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ABSTRACT 

 

 

Mechanism of sensorineural hearing loss induced by acoustic trauma 

and endotoxemia-mediated inflammation in animal model 

 

 

Seung Ho Shin 

 

 

Department of Medicine 

The Graduate School, Yonsei University  

 

 

(Directed by Professor  Jinsei Jung) 

 

 

 

 

 

 

 Acoustic trauma or an inflammatory response results in the destruction 

of hair cells in the organ of Corti or the fibrocytes in the spiral ligament and the 

spiral limbus. This stress leads to an increase in the macrophage population. 

This increment is believed to be caused by the transformation of the infiltrated 

monocytes to macrophages rather than the proliferation of the cochlear resident 

macrophages. However, studies on infiltrated monocytes in the cochlea are 

scarce. Thus, we aimed to investigate the infiltration of monocytes and their 

transformation into macrophages after noise exposure and LPS treatment. 

 We used wild-type and CX3CR1+/GFP C57/B6 mice. the infiltration 

of monocytes and the transformation into macrophages were identified by 

immunofluorescence of mouse cochlear cells. The findings were confirmed and 
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quantitated by flow cytometry. 

 One day after noise exposure, monocytes were identified in the spiral 

ligament. Flow cytometric analysis confirmed that the monocyte population 

peaked on post-noise exposure day 1 and decreased after that. On day 3 after 

noise exposure, the amoeboid type macrophages increased in the crista basilaris, 

and on day 5, they spread to the basilar membrane. 

 Unlike noise exposure, neutrophils were identified in the spiral 

ligament and the osseous spiral lamina 1 day after repeated high-dose LPS 

injection. Monocytes were also identified in the spiral ligament. The subsequent 

process of the transformation of infiltrated monocytes into macrophages was 

alike noise exposure. 

 This study reveals that the infiltration of monocytes 1 day after noise 

exposure and LPS treatment and the transformation of infiltrated monocytes 

into macrophages after that. It provides the evidence of previous studies that 

cochlea cells derived from the monocyte/macrophage lineage serve a 

phagocytic function in the inner ear. From this, we could infer that the 

destruction of hair cells in the organ of Corti could be prevented by inhibiting 

the monocyte infiltration into the cochlea. 

 

 

 

 

 

 

 

 

 

                                                            

Key words : lipopolysaccharide, noise, cochlea, monocyte, neutrophil 
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I. INTRODUCTION 

 

 Acoustic trauma or an inflammatory response results in the destruction 

of hair cells in the organ of Corti or the fibrocytes in the spiral ligament and the 

spiral limbus.1 2 Although the cellular and molecular mechanisms underlying 

excessive noise exposure and an inflammatory response have been incompletely 

understood, there is increasing evidence that inflammation and immune 

response have been recognized as important pathophysiological mechanisms of 

these insults.1-3 As a component of the innate immune system, macrophages 

play a crucial role in local cochlea immunity by contributing to inflammation 

and tissue repair.4 Under normal physiological conditions, resident macrophages 

are present in the cochlea.1-3 They engulf dead cells and cellular debris, produce 

proinflammatory cytokines, recruit other immune cells and present antigens.5-7 

Recently, there is growing evidence that the recruitment 

monocytes/macrophages to the site of tissue injury plays a critical role for acute 

inflammation and wound healing.8-11 

 Acoustic overstimulation leads to the infiltration of immune cells in 

the cochlea.1 12 13 Several groups have reported that the numbers of macrophages 

in the cochlea reaches a peak by 3-4 days after an acoustic trauma.14-16 This 
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significant increase of macrophage is believed to result from the infiltration of 

circulating monocytes into the cochlea and the transformation of the infiltrated 

monocytes.1 15 However, there is a lack of research on infiltration of monocytes 

into the cochlea after excessive noise exposure. 

 Another inflammatory trigger of the cochlea is 

lipopolysaccharide(LPS) stimulation. LPS, an important component of bacterial 

endotoxin, plays a critical role in activating immunity by signaling the presence 

of infection to the immune system. Previous studies demonstrated that LPS 

injected into the peritoneum of mice results in a brisk cochlea inflammation 

with recruitment of monocytes/macrophages into the spiral ligament.17 However, 

the infiltration of inflammatory monocytes into the cochlea after LPS-induced 

cochlear inflammation has not been understood completely. 

 Neutrophils are the most abundant white blood cell and are first line 

defenders against invading pathogens and tissue injury.18 19 Since in organs, 

such as the lungs and hearts, excessive infiltration of neutrophils results in the 

destruction of the anatomical structure, it is important to elucidate whether 

neutrophils infiltrate into the cochlea after LPS-induced cochlear 

inflammation.20 21 It was thought that during acute inflammation neutrophils 

could not be recruited into the cochlea.1 13 22 23 However, several studies have 

demonstrated that infiltrated neutrophils in the fluid spaces of the cochlea were 

identified after direct endotoxin injection.24 25 Hence, the infiltration of 

neutrophils into the cochlea is still unclear. 

 This study was designed to investigate the infiltration of neutrophils 

under inflammation using immunohistochemistry and the infiltration of 

monocytes and their transformation into macrophages using quantitative flow 

cytometry. The purpose of this study is to elucidate whether neutrophils 

infiltrate the inner ear tissue and whether circulating monocytes infiltrate into 

the cochlea and transform into macrophages after acoustic trauma and 

LPS-induced cochlear inflammation. 
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II. MATERIALS AND METHODS 

 

1. Animal 

 

 Wild-type C57BL/6 mice and Cx3cr1GFP/GFP transgenic C57BL/6 

mice were purchased from Jackson Laboratory (Maine) via Orient Bio 

(Sungnam, Republic of Korea). Cx3cr1+/GFP mice were used to visualize the 

resident macrophages. The mice were housed and maintained under specific 

pathogen-free condition according to the Yonsei University Health System 

animal research requirements. All of the animal experimental procedures were 

approved by the Yonsei University Health System Institutional Animal Care 

and Use Committee (Approval Number 2020-0097). The experiments were 

conducted using mice aged 4–6 weeks of both sexes. Mice were provided with 

radicidation feed and housed in cages in an environmentally controlled room 

under a 12-h light cycle. 

 

2. Noise generation 

 

 White noise (300–10,000 Hz) was produced by a personal computer, 

amplified by an amplifier (R-399, Inter M, Seoul, Korea) and delivered through 

speakers (290-8L, Altec Lansing, Oklahoma City, OK, USA) in a noise booth. 

Mice were exposed to 1 h of 120 dB peak equivalent sound pressure level (SPL) 

to induce permanent threshold shift and noise-induced cochlear inflammation. 

 

3. Endotoxemia induction 

 

 Mice were genotyped shortly after birth and uniquely identified. ABR 

testing was completed before initiating endotoxemia induction to ensure normal 

hearing thresholds at baseline. Two different treatment were used: One group of 
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Cx3cr1+/GFP mice received phosphate-buffer saline(PBS) 3 times every 2 days. 

The other group was treated with sterile LPS(Sigma-Aldrich, Cat# L2630) 3 

times every 2 days (See injection protocol, Figure. 1). LPS was given by 

intraperitoneal(IP) injection at a dose of 10 mg/kg. This dose of LPS is a typical 

dose of LPS to mimic sepsis. Comparable volumes of PBS were given to the 

control group. 

 

 

Fig 1. Treatment protocol. Mice were treated to the following protocol: 10 

mg/kg LPS was injected IP 3 times every 2 days (PBS for control mice). At 1, 3, 

5 days after 3rd LPS injection, immunostaining and flow cytometry were 

performed. The auditory brainstem response (ABR) was tested on day 7 after 3rd 

LPS injection. 

 

4. Audiologic evaluation 

 

 The auditory brainstem response (ABR) was measured after 

anesthetizing the mice with xylazine (20 mg/kg IP) and ketamine hydrochloride 

(30 mg/kg IP). The hearing level of each mouse was checked by measuring the 

ABR threshold with a TDT auditory evoked potential workstation 

(Tucker-Davis Technologies, Alachua, FL, USA). Both ears of each mouse 

were stimulated with an ear probe sealed in the ear canal. The ABRs to click 

and tone stimuli were recorded, and thresholds were obtained for each ear. The 

ABRs were measured before and at 7 and 14 days after the noise exposure and 

LPS injection. 
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5. Histological preparation and immunostaining 

 

 After sacrificing the mice in a CO2 chamber, the bilateral temporal 

bones were dissected and fixed in 4% paraformaldehyde for 24 h at 4℃ after 

local perfusion with a fixative through the oval and round windows. After 

fixation, the samples were incubated in 1:3 EDTA solution for 24 h at 4℃ for 

decalcification. 

 For obtaining a whole mount of the organ of Corti sample, decalcified 

cochleae were cut in half through the apex–oval window axis. Under optical 

microscopy, the cochleae's lateral wall and bony capsule were carefully 

removed using forceps and microscissors. Other structures were trimmed while 

preserving the organ of Corti. All cochlear tissues were separated into apical, 

middle, and basal turns. 

 The tissues were blocked with 10% donkey serum and incubated with 

dye-conjugated Ly6C antibody (HK1.4, 128016, Biolegend) and/or 

dye-conjugated Ly6G antibody(HK1.4, 127608, Biolegend) and/or 

dye-conjugated F4/80 antibody (BM8, 123110, Biolegend) at 4°C overnight. 

The samples were then mounted with a mounting solution (Sigma-Aldrich) and 

viewed under an LSM780 confocal microscope (Zeiss, Jena, Germany). All 

immunostaining experiments were repeated in four biological replicates per 

time point. 

 

6. Hair cell counts 

 

 After histological preparation, the decalcified cochlea was 

immunostained with fluorescent- tagged antibodies. FITC-conjugated phalloidin 

(1:200; P5282; Sigma-Aldrich) was used to stain cochlear hair cells and DAPI 

(1:5,000; Invitrogen) for nuclear staining. Basal turns of the cochlea were 

examined under a confocal microscope (LSM700; Zeiss, Jena, Germany). 
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7. 3D reconstruction imaging 

 

 Two-photon microscopy (LSM7MP; Carl Zeiss, Oberkochen, 

Germany) was used for generating imaging data. Zen software (Carl Zeiss) was 

used for image acquisition and basic image analysis. To create 

three-dimensional images and videos, IMARIS software (Bitplane, Zurich, 

Switzerland) was used. Sagittal plane images of 100 μm distance were stacked 

for the sagittal reconstructed image. Basal turn was carefully divided from 

decalcified cochlea, and mounted on a silicone bond in the petri dish, with 

basilar membrane positioned at the top. Distilled water was filled between the 

sample and water-immerse lens of the two-photon microcopy. 

 

8. Flow cytometry 

 

 The cochleae were obtained from mice after cardiac perfusion with PBS. 

Soft tissue was carefully removed from the cochlea in ice-cold PBS. After 

moving the cochlea to a new dish filled with ice-cold PBS, the bony capsule 

was partially removed with special care not to open the bone marrow. After the 

cochlea’s inner tissues were extracted through the opening, the remnants were 

discarded. The cochlear tissue was collected and trypsinized for 10 min at 37°C. 

The trypsinized tissue was ground and passed through a 40 μm filter. The 

dissociated cells were stained with anti-CD11b (M1/70, 101206, BioLegend), 

anti-Ly6G (1A8, 127608, BioLegend), and anti-Ly6C (HK1.4, 128016, 

Biolegend) antibodies (1:200) for 30 min. The stained samples were analyzed 

with a FACSverse II BD flow cytometer (BD Biosciences, Sparks, MD, USA). 

Each sample consisted of cells from two cochleae from a mouse, and five 

samples were included in each group. 
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9. Statistical analysis 

 

  For comparing multiple time points, a one-way analysis of variance 

test and post-hoc Tukey’s test were used. For comparing two independent 

groups with multiple time points, a two-way analysis of variance test and 

post-hoc Dunnett’s multiple comparison test were used. All graphs visualized 

the mean and standard error of the mean (error bar) values. SPSS 25.0 (IBM, 

Armonk, NY, USA) and Prism 8.0 (GraphPad Software, San Diego, CA, 

USA) software were used for statistical analysis. P-value < 0.05 was regarded 

statistically significant. 
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III. RESULTS 

 

1. Intense noise and repeated systemic inflammation cause ABR 

threshold shift and outer hair cell damage 

 

 We examined the ABR threshold shift to study the effect of noise 

exposure on hair cells. Mice were continuously exposed to 120 dB peak 

equivalent SPL for 1 h. Within 24 h after noise exposure, ABR thresholds of all 

frequencies were over 90 dB. One week after noise exposure, there was no 

improvement in hearing thresholds across all examined frequencies (Figure 2A), 

indicating that the noise level generated a permanent threshold shift. This 

finding is consistent with previous studies using similar noise conditions in 

mice. 

 We also examined the effect of systemic inflammation on hair cells. 

Previous studies demonstrated that LPS alone did not induce ABR threshold 

shifts.17 26 In these prior studies, mice were treated with LPS given by IP 

injection at a dose of 0.5 mg/kg or 1 mg/kg. In this study, mice were treated 

with a typical dose of LPS to mimic sepsis (10 mg/kg). Systemic LPS (10 

mg/kg) induced ABR threshold shifts of 15-20 dB at 30 kHz. Moreover, mice 

were treated with high-dose LPS 3 times every 2 days by IP injection. One 

week after the last IP injection, mice had a significant permanent threshold shift 

at 24 and 30 kHz compared to those treated with high-dose LPS once and PBS. 

(Figure 2B). 

 To validate the destruction of hair cells in the organ of Corti, 

whole-mount cochlear preparations were made 2 weeks after the noise and LPS 

exposure. Hair cells were stained with Alexa Fluor 488-phalloidin and observed 

under a confocal microscope. Outer hair cells in the 24 and 30 kHz region of the 

noise-exposed cochlea and LPS treated cochlea were significantly damaged, 

whereas most of them were preserved in the control cochlea. (Figure 3). In this 
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study we showed that repeated systemic LPS could result in ABR threshold 

shift as well as the destruction of hair cells in the organ of Corti. 

 

 

 

 

 

Figure 2. ABR Threshold after intense noise exposure and repeated 

high-dose LPS. (A) Mice were exposed to 120 dB, white noise for 1 h and 

showed a severe hearing loss (40-60 dB threshold shift) at all frequency 1 week 

after noise exposure. (B) Hearing thresholds were shown at day 7 after LPS 

treatment. Mice treated with high-dose LPS 3 times every 2 days had a 

significant change in hearing thresholds compared with mice treated with 

high-dose LPS once and PBS. Mice tested at days 14 showed similar threshold 

shifts as shown at day 7. All data are expressed as the mean±SEM. ****, p < 

0.0001; **, p < 0.01 
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Figure 3. Effect of noise exposure and LPS on hair cells. The control cochlea 

shows preserved inner and outer hair cells (A) at 24 and (B) at 30 kHz whereas 

the cochlea treated with repeated high-dose LPS shows degenerated outer hair 

cells (C) at 24 and (D) at 30 kHz and intact inner hair cells. Loss of nucleus and 

cell body indicates degenerated outer hair cells. (E, F) Similarly, only cuticular 

plate was observed in the noise exposed cochlea. Green, phalloidin; Blue, DAPI. 

Scale bar = 20 μm in F (applies to A-F) 
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2. Infiltration of inflammatory monocytes after acoustic 

overstimulation 

 

 We visualized the monocytes infiltrating the cochlea after noise 

exposure by Ly6C immunofluorescence. Ly6C is a specific membrane marker 

of inflammatory monocytes.8 10 27 28 In the spiral ligament, Ly6C-positive 

monocytes were easily identified on day 1 after noise exposure compared to 

days 3, 5, 7, and the unexposed cochleae (Figure 4). 

 Next, we confirmed the monocyte infiltration after noise exposure by 

flow cytometry. The serial analysis by gating for CD11b+, Ly6G-, Ly6Chigh 

(indicators of inflammatory monocytes) showed a peak in the infiltration of 

monocytes on day 1 after the exposure, which decreased after that (Figure 

5).28-32 The CD11b antibody was used to gate the myeloid lineage immune cells, 

and the Ly6G antibody was used to exclude neutrophils. The other cells in the 

CD11b+/Ly6G- population consisted of dendritic cells, eosinophils, natural 

killer cells, and mostly macrophages.33 
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Figure 4. Expression of monocyte markers in the basal turn of the cochlea 

after acoustic trauma. The lateral cochlear wall shows (A) CX3CR1-positive 

resident macrophages before noise exposure and (B) a significant increase in 

Ly6C-positive monocytes 1 day after noise exposure. (C) Three days after 

noise exposure, the cochlea displays a decrease in Ly6C-positive monocytes 

and an increase in CX3CR1+ macrophages. The cochlea (D) 5 and (E) 7 days 

post-noise exposure. Dim white color indicates non-specific staining of Ly6C 

to fibrocytes, and the weak white color with a hollow center indicates blood 

vessel endothelium that is also known to express Ly6C. In all of the images, 

top is the lateral wall, and bottom is the basilar membrane. Dotted line 

indicates Ly6C-stained endothelial cells of the blood vessel that are confirmed 

by exploration of z-stack images. Green, CX3CR1; White, Ly6C. Scale bar = 

100 μm. 
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Figure 5. Flow cytometric evaluation of the infiltrated monocytes after 

noise exposure. (A) The Ly6C (white) and DAPI (blue) staining of the 

infiltrated monocytes in the spiral ligament after noise exposure indicates that 

Ly6C staining is not an artifact or background noise. Green, CX3CR1; White, 

Ly6C; and Blue, DAPI. Scale bar = 20 μm (B) Percentage of monocytes 

(CD11b+, Ly6G-, Ly6Chigh) from the parent population (CD11b+, Ly6G-) (**, 

p < 0.01 by one-way analysis of variance with Tukey post-hoc). (C) Absolute 

cell count for CD11b+/Ly6G-/Ly6C- cells and monocytes (CD11b+, Ly6G-, 

Ly6Chigh). (D) Gating for CD11b (myelocyte lineage) and Ly6G (neutrophils) 

to visualize monocyte infiltration. Ly6G+ cells were excluded because they 

were neutrophils. WT, wild type; N1d, 1 day after noise exposure; N3d, 3 days 

after noise exposure; N5d, 5 days after noise exposure; SSC, side scatter; FSC, 

forward scatter; SSC-A, side scatter area; SSC-W, side scatter width. 
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3. Infiltration of neutrophils and monocytes after systemic LPS 

 

 We investigated the neutrophils infiltrating the cochlea after repeated 

high-dose LPS injection by Ly6G immunofluorescence. On day 1 after the last 

IP injection Ly6G-positive neutrophils were easily identified in the spiral 

ligament and in the osseous spiral lamina compared to the normal cochlea 

(Figure 6). We also visualized the inflammatory monocytes by using Ly6C 

immunofluorescence. Similar to acoustic trauma Ly6C-positive monocytes 

were easily identified in the latera wall of cochlea on day 1 after the last IP 

injection whereas only Ly6C-stained endothelial cells of the blood vessel were 

identified in the normal cochlea. (Figure 7.) 

 We confirmed the neutrophils and monocytes infiltration after 

systemic LPS by flow cytometry. On day 1 after the last IP injection neutrophils 

(CD11b+ Ly6G+ cells) rapidly accumulate in the cochlea (Figure 8B) and 

inflammatory monocytes (CD11b+, Ly6G-, Ly6Chigh) also accumulate in the 

cochlea similar to the infiltration of monocytes after acoustic trauma (Figure 

8C). 
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Figure 6. Expression of neutrophil markers in the basal turn of the cochlea 

after systemic LPS. The basal turn of the cochlea shows (A) no Ly6G+ cells 

under steady-state cochlea and (B) a significant increase in Ly6G+ cells in the 

lateral wall as well as in the osseous spiral lamina 1 day after repeated 

high-dose LPS injection. In all the images, the top is the lateral wall, and the 

bottom is the basilar membrane. Blue, DAPI; Red, Ly6G. Scale bar = 50 μm. 
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Figure 7. Expression of monocyte markers in the lateral wall of the cochlea 

after systemic LPS. (A) The lateral wall of the normal normal cochlea shows 

only blood vessel endothelium. (B) A large number of Ly6C- positive 

monocytes are accumulated in the lateral wall 1 day after repeated high-dose 

LPS injection. Arrow heads indicate the infiltrated monocytes. Dotted line 

indicates Ly6C-stained endothelial cells of the blood vessel. Blue, DAPI ; 

White, Ly6C. Scale bar =20 μm 
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Figure 8. Flow cytometric evaluation of the infiltration of neutrophils and 

monocytes. (A) Gating strategy to select single, live, CD11b+ cells. 

Representative density plots of neutrophils (CD11b+ Ly6G+ cells) (B) and 

monocytes (CD11b+, Ly6G-, Ly6Chigh cells) (C) On day 1 after the last IP. 

Arrows indicate the newly infiltrated immune cells. SSC, side scatter; FSC, 

forward scatter; SSC-A, side scatter area; SSC-W, side scatter width. 
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4. Macrophages migrate to the basilar membrane from the lateral 

wall 

 

 Based on whole-mount immunofluorescence performed on consecutive 

days after the noise exposure, we investigated the migration of macrophages to 

the basilar membrane (Figure 9, Figure 10). All the CX3CR1-positive (green) 

macrophages were co-stained with F4/80 antibody (red) in the whole field of 

vision. On day 1 after the noise exposure, the cochlea showed no remarkable 

changes in the number and morphology of CX3CR1-positive macrophages 

displaying long and irregular shapes. However, on day 3 after the noise 

exposure, the number of CX3CR1-positive macrophages increased, and they 

were lined along the crista basilaris (junction of the basilar membrane and 

lateral wall). These cells displayed round and amoeboid morphology, 

suggesting they were the newly infiltrated monocytes.3 4 On days 5 and 7 after 

noise exposure, the CX3CR1-positive macrophages were not lined along the 

crista basilaris; instead, they spread to the basilar membrane. The dominant 

morphology of macrophages at these time points were not amoeboid, but rather 

dendritic and irregular shaped (Figure 11). 

 Similar to the acoustic trauma, the number of CX3CR1-positive 

macrophages were lined along the crista basilaris on 3 days after LPS injection. 

On days 5 after LPS injection, the CX3CR1-positive macrophages lined along 

the crista basilaris spread to the basilar membrane. (Figure 12) 
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Figure 9. Migration of macrophages after acoustic injury. Several 

CX3CR1+ resident macrophages are seen beneath the basilar membrane in (A) 

unexposed cochlea and (B) 1 day after noise exposure. (C) Three days 

post-noise exposure, an increase in CX3CR1+ cells with amoeboid morphology 

is seen in the junction of the basilar membrane and lateral wall (crista basilaris). 

Macrophages spread to the basilar membrane (D) 5 and (E) 7 days after noise 

exposure. All images show the lateral wall at the top and the osseous spiral 

lamina at the bottom. Green, CX3CR1 and Red, F4/80. Scale bar = 100 μm. 
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Figure 10. 3D reconstructed imaging using two-photon microscope. The 

sectional image could show the exact location of macrophages in the basilar 

membrane. CX3CR1+ resident macrophages are seen beneath the basilar 

membrane in (A) prenoise cochlea and (B) 1 day after noise exposure, but not in 

crista basilaris. CX3CR1+ cells are seen in crista basilaris in 3 days after noise 

exposure. CX3CR1+ cells spread to the basilar membrane (D) 5 and (E) 7 days 

after noise exposure. In all the images, the top is the osseous spiral lamina, and 

the bottom is the lateral wall. Green, CX3CR1. Scale bar = 50 μm  
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Figure 11. Quantification of basilar membrane macrophages from four 

samples. Amoeboid macrophages were defined as dense, round-shaped cells 

without dendrites. Mature macrophages were defined as vice versa. Cells in the 

basal turn (~60% distance from apex) were counted. Two-. way analysis of 

variance with post-hoc Dunnett’s comparison was used to evaluate cell count 

differences from control cochlea. CTR, untreated cochlea; N1d, 1 day after 

noise exposure; N3d, 3 days after noise exposure; N5d, 5 days after noise 

exposure; N7d, 7 days after noise exposure; ****, p < 0.0001; **, p < 0.01 
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Figure 12. Migration of macrophages after LPS injection. (A) CX3CR1+ 

resident macrophages are seen beneath the basilar membrane in normal cochlea. 

(B) Activated CX3CR1+ resident macrophages are recruited beneath the basilar 

membrane from the osseous spiral lamina 1 day after LPS injection. (C) 3 days 

after LPS injection, an increase in CX3CR1+ cells with amoeboid morphology 

is seen in the crista basilaris. (D) Macrophages spread to the basilar membrane 

5 days after LPS injection. All images show the lateral wall at the top and the 

osseous spiral lamina at the bottom. Green, CX3CR1 and Red, F4/80. Scale bar 

= 100 μm. 
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5. Transformation of monocyte into macrophages 

 

 we confirmed the transformation of monocytes into macrophages after 

noise exposure by flow cytometry. The gating strategy is illustrated in Figure 

13A. The cells in the cochlea were gated on single cells and on live cells. We 

analyzed the live CD11b+ cells from the cochlea cell sample and the live 

CD11b+ cells were further analyzed for other immune cells markers (CX3CR1+, 

Ly6G+ and Ly6C+) and myeloid cells(CD11b+) were analyzed for neutrophils, 

monocytes and macrophages. Based on their properties in other immune 

compartments, we defined as CD11b+ CX3CR1+ cells as macrophages, 

CD11b+ Ly6G+ cells as neutrophils, CD11b+Ly6G- Ly6Chigh cells as 

monocytes. 

 The results of flow cytometry showed that monocytes (CD11b+, 

Ly6G-, Ly6Chigh) in the cochlea rapidly accumulate during the first 24 to 48 h 

after noise exposure and then transition to CD11b+, Ly6G-, Ly6Clow cells 

(Figure 7B). The cell count of Ly6Chigh cells rapidly increased 1 day after 

noise exposure and decreased from day 3 after the noise exposure. On the other 

hand, the cell count of Ly6Clow cells slowly increased on post noise exposure 

days 1 to 2 and rapidly increased from day 3 after the noise exposure. These 

results suggest that the transformation of monocytes into macrophages (Figure 

14). 
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Figure 13. Flow cytometric evaluation of the transformation of monocytes 

into macrophages. (A) Panels shows the gating strategy for flow cytometric 

analysis of the immune cell in cochlea. A gate was first set from the 

forward-scatter versus side-scatter dot-plot of all events that corresponded to the 

size and granularity of the lymphocytes. The cells in the lymphocytes gate were 

then examined in a plot comparing side-scatter width and side-scatter area to 

determine single cells (singlets). The cells within the singlet gate were plotted 

as side-scatter width versus Live-Dead stain. The cells in the live gate were 
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plotted as side-scatter width versus CD11b+. Live CD11b+ cells, myeloid cells, 

in the sample were further gated for neutrophil and monocytes/macrophages 

depending on their surface-markers. (B) Representative density plots of 

monocytes (CD11b+, Ly6G-, Ly6Chigh) and CD11b+, Ly6G-, Ly6Clow cells 

on post noise exposure day 1 to 5. SSC, side scatter; FSC, forward scatter; 

SSC-A, side scatter area; SSC-W, side scatter width. 

 

 

 

 

 

 

 

Figure 14. Quantification of transformation of monocyte into macrophages. 

(A) Ly6Chigh cells and Ly6Clow plotted as a percentage of CD11b+ cells. (B) 

The cell count of Ly6Chigh cells and Ly6Clowcells after noise exposure. Data 

are representative of 4 independent experiments ****, p < 0.0001; **, p < 0.01 
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IV. DISCUSSION 

 

 Our findings tried to figure out that the inflammatory monocytes 

emigrated to the spiral ligament 1 day after noise exposure and repeated 

high-dose LPS. The infiltrated monocytes were transformed into macrophages. 

A change in the number of macrophages based on immunofluorescence was 

identified from day 3 onwards after these insults. The time taken for this 

population change suggested that the infiltrated monocytes were transformed 

into macrophages. FACS was used to quantify and validate the infiltrated 

monocytes were transformed into macrophages. The crista basilaris is the major 

site of transformation, given that the amoeboid macrophages lined these area 3 

days after the noise exposure. On the day of 5 and 7, the macrophages spread to 

the basilar membrane by eliminating the degenerated cell debris and curing the 

damaged tissue. Furthermore, our finding revealed that the repeated high-dose 

LPS resulted in not only ABR threshold but also the destruction of hair cells in 

the organ of Corti.  

 As in previous researches they have shown that LPS pretreatment 

exacerbated hearing loss caused by combined ototoxic agents such as loop 

diuretics and aminoglycosides, but acute LPS (0.5-1 mg/kg) only itself did not 

alter ABR threshold in small numbers.26 34-38 Other studies applied LPS directly 

into the middle ear showed that LPS could induce ABR threshold shifts in a 

dose-dependent manner.39 40 These prior studies implied that a higher dose of 

LPS injection could result in haring loss. In this research, mice were treated 

with LPS at a dose of 10mg/kg by IP injection. 1 week after IP injection, ABR 

threshold shift of 15-20 dB at 30 kHz was induced. The Repeated high-dose 

LPS caused worsening and acceleration of hearing loss similar to loop diuretics 

or aminoglycosides with systemic LPS pretreatment. It seemed to be that acute 

LPS resulted in physical disruption of the BLB which increased the 

permeability of BLB. The findings showed that the high levels of LPS that 
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mimic sepsis could be capable of causing direction injury to the cochlear. 

 Neutrophils are the most common leukocyte in the bloodstream and 

are first responders against infection or injury.41 42 A pathogen killing 

mechanism of neutrophils is termed neutrophil extracellular traps(NETs) which 

consist of chromatin with associated histones, granule contents such as serine 

proteases and myeloperoxidase.43 44 Neutrophil-mediated vascular injury 

(NMVI) is result of intravascular neutrophil release of NETs.18 45 46 Infiltration 

of neutrophils in large numbers results in the destruction of the anatomical 

structure in the organs such as the liver, lung and kidney.47-49 Previous studies 

have shown that neutrophils could not be recruited into the cochlea after acute 

damage despite the fact that neutrophils are the most abundant white blood cell 

in circulation.23 However, recent studies have demonstrated that infiltrated 

neutrophils in the fluid spaces of the cochlea as well as in the spiral ligament 

were identified after direct endotoxin injection.24 25 50 Therefore, the infiltration 

of neutrophils into the cochlea is still unclear. In this study, we provided 

evidence of neutrophil influx in the cochlea after repeated high-dose LPS 

injection by Ly6G immunofluorescence and flow cytometry.  Neutrophil 

influx in the cochlea after LPS could affect the blood labyrinth barrier and 

reduce barrier selectivity which elucidate massive infiltration of inflammatory 

monocytes into the inner ear. 

 Resident macrophages were presented in the spiral ligament, spiral 

limbus, spiral ganglion region, and beneath the basilar membrane, displaying 

various morphologies in different regions of the cochlea.15 51-53 Previous studies 

resulted circulating monocytes entered the cochlea and differentiated into 

mature macrophages after noise exposure while resident macrophages did not 

proliferate. Hirose et al. disputed macrophage proliferation in the spiral 

ligament by performing BrdU injection into mice after noise exposure.1 Okano 

et al. also showed that transplanting GFP-labeled bone marrow into a lethally 

irradiated mouse result in an increased number of GFP+ macrophages in the 
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cochlea.15 Consistent with these findings, we demonstrated that cochlear 

macrophages were likely increased by the migration of monocytes which were 

the precursors of macrophages from the vasculature, not by mitotic division of 

the resident macrophages. 

 CX3CR1+ and CD45+ cells in the cochlea peak at 3 days post-noise 

exposure had shown in the previous researches.1 2 15 Yang et al. proved that an 

accumulation of cells displaying the amoeboid morphology in the junction 

between the basilar membrane and lateral wall 4 days post-noise exposure.3 In 

line with these findings, we found several CX3CR1-positive cells with an 

amoeboid morphology that appeared in the crista basilaris 3 days after noise 

exposure, while they were not seen in the unexposed cochlea or 1 day after 

noise exposure. Instead, we found inflammatory monocytes at 1 day after noise 

exposure. To the best of our knowledge, this was the earliest observation of 

immune cell infiltration after noise exposure. Our observation could explain the 

time course of the increase in macrophage population after acoustic trauma, 

which had been unidentified up to resent. Monocytes from the blood began 

infiltration to the cochlea parenchyma at 1 day after noise, and gradually 

decreased. After that, they began transformation to the macrophages while 

losing the Ly6C phenotype at 3 days after noise, which was consistent with 

findings observed by other researchers as abovementioned. 

 Ly6C has recently been identified as an important marker for monocytes. 

Ly6Chigh monocytes displayed an inflammatory phenotype, while Ly6Clow 

monocytes were categorized as patrolling monocytes in the bloodstream.8 10 27 28 

We defined Ly6Chigh (CD11b+, Ly6G-, Ly6Chigh) cells as infiltrating 

monocytes based on previous studies.28-32 Ly6Chigh monocytes accumulated in 

the lateral wall from the first day after noise exposure in our research. These 

infiltrating monocytes transformed into macrophages or dendritic cells in other 

organs.28 30 31 Hence, our findings indicated that the cochlea had characteristics 

similar to other organs, allowing the transformation of monocytes to 
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macrophages. 

 The infiltration of circulating blood monocytes to the cochlea played a 

critical role in tissue repair. The initial inflammatory phase was destructive to 

the tissue and promotes clearance of damaged pathogens, whereas the resolution 

phase of inflammation promoted tissue repair.11 27 For this reason, infiltrating 

monocytes into the cochlea was necessary to maintain cochlea homeostasis.54-56 

Although inflammatory response and immune activities were initiated for 

protection and repair of cochlea, off-target effects could result in collateral 

damage to cochlea cells.  

 This study had some limitations. First, the functional role of infiltrated 

monocytes in cochlea pathogenesis and recovery was still not clear. Second, we 

focused on inflammatory monocytes, which were widely known to be involved 

in cochlear inflammation. However, other resident immune cells have also been 

reported in the cochlea after acute damage.53 The interaction of these cells with 

the infiltrating monocytes following noise exposure needs to be evaluated. A 

better understanding of cochlea inflammation would lead to the development of 

new therapeutic treatments.   
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V. CONCLUSION 

 

 In conclusion, we have demonstrated that cochlea inflammation leads 

to the migration of circulating inflammatory monocytes into the lateral cochlear 

wall, which peaks 1 day after noise exposure. These infiltrated inflammatory 

monocytes acquire properties of macrophages near the crista basilaris before 

spreading to the basilar membrane. Also, we have demonstrated that systemic 

inflammation induced by LPS lead to not only the elevation of hearing 

threshold and the destruction of hair cells in the organ of Corti, but also the 

infiltration of neutrophils into the lateral wall of the cochlea. These findings 

would lead to a better understanding of cochlea inflammation and the 

development of new therapeutic treatments. 
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음향 외상 또는 내독소혈증 매개 염증에 의해 코르티 기관의 

유모세포 및 달팽이 관 내의 나선 윤부와 나선 인대 안의 

섬유세포가 손상된다. 이러한 스트레스를 받게 되면 달팽이관 

내에 대식세포의 수가 증가한다. 이렇게 증가한 대식세포는 

달팽이관 내에 상주하는 대식세포가 분열하여 증가하는 것이 

아니라 혈관을 순환하는 단핵구가 달팽이관으로 들어와 

대식세포로 분화하여 그 수가 증가한다고 알려져 있다. 하지만 

단핵구가 달팽이관으로 유입되어 대식세포로 분화하는 것에 

대한 연구는 아직까지 많이 알려진 바가 없다. 따라서 본 

연구에서는 소음 및 전신적 내독소에 의해 달팽이관 내 염증이 

유발되는 상황에서 단핵구가 달팽이관 안으로 들어와 

대식세포로 분화하는 기전을 규명하고자 한다. 
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본 논문에서는 CX3CR1에서 GFP가 발현되는 유전자 변형 

마우스와 야생형 마우스로 실험을 진행하였다. 단핵구가 

달팽이관으로 들어가서 대식세포로 분화되는 과정은 

immunohistochemistry를 통하여 확인하였다. 이 결과는 유세포 

분석을 통해 재확인 및 정량화 하였다. 

그 결과, 소음에 노출된 후 1일차부터 단핵구는 달팽이관 내의 

나선인대로 모여들었다. 유세포 분석 결과 달팽이관의 단핵구는 

소음에 노출된 1일차에 수가 가장 많이 증가하였고 이후 점점 

줄어들었다. 소음에 노출된 후 3일차에 달팽이관의 기저막과 

측벽의 접합부에서 아메보이드 형태의 미분화된 대식세포가 

증가하였다. 그리고 소음 노출 후 5일차에 분화된 대식세포가 

기저막 전체로 이동하였다. 

달팽이관이 내독소에 노출되었을 때는 소음에 노출되었을 때와 

다르게 호중구가 달팽이관 내의 나선 인대 및 골 나선 판에 

나타났다. 하지만 단핵구는 소음에 노출되었을 때와 비슷한 

양상으로 내독소에 노출된 후 1일차에 들어와서 대식세포로 

분화하였다. 

이 연구는 다양한 스트레스에 의해 유발되는 달팽이관의 

염증반응에서 단핵구가 들어와 대식세포로 분화되는 과정을 

확인한 연구이다. 따라서 이 연구결과들은 달팽이관 내로 

단핵구의 이동을 차단하게 되면 코르티 기관의 유모세포의 

손상을 막을 수 있다는 확신을 갖게 하여, 새로운 난청 

치료법의 개발 가능성을 시사한다. 
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