cfi immunoreactivity with a staining

intensity similar to that observed in the sensory cell nuclei (data not shown). Further

inspection of the staining pattern revealed that the immunoreactivity was localized in the

peri-nucleolus structure (Fig. 7C inset). To provide additional evidence for the nuclear

distribution of the Cfi protein, we extracted the nuclear partition from the cochlear tissues.

Western blot analysis showed stronger Cfi reactivity at the 88, 50 and 39 kDa bands in the

nuclear extracts than in the cytoplasmic extract from the same tissue (Fig. 7D). The

detection of Cfi protein in the nuclear extract of cochlear tissue is consistent with our

immunohistochemistry data for Cfi nuclear protein localization.

The basic pattern of Cfi immunoreactivity in nuclei remained unchanged after the acoustic

trauma. However, the homogenous staining intensity that was observed in normal cochleae

became heterogeneous in the noise-traumatized cochleae. Certain hair cells showed signs of

nuclear condensation (the increase in propidium iodide fluorescence with or without the

reduction in the nuclear size), indicating cell degeneration. These cells exhibited either

reduced or strong Cfi nuclei staining (Fig. 8). Certain outer hair cell nuclei having a

relatively-normal nuclear morphology also displayed reduced Cfi immunoreactivity (Fig. 8).

These observations suggest that acoustic overstimulation alters the expression of the Cfi

protein and that this change is likely to be associated with the progression of cochlear

degeneration.

Strong C1s immunoreactivity was observed in the junctions between the outer hair cells and

Deiters cells and in the pillar cells in the normal organ of Corti (Figs. 9A, 9B and 9C). After
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the noise exposure, the C1s immunoreactivity increased in the cuticular plates of hair cells

with condensed nuclei, a sign of degeneration (Figs. 9D, 9E and 9F). To confirm this

observation, we conducted a quantitative analysis for C1s immunostaining using a published

image analysis method (Kirkeby and Thomsen, 2005). We first compared the staining

intensities of C1s in hair cells and their neighboring supporting cells in each normal cochlea,

and then compared the staining intensities in the damaged hair cells and their neighboring

supporting cells for each noise-damaged cochlea (Fig. 9G). This analysis revealed that

normal hair cells displayed weaker C1s immunoreactivity than their neighboring supporting

cells. By contrast, noise-damaged hair cells showed stronger C1s immunoreactivity than

their neighbors. This observation suggests that the expression change in C1s protein is

associated with sensory cell degeneration.

To confirm the specificity of the antibodies, we performed Western blots for the C1s and Cfi

proteins. Cfi staining revealed three bands at 88, 50 and 39 kDa (Fig. 7D) and C1s showed

one band at 88 kDa (data not shown), both consistent with the reported molecular weights of

these proteins in non-cochlear tissues (Yasojima et al., 1999, Kavanagh et al., 2008). To

exclude the possibility of false positive staining due to the secondary antibodies, we stained

a few samples with the secondary antibody only. There was no clear fluorescence in these

tissues (data not shown).

4.0 Discussion

Comprehensive transcriptome profiling is an important step toward obtaining a better

understanding of the molecular mechanisms of acoustic trauma, a multi-factorial disorder.

Using the RNA-Seq technique, we reveal multiple novel findings from the analysis of

transcriptome sequencing of the normal and noise-traumatized CSE. First, we obtained

whole-transcriptome sequencing data, which included over 176 million reads for the normal

CSE and over 164 million reads for the noise-traumatized CSE. Second, we found that the

levels of gene expression assessed by RNA-seq were comparable to those examined using

qRT-PCR, consistent with previous observations using non-cochlear tissues (Gonzalez-

Ballester et al., 2010, Xiong et al., 2010, Bonizzoni et al., 2011). Third, we reveal

differentially expressed genes, many of which have not been previously implicated in noise-

induced cochlear pathogenesis. Finally, we verified the constitutive expression and the

expression change of complement genes in the cochlear sensory epithelium and the organ of

Corti.

Our RNA-seq analysis revealed over 17000 annotated gene transcripts in the CSE tissue.

Transcriptome analysis of rat tissues has previously revealed diverse numbers of transcribed

genes, with 11,000 from liver tissue, 27,173 from kidney tissue and 11,963 from

GABAergic neurons in the brain (Chen et al., 2011, Su et al., 2011, Wood et al., 2012).

Although this diversity in identified gene transcripts may be attributed in part to the

differences in experimental protocols, it may also represent the existence of tissue-specific

expression profiles. As proposed in a study by Ramskold and colleagues (Ramskold et al.,

2009), the more complex profile of the kidney transcriptome may be attributable to its

heterogeneous populations of cell with diverse functions, whereas the liver has a less

heterogeneous cell population with a specialized function. Here, we obtained over 17,000
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annotated gene transcripts. This number is greater than those observed for the liver and brain

neuron tissues, possibly due to the high diversity in the cell populations constituting the

CSE.

RNA-seq has been previously used in gene expression profiling of rat sensory tissues (Chen

et al., 2011, Enoch et al., 2012, Wood et al., 2012). An advantage of this technique over

microarray analysis is its ability to provide a more accurate analysis of the abundance of

mRNA expression. As demonstrated by our validation experiment, we were able to confirm

the constitutive expression of apoptosis-related and complement-related gene transcripts by

qRTPCR in the normal CSE. As RNA-seq is accurate and sensitive in detecting transcripts

with both high and low abundance (Marguerat and Bahler, 2010, Sengupta et al., 2011,

Schulz et al., 2012), it allows us to conduct a more comprehensive analysis of gene

expression patterns as well as stress-associated pathways.

Using RNA-seq, we were able to quantify changes in the expression levels of gene

transcripts in noise-traumatized CSE, revealing 70 upregulated gene transcripts and 8

downregulated gene transcripts. This upregulation-dominated change has been observed in a

previous rat microarray study, in which 34 gene transcripts were upregulated and no gene

transcripts were downregulated at 3 h after noise exposure (Kirkegaard et al., 2006). In the

current study, from the 70 upregulated gene transcripts, we identified eight gene transcripts

(Slpi, Timp1, Kng1, Cxcl9, Cxcl11, Lcn2, Serpina3n and Ccl20) that are associated with

inflammatory responses (Nadziejko et al., 1995, Mercer et al., 2005, Sipione et al., 2006,

Duchene and Ahluwalia, 2009, Liu et al., 2011, Asaoka et al., 2012, Berard et al., 2012,

Meares et al., 2012). Specifically, these gene transcripts, Slpi, Timp1, Kng1 and Cxcl9, had

previously been identified as involved in cochlear inflammatory responses to acoustic

trauma (Kirkegaard et al., 2006). More recently, two gene transcripts involved in regulating

immune responses, Lcn2 and Serpina3n, were also found to be significantly upregulated in

the cochlear tissue after acoustic injury (Han et al., 2012). Furthermore, the upregulation of

Timp1 identified in our current study was also observed in our previous study, in which we

also found Timp1 protein expression in apoptotic sensory cells (Hu et al., 2012). Previously,

Timp1 has been identified in multiple cellular processes including cell survival, wound

healing and inflammation (Arihiro et al., 2001, Bloomston et al., 2002, Hornebeck, 2003).

Together, these observations suggest that investigations of the differentially expressed gene

transcripts involved in cochlear immune responses may be important for the development of

treatments to reduce inflammation associated with sensory cell damage following acoustic

trauma (Hirose et al., 2005, Tornabene et al., 2006).

The discovery that the innate system is involved in cochlear responses to acoustic trauma

was further supported by the results of the expression analysis of two gene transcripts (Cfi

and C1s) that participate in the complement pathway. Importantly, these expression changes

were found not only in the CSE but also in the organ of Corti, the sensory cell-related

structure. Previous studies have shown diverse expression levels of the C1 complex

subcomponents depending upon the physiological state of the cell (Bensa et al., 1983,

Ramadori et al., 1986, de Jonge et al., 2004). Although we observed significant upregulation

of C1s following noise exposure, the remaining two subcomponents of the C1 complex, C1q

and C1r, were not significantly upregulated. This result may reflect the biological reality.
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However, it may also be attributable to the small sample size. Moreover, cochlear sensory

cell degeneration due to acoustic trauma is a rapid process. The gene transcript expression

changes observed immediately following acoustic trauma vary considerably from those

changes observed a day later (Taggart et al., 2001, Kirkegaard et al., 2006, Hu et al., 2009,

Cai et al., 2012). Because the current investigation examined only one time point post-noise

exposure, we were unable to assess whether more members of the complement pathway

would be activated during the continuing progression of cochlear degeneration. Thus, future

studies involving an increased sample size and additional time points following noise

exposure may provide details regarding the participation of the complement pathway in

cochlear pathogenesis.

Our current investigation reveals that one of the immediate reactions of the sensory cells

following acoustic trauma is to regulate the expression levels of gene transcripts associated

with innate immune responses. The functional roles of these gene transcripts in cochlear

pathogenesis after acoustic injury are not clear. Several studies have suggested the presence

of an innate immune response along with immune cell recruitment in the cochlea following

acoustic trauma (Hirose et al., 2005, Tornabene et al., 2006, Miyao et al., 2008,

Wakabayashi et al., 2010). Innate immunity is usually activated in the presence of pathogens

but can also be activated under stressful conditions including tissue trauma (Paterson et al.,

2003, Murphy et al., 2005, Hellewell and Morganti-Kossmann, 2012, Herold et al., 2012). It

is important for future investigations to establish the functional relevance of these gene

transcripts during the process of noise-induced cochlear degeneration.

In summary, using RNA-seq, we reveal a global view of gene transcript regulation in both

the normal and noise-traumatized CSE. We identify differentially expressed genes

associated with the innate system in both the CSE and the organ of Corti following acoustic

trauma. These transcriptional changes are accompanied with the changes in the expression

of the immune-system-associated complement proteins (Cfi and C1s) in the rat CSE. These

findings provide new insides into cochlear innate responses following acoustic trauma.
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Abbreviations

CSE cochlear sensory epithelium

Cfi complement factor I

C1s complement component 1, s subcomponent

RNA-Seq RNA sequencing

ABR auditory brainstem response

TDT Tucker Davis Technologies

ANOVA analysis of variance
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qRT-PCR quantitative real time PCR

FPKM fragments per kilobase of transcripts per million fragments mapped

CV coefficient of variance

DAVID database for annotation, visualization and integrated discovery

CT cycle threshold

TBS tris-buffered saline

TBSt tris-buffered saline with 0.05% TWEEN-20

HRP horseradish peroxidase
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Research Highlights

• RNA-seq reveals global expression profile of genes in cochlear sensory

epithelium

• RNA-seq data are consistent with qRT-PCR data

• Acoustic trauma induces a widespread change in gene expression

• Complement pathway is implicated in cochlear responses to acoustic trauma
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Figure 1. Loss of auditory function following noise exposure
Comparison of the ABR thresholds (dB, mean ± SD) measured at two time points: pre-noise

exposure and 1 d post-noise exposure. The thresholds at the five tested frequencies, 5, 10,

20, 30 and 40 kHz, are presented. Relative to pre-noise thresholds, there is an average

threshold shift of 44.7 ± 3.2 dB (mean ± SD) at 1 d post-noise exposure. A repeated

measures two-way ANOVA (time × frequency) reveals that the shifts are statistically

significant for the time factor (F = 2363; df = 1, 30; p < 0.0001), but not significant for the

interaction between the frequency factor and time factor (F = 2.450; df = 4, 30; p = 0.06),

suggesting that the noise level used in the current investigation induced significant hearing

loss over the five tested frequencies.
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Figure 2. The RNA-Seq data are correlated with qRT-PCR array data for apoptosis-related
genes
A correlation analysis of the expression levels of 69 apoptosis-related genes measured with

RNA-seq and qRT-PCR array techniques was performed for normal cochlear tissues. The

CT values are used to indicate the expression levels for qRT-PCR data and the FPKM

(fragments per kilobase of transcripts per million fragments mapped) values are used to

indicate the expression levels for RNA-seq data. The qRT-PCR array data (n = 6) are

significantly correlated with the log2 FPKM data (r = − 0.69, p < 0.0001). As a higher CT

value corresponds to a lower expression level, the negative r value indicates a positive

correlation between the expression levels assessed by RNA-seq and qRT-PCR.

Patel et al. Page 23

Neuroscience. Author manuscript; available in PMC 2014 October 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. Comparison of the numbers of gene transcripts between the normal and noise samples
The histogram illustrates the distribution of the numbers of gene transcripts based on their

FPKM values. The number of low-abundance genes in the normal control samples was

greater than those in the noise samples, whereas the number of the moderate- and high-

abundance genes was less in the normal samples. This analysis shows that acoustic trauma

causes an overall increase in the gene expression level. The solid and dotted lines are the

trend lines of the data.
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Figure 4. Increase in individual variation in the gene transcript expression levels following
acoustic trauma
The values of coefficient of variance (CV) were calculated from the mean FPKM values for

the transcripts of each individual gene belonging to either the normal or the noise-

traumatized samples. The mean CV for the noise-traumatized samples was higher than that

for the normal samples (p < 0.0001, Student’s t-test), suggesting that acoustic trauma

induces individual variation in gene transcript expression levels across samples. The bars

represent standard deviation.
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Figure 5. Correlation of normal and noise-traumatized FPKM values
(A, B, C) Correlation of FPKM values between individual samples of the normal cochleae

(N1, N2, N3). (D, E, F) Correlation of FPKM values between individual samples of the

noise-traumatized cochleae (E1, E2, E3). Pearson’s correlation analysis shows that FPKM

values are more stringently correlated within biological replicates for the normal samples (r

= 0.98, p < 0.0001) than for the noise-traumatized samples (r = 0.95 – 0.98, p < 0.0001).
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Figure 6. Assessment of the expression levels of Cfi and C1s gene transcripts
(A) Comparison of the expression levels of Cfi and C1s gene transcripts between the normal

and noise-traumatized sensory epithelium samples (asterisks indicate p < 0.01, Student’s t-

test) (B) The comparison of the changes in the expression levels shown by qRT-PCR and

RNA-seq for Cfi and C1s. Both approaches revealed upregulated expression, with similar

levels of fold changes. (C) Comparison of the expression levels of Cfi and C1s gene

transcripts between the normal and noise-traumatized organ of Corti samples (the asterisk

indicates p < 0.01, Student’s t-test). Delta CT value is used to illustrate the gene expression

level, with a higher CT value representing a lower expression level. (D) Correlation of the

expression levels of 10 complement-related genes between rat samples measured with RNA-

seq and mouse samples measured with qRT-PCR.
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Figure 7. Immunoreactivity for Cfi in the normal organ of Corti
Typical images taken using confocal microscopy showing Cfi immunoreactivity (A), nuclear

staining with propidium iodide (B), and the merged images (C) of the Cfi and propidium

iodide staining in the normal organ of Corti. Arrows indicate strong Cfi immunoreactivity in

the nuclei of three rows of outer hair cells (OHC) and inner hair cells (IHC). The inset image

displays staining in the structures surrounding the nucleolus (double arrows), with staining

absent in the nucleolus itself. Bar: 10 μm. OHC1, OHC2, and OHC3 mark the first, second

and third rows of outer hair cells, respectively. IHC marks the row of inner hair cells.

(D).Western blot analysis of Cfi protein in nuclear and cytoplasmic extracts from rat

cochlear tissue. The three Cfi bands at 88, 50 and 39 kDa are stronger in the nuclear extract

than in the cytoplasmic extract from the same tissue.
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Figure 8. Cfi immunoreactivity in the organ of Corti following acoustic overstimulation
Typical images taken using confocal microscopy show Cfi immunoreactivity (A, D), nuclear

staining with propidium iodide (B, E) and the merged images of the Cfi and propidium

iodide staining (C, F) from two organs of Corti examined 1 day after acoustic trauma. The

overall nuclear distribution of Cfi immunoreactivity is preserved. However, a decrease in

Cfi immunoreactivity is present in certain hair cells having either a condensed nucleus

(double-arrow), which is a sign of degeneration, or normal nuclei (arrows). Cells having

condensed nuclei can also display preserved Cfi immunoreactivity (double arrows in D, E

and F). Bar: 10 μm. OHC1, OHC2, and OHC3 mark the first, second and third rows of outer

hair cells.
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Figure 9. Immunolabeling of C1s protein in the organ of Corti from normal and noisedamaged
cochleae
(A, B and C)Typical images taken using confocal microscopy show C1s immunoreactivity

(A), nuclear staining with propidium iodide (B) and the merged images (C) of (A) and (B)

of the normal organ of Corti. Strong C1s immunoreactivity appears in the pillar cells (PI)

and along the contour of Deiters cells (arrows in A and C). (D, E and F) Typical images

show C1s immunoreactivity (D), nuclear staining with propidium iodide (E) and the merged

images (F) of (D) and (E) of the organ of Corti examined at 1 day after acoustic trauma.

After the noise exposure, the staining intensity in the hair cells having condensed nuclei, a

sign of degeneration, display increased C1s immunoreactivity in the cuticular plates (double

arrows).(G) Comparison of the gray levels measured from hair cells and their neighboring

Deiters cells. In the normal cochleae, Deiters cells display a stronger C1s immunoreactivity

than their neighboring hair cells. In the noise-damaged ears, the C1s immunoreactivity in the

damaged hair cells is stronger than in the Deiters cells. Bar: 10 μm. OHC1, OHC2, and

OHC3 mark the first, second and third rows of outer hair cells. Asterisks in Fig. 9G indicate

p < 0.01 (Student’s t test).
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Table 1

RNA-seq reads of the normal (N1-3) and noise-traumatized cochlear sensory epithelium samples (E1-3)

Sample Raw Read Number The rate of passing the Filtering (%)

N1 201,036,188 96.08

N2 167,940,585 89.51

N3 159,901,482 92.79

E1 113,467,961 91.16

E2 208,180,678 93.56

E3 170,872,626 93.90
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Table 3

Enriched biological pathways and associated gene transcripts

Pathway Gene symbol

Myosin Pathway Myh3

Myh4

Myh8

Myh2

Myh1

Chemokine Jax3

Signaling Ccl12

Pathway Ccl20

Ccr7

Cxcl11

Cytokine-Cytokine Ccr7

Receptor Pathway Cxcl11

Cxcl9

Ill7rb

Osmr

Toll-Receptor Cxcl11

Signaling Pathway Cxcl9

Lbp

Complement Cfi

Pathway C1s
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