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Abstract

Noise exposure producing temporary threshold shifts (TTS) has been demonstrated to cause 

permanent changes to cochlear physiology and hearing function. Several explanations have been 

purported to underlie these long-term changes in cochlear function, such as damage to sensory cell 

stereocilia and synaptic connections between sensory cells and their innervation by spiral ganglion 

neurons, and demyelination of the auditory nerve. Though these structural defects have been 

implicated in hearing difficulty, cochlear responses to this stress damage remains poorly 

understood. Here, we report the activation of the cochlear immune system following exposure to 

lower level noise (LLN) that causes only TTS. Using multiple morphological, molecular and 

functional parameters, we assessed the responses of macrophages, the primary immune cell 

population in the cochlea, to the LLN exposure. This study reveals that a LLN that causes only 

TTS increases the macrophage population in cochlear regions immediately adjacent to sensory 

cells and their innervations. Many of these cells acquire an activated morphology and express the 

immune molecules CCL2 and ICAM1 that are important for macrophage inflammatory activity 

and adhesion. However, LLN exposure reduces macrophage phagocytic ability. While the 

activated morphology of cochlear macrophages reverses, the complete recovery is not achieved 2 

months after the LLN exposure. Taken together, these observations clearly implicate the cochlear 

immune system in the cochlear response to LLN that causes no permanent threshold change.
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1 Introduction

It has long been established that exposure to high-intensity noise compromises sensory cell 

viability and produces permanent hearing loss (Hamernik et al., 1980; Hamernik et al., 1984; 

Henderson et al., 1998; Hu, 2012; Hu et al., 2000; Saunders et al., 1985; Sulkowski et al., 

1981; Taylor et al., 1965). Although high-level noise has been shown to cause the loss of 

cochlear cells and sensory cells in particular, low-intensity noise is more prevalent in real 

world circumstances. Though many individuals living in an industrial society may encounter 

high-intensity noise only on an infrequent basis, those same individuals are nevertheless 

likely to be exposed to longer durations of a lower-level noise (LLN) that causes only a 

temporary hearing loss. Even without permanent hearing loss, individuals who sustain LLN 

exposure can display signs of auditory symptoms. Such dysfunction includes difficulty in 

speech perception in noisy conditions, tinnitus, hyperacusis and auditory processing 

disorders (Bharadwaj et al., 2015; Hickox et al., 2014; Schaette et al., 2011). The underlying 

pathophysiological basis of these clinical symptoms have been attributed to damage to the 

synaptic connections between the inner hair cells and the spiral ganglion axons (Kujawa et 

al., 2009; Kujawa et al., 2015; Liberman et al., 2017; Liberman et al., 2016; Lin et al., 2011), 

dyssynchrony of auditory afferent synapses (Roux et al., 2006; Starr et al., 2003), and 

auditory nerve demyelination (Wan et al., 2017). While these observations suggest the role 

for neural structural pathogenesis in hearing difficulty, other factors that contribute to these 

changes following LLN exposure are not fully understood.

Cochlear immunity is an important regulator for cochlear homeostasis and diseases, and 

macrophages are the major executor in the cochlear immune system (Frye et al., 2017; 

Hirose et al., 2005; Lang et al., 2006; Okano et al., 2008; Sato et al., 2008; Tornabene et al., 

2006; Yang et al., 2015). Numerous researchers have demonstrated that the cochlear 

macrophage population surrounding the organ of Corti and cochlear neural regions expands 

in response to signals from these structures successive to sensory cell damage (Fredelius et 

al., 1990; Frye et al., 2017; Hirose et al., 2005; Ladrech et al., 2007; Sato et al., 2010; 

Tornabene et al., 2006; Wakabayashi et al., 2010; Yang et al., 2015). These macrophages 

comprise primarily the infiltrated macrophage precursor cells that transform into mature 

macrophages in the cochlea. They display pro-inflammatory phenotypes such as increased 

expression of inflammatory molecules (Yang et al., 2015). In addition to acute cochlear 

damage, our recent study revealed that chronic low-grade cochlear stress due to age-related 

and genetic sensory cell degeneration is capable of activating cochlear macrophages (Frye et 

al., 2017; Zhang et al., 2017). Unlike in the event of acute damage, chronic stress provokes 

only mild infiltration of monocytes and the major macrophage activity involves mature 

tissue macrophages. While the precise role of macrophage activities is not clear, these cells 

have been linked to the generation of local inflammation, the clearance of dead sensory cells 

(Fredelius, 1988; Fredelius et al., 1990; Hirose et al., 2017) and antigen presentation (Yang 

et al., 2015). Disruption of macrophage function appears to generate mixed outcomes. For 
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example, interference of fractalkine signaling has been shown to reduce macrophage 

recruitment and compromise the survival of cochlear ganglion neurons (Kaur et al., 2015). 

In contrast, blockage of macrophage infiltration by systemic depletion of macrophages and 

monocytes alleviates noise-induced hearing dysfunction and sensory cell loss (Mizushima et 

al., 2017). While the activities of mononuclear phagocytes resultant of acute high-level 

sensory cell damage have been well documented, cochlear immune cell responses to a low-

level stress that does not cause sensory cell death remains elusive.

The current study was designed to examine the morphological and molecular changes of 

cochlear macrophages in ears that have sustained exposure to LLN. Here, we present 

evidence of an immune activation following exposure to an intermittent noise at 95 dB SPL 

that produces only a temporary threshold shift (TTS) without the loss of sensory cells. We 

reveal that LLN exposure increases the macrophage population in cochlear regions adjacent 

to sensory cells and the peripheral fibers of spiral ganglion neurons. Moreover, LLN stress 

causes cochlear macrophages to adopt an activated phenotype and increases the macrophage 

expression of ICAM-1 and CCL2 in the cochlear region that sustained the acoustic stress. 

However, macrophages display reduced phagocytic activity after LLN stress. Noticeably, the 

activated phenotype of macrophages, while recovering partially, persists for at least two 

months after noise exposure has ceased. Together, these observations clearly implicate 

cochlear macrophages in cochlear responses to LLN.

2 Experimental Procedures

2.1 Subjects

Male and female CBA/CaJ mice aged 1–3 months were utilized in this investigation. 

Animals were housed at the University at Buffalo’s Laboratory Animal Facility employing a 

12-hour lights on and 12-hour lights off (8 AM to 8 PM) light cycle. Procedures involving 

the use and care of the animal subjects were approved by the Institutional Animal Care and 

Use Committee of the State University of New York at Buffalo.

2.2 Auditory brainstem responses (ABR)

Auditory brainstem response (ABR) measurements were conducted to assess auditory 

function using a method previously described in detail (Hu et al., 2012). Briefly, an animal 

was anesthetized with an intraperitoneal injection of a mixture of ketamine (87 mg/kg) and 

xylazine (3 mg/kg). Body temperature was maintained at 37.5 °C with a warming blanket 

(Homeothermic Blanket Control Unit; Harvard Apparatus). Stainless-steel needle electrodes 

were placed subdermally over the vertex (noninverting input) and posterior to the stimulated 

and nonstimulated ears (inverting input and ground) of the animal. Elicitation of the ABRs 

was accomplished with tone bursts at 4, 8, 16, and 32 kHz (0.5 ms rise/fall Blackman ramp, 

1 ms duration, alternating phase) at the rate of 21/s. The tone-bursts were generated digitally 

(SigGen; TDT) using a digital-to-analog converter (100 kHz sampling rate; RP2.1; TDT) 

and fed to a programmable attenuator (PA5; TDT), an amplifier (SA1; TDT), and a closed-

field loudspeaker (CF1; TDT). Electrode outputs were delivered to a preamplifier/base 

station (RA4LI and RA4PA/RA16B; TDT). Responses were filtered (100–3000 Hz), 

amplified, and averaged using TDT hardware and software. These responses were then 
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stored and displayed on a computer. The ABR threshold was defined as the lowest intensity 

at which an ABR wave I was reliably detectable.

2.3 Noise exposure

Two noise exposure levels were employed: a lower level noise (LLN) at 95 dB SPL and a 

traumatic noise at 120 dB SPL (sound pressure level, re: 20 μPa). For both experimental 

conditions the sound intensity was calibrated using a sound level meter (LD-PCB, model 

800 B, APCB Piezotronics Div., Larson Davis, Depew, NY, USA) with a condenser 

microphone (Larson and Davis, LDL 2559, Depew, NY, USA) that was placed at the 

position of the animal’s head in the sound field.

2.3.1 95 dB SPL LLN—The noise signal was generated using Adobe Audition PC-based 

software (Adobe Systems, San Jose, CA, USA). The signal was routed through an attenuator 

and power amplifier (L4Z4002, Technical Pro, Edison, NJ, USA) to a low-leakage 

loudspeaker (FT17H, Fostex, Agoura hills, CA, USA) positioned immediately above each 

animal holding cage. A continuous noise (8–16 kHz) at 95 dB SPL for 8 hours on and then 

16 hours off each day for either 7 or 15 days was used to induce a low-level noise stress to 

the cochlea. This level of noise exposure was selected because it has been demonstrated to 

induce temporary threshold shifts and functional changes to the cochlea without resulting in 

substantial sensory cell death (Furman et al., 2013; Kujawa et al., 2009; Lin et al., 2011). 

Therefore, this noise exposure paradigm allowed us to evaluate the cochlear immune 

response to LLN. An additional reason we chose to use this LLN paradigm was to provide a 

TTS model of chronic noise exposure that correlates well with human noise exposure in an 

occupational work environment—8 hours of exposure followed by 16 hours of recovery 

time. During noise exposure, the mice were housed in holding cages with free access to food 

and water. When the noise was not provided, the animals were housed in the same cages in 

the same room to prevent stress caused by the frequent change in the residential 

environment.

2.3.2 120 dB SPL traumatic noise—A broadband noise (1–7 kHz) at 120 dB SPL for 1 

hour was used to traumatize the cochlea and to provide the context of a positive control for 

comparison with our LLN exposure. This level of noise exposure was selected because it 

causes permanent hearing loss and a substantial degree of sensory cell death (Cai et al., 

2014), allowing for the determination of the cochlear immune response to traumatic noise. 

The noise signal was generated using a Real-Time signal processor (RP2.1, Tucker Davis 

Technologies, TDT, Alachua, FL, USA). The signal was routed through an attenuator (PA5 

TDT, Alachua, FL, USA) and a power amplifier (Crown XLS 202, Harman International 

Company, Elkhart, IN, USA) to a loudspeaker (NSD2005-8, Eminence, Eminence, KY, 

USA) positioned above the animal’s head. The mice were individually exposed to the noise 

in a holding cage.

2.4 Cochlear tissue collection

Cochlear tissues were harvested following different experimental paradigms. Animals were 

euthanized by CO2 asphyxiation and subsequently decapitated. The cochleae were quickly 

removed from the skull. For immunostaining of cochlear immune cells, the cochleae were 
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fixed with either 10% buffered formalin or 4% paraformaldehyde for 1 day. The cochleae 

were decalcified with 10% Ethylenediaminetetraacetic acid at 4 °C for 1 day and were then 

dissected in 10 mM phosphate-buffered saline (PBS) to collect the whole-mounts of sensory 

epithelia containing the basilar membrane, osseous spiral lamina and a lower portion of the 

lateral wall for subsequent analyses. A portion of the bony shells of the cochleae were also 

collected for assessing macrophages on the luminal surface of the scala tympani. For 

animals in the experimental groups (i.e., those subjects that underwent noise exposure), 

cochlear tissue collection commenced at either 24 hours or 2 months post cessation of noise.

2.5 Determination of sensory cell damage

The assessment of sensory cell damage has been previously reported by our lab (Yang et al., 

2015). Tissue collection from animals undergoing noise exposure was completed 24 hours 

post noise cessation. The pattern of sensory cell damage was determined by quantifying the 

number of missing inner hair cells (IHC) and outer hair cells (OHC) along the sensory 

epithelium based on the condition of their cuticular plates and nuclei. For assessment of hair 

cell cuticular plates, the sensory epithelium surface preparations were incubated with a 

staining solution containing Alexa Fluor 488 or 568 phalloidin (1:100; Applied Biosystems, 

Foster City, CA USA) in 10 mM PBS at room temperature in the dark for 30 minutes. For 

assessment of hair cell nuclei, the tissues were stained with TO-PRO®-3 (1:1,000 1 μM in 

PBS) a carbocyanine monomer nucleic acid stain, for 30 minutes or 4′,6-Diamidine-2′-
phenylindole dihydrochloride (DAPI) (1 μg/ml in PBS) for 10 minutes. After the staining, 

the tissue was mounted on a slide.

2.6 Immunohistochemistry for immune cell analysis

Immunolabeling of CD45 protein, a pan-leukocyte marker, was used to visualize immune 

cells. Macrophages were identified based on their expression of ionized calcium-binding 

adapter molecule 1 (Iba1), a macrophage-specific calcium binding protein that has been used 

in previous studies for identifying macrophages in the cochlea (Hirose et al., 2005; Okano et 

al., 2008) and the central nervous system (Ajami et al., 2011). Macrophage precursor cells 

were identified by their strong expression of lymphocyte antigen 6 complex (Ly6C), a 

macrophage precursor/monocyte-specific marker (Rose et al., 2012) in combination with 

relatively weak Iba1 expression. Macrophage and monocyte identity was enhanced by 

morphological analysis. The overall inflammatory and functional state of macrophage 

precursor cells and macrophages was further investigated by examining the expression 

pattern of C-C motif chemokine ligand 2 (CCL2; also known as monocyte chemoattractant 

protein-1) and the cell surface glycoprotein intercellular adhesion molecule 1 (ICAM-1).

After dissection, whole-mount preparations were treated with 0.5% Triton X-100 to 

permeabilize the cells for 30 min at room temperature, and then with 10% donkey or goat 

serum albumin in PBS (pH 7.4) for 1 hour at room temperature. The tissues were 

subsequently incubated overnight at 4 °C with one or two selected primary antibodies. After 

incubation with primary antibodies, the tissues were rinsed 3 times in PBS and incubated in 

the dark with one or two secondary antibodies for 2 hours at room temperature. A 

comprehensive list of surface markers for these experiments includes: goat anti-CD45 

polyclonal antibody, 1:100, AF114, RD Inc., Minneapolis, MN, USA; rabbit anti-Iba1 
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monoclonal antibody, 1:200, ab178846, Abcam Inc., Cambridge, MA, USA; Ly6C antibody 

(G-3) mouse monoclonal IgG, 1:100, sc-271811, Santa Cruz Biotechnology Inc., Dallas, 

TX, USA; rabbit anti-MCP1/CCL2 polyclonal antibody, 1:100, ab25124, Abcam Inc., 

Cambridge, MA, USA; ICAM-1 antibody (G-5) mouse monoclonal IgG, 1:100, sc-8439, 

Santa Cruz Biotechnology Inc., Dallas, TX, USA; Alexa Fluor® 488, 555, 568 or 594 

donkey anti-goat, anti-rat, anti-rabbit or anti-mouse.

The specificity of the primary antibodies used in this study was confirmed in our previous 

studies. Briefly, Western blotting of lysates from spleen and lymph node tissues was used to 

confirm the molecular weights of the proteins targeted by the CD45 antibody (Yang et al., 

2015). The Iba1 antibody has been used for identification of macrophages in our previous 

study examining cochlear tissue macrophages during postnatal development (Dong et al., 

2018) and for identification of macrophages/microglia reported in a recent publication 

(Wang et al., 2017). To prevent false positive identifications due to non-specific labeling of 

the secondary antibodies, certain samples were incubated with only the secondary 

antibodies, and no clear fluorescence was observed.

2.7 Macrophage phagocytosis

The phagocytic activity of macrophages under both naive conditions and following noise 

exposure was evaluated using pHrodo® zymosan bioparticles® conjugate (P35365, 

Invitrogen, Carlsbad, CA, USA). This pHrodo® dye allows for observation of the degree of 

phagocytic activity because the fluorescence of the dye is only activated upon ingestion of 

the zymosan bioparticles by live cells and the exposure of these particles to an increase in 

pH within the acidic phagocytic vacuoles. Due to the substantially lower extracellular pH, 

there is a complete lack of bioparticle fluorescence outside the cell bodies. Specifically, 

animals were euthanized as previously described. The cochleae were quickly removed from 

the skull and dissected in live cell imaging solution (A14291DJ, Invitrogen, Carlsbad, CA, 

USA). After the cochlear labyrinth was opened, the sensory epithelia, the modiolus, and the 

lateral wall were removed to expose the macrophages on the lateral inner surface of the scala 

tympani of the first cochlear turn. The tissues were then incubated with the pHrodo® 

zymosan bioparticles® conjugate for 90 minutes at 37 °C and then rinsed 3 times in live cell 

imaging solution. The tissues were then fixed in 10% buffered formalin for 4 hours, and then 

decalcified with EDTA at 4 °C for 1 day. Subsequently, the tissues were collected and 

stained with the antibody against CD45 and an appropriate secondary antibody to visualize 

immune cells. The tissue was then mounted on a slide containing an antifade mounting 

medium.

2.8 Tissue observation and image acquisition

The tissues were examined using an epifluorescence illumination microscope (Z6 APO 

apochromatic zoom system) equipped with a digital camera (DFC3000 G microscope 

camera) controlled by Leica Application Suite V4 PC-based software (Leica Microsystems, 

Buffalo Grove, IL, USA). The entire length of the sensory epithelium and immediately 

surrounding cochlear tissues were photographed. To observe detailed structural changes, 

certain samples were further examined and photographed using a confocal microscope 

(LSM510 multichannel laser scanning confocal image system) with associated ZEN Blue 
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2012 image processing software (Zeiss, Thornwood, NY, USA) utilizing a methodology 

previously reported (Cai et al., 2014). For macrophage quantification and morphological 

analysis, the collected images were processed to improve the clarity of cells. Specifically, we 

used the functions of image adjustment offered in Adobe Photoshop CS6 (version 13.0.1, 

Adobe Systems, San Jose, CA, USA) to enhance image contrast.

2.9 Quantitative analysis of macrophage morphology and distribution

Macrophages and macrophage precursor cells were identified based on their differential 

expression of CD45, Iba1 and Ly6C in addition to their shapes and sizes. Macrophages are 

larger than other types of leukocytes and have unique shapes including dendritic, amoeboid, 

curvilinear shapes, or an irregular shape with projections. To determine the distribution, we 

examined cells of interest that had been positively stained with known specific surface 

markers (either pan-leukocyte marker CD45, macrophage-specific marker Iba1, or 

macrophage precursor/monocyte marker Ly6C). Positive cells were identified and 

distinguished from surrounding tissue by their ability to exhibit strong staining patterns in 

relation to adjacent cells.

Osseous spiral lamina macrophages, basilar membrane macrophages (BM-macrophages) 

and luminal surface scala tympani macrophages, each identified as a subset of the cochlear 

macrophage population, were distinguished from neighboring macrophages (e.g., lateral 

wall macrophages) using the following methods. Bright-field illumination was employed 

when observing cells under epifluorescence illumination microscopy. This provided clear 

visual distinction between cochlear partitions: osseous spiral lamina, basilar membrane and 

surrounding cochlear tissues (e.g., lateral wall). During confocal microscopy, the application 

of differential interference contrast (DIC) provided clear visualization of tissue orientation, 

allowing for easy identification of basilar membrane and osseous spiral lamina tissues. Only 

macrophages residing within a particular cochlear partition were included in the macrophage 

distribution analysis for that delimited tissue region.

2.9.1 Analyses of basilar membrane macrophages—Macrophage phenotype and 

distribution was evaluated and described per the following criteria. General morphology: a 

description of immune cell morphology was conducted: e.g., dendritic, amoeboid, 

networked-curvilinear or small round to teardrop shaped cells. Cell Size: measurement of 

cell size was achieved using Adobe Photoshop to trace cell membrane boundaries. The area 

contained within each outlined cell was calculated and employed as a metric of cytoplasmic 

cell area. For each tissue specimen, the area of ten typical cells in the apical portion (0–40% 

distance from the apical extreme) and ten typical cells in the basal portion (60–100% from 

the apical extreme) was acquired. These ten cells from each anatomic site were then 

averaged to provide a single representative number for the apical and basal sections of the 

basilar membrane for each individual cochlea. Cell Circularity: The degree of circularity of 

individual macrophages was employed to assess gross morphological changes in cellular 

morphology both under steady-state conditions and subsequent to noise exposure. 

Specifically, this measure was utilized to reveal to degree to which individual cells 

demonstrated the following general shapes: dendritic, networked-curvilinear, or amoeboid. 

Calculation of cellular circularity was acquired in the same procedural step as the acquisition 
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of cell size using a methodology previously reported (Agley et al., 2012). Adobe Photoshop 

was used to trace cell membrane boundaries. The record observations function provides a 

measure of circularity with 1.00 indicating a perfect circle. This calculation is derived from 

4π(area/perimeter2). Distribution macrophage-grams were generated using a technique 

described in our previous publication (Frye et al., 2017). Briefly, the number of cells present 

per 5% (300 μm) of the total length of the basilar membrane (approximating 6000 μm) was 

quantified. The mean for these counts was then computed to produce an average value per 

unit length from the apical extreme to the basal terminus. Group means were acquired by 

averaging cell counts per unit across specimens for each experimental group.

2.9.2 Analyses of macrophages among the neural tissue of the osseous spiral 
lamina—Distribution analyses for macrophages residing among the neural tissue of the 

osseous spiral lamina was performed by quantifying the number of cells present in a sample 

of 0.1 mm2 in each of the three anatomical cochlear turns (apical, middle, basal) per 

specimen. The mean for these counts was then computed to produce an average value per 

unit area in each cochlea. Group means were acquired by averaging cell counts per unit area 

across specimens for each group.

2.10 Real-time quantitative polymerase chain reaction (RT-qPCR)

RT-qPCR was performed to determine the transcriptional expression of the following genes: 

CD14, CCL2, SOD1, TNF-α, IL-1β, Il6, CD86, CCL7, H2A-a, and IL-10. Tissue from the 

organ of Corti and the lateral wall/basilar membrane were used for analysis. The organ of 

Corti tissue contains sensory cells (inner hair cells and outer hair cells) and adjacent 

supporting cells (Deiters cells, pillar cells, Hensen cells, inner phalangeal cells and inner 

border cells). The lateral wall/basilar membrane tissue contains the mesothelial cells, the 

basement membrane, immune cells associated with the basilar membrane, cells of Claudius, 

cells of Boettcher, and all the cells in the stria vascularis and the spiral ligament.

After the animals were euthanized, the cochlea was quickly removed and placed in ice-cold 

Dulbecco’s phosphate buffered saline (PBS, GIBCO, Life Technologies, Grand Island, NY, 

USA). The bony shell facing the middle ear cavity was quickly removed to expose the 

cochlear structure. The modiolus of the cochlea was removed, but the lateral wall and the 

sensory epithelia remained intact. Then, the tissue was placed in RNAlater solution (Qiagen, 

Valencia, CA, USA) to collect target tissues using techniques described in our previous 

publications (Cai et al., 2014; Yang et al., 2015). The isolated tissues were transferred to a 

small dish containing fresh RNAlater solution to wash out tissue debris from the surface of 

the samples. Then, the tissues were transferred to an RNase-free PCR tube and stored at 

−80 °C until the analysis of gene expression. The organ of Corti and the lateral wall/basilar 

membrane tissue from one cochlea was used to generate one sample. There were four 

biological replicates for each experimental condition (naive control and LLN).

Total RNAs were extracted from the collected tissues using the RNeasy Plus Micro Kit 

(Qiagen GmbH, Hilden, Germany) and were reverse transcribed using a high capacity cDNA 

reverse transcription kit (SuperScript™ VILO™ MasterMix, Invitrogen, Carlsbad, CA, 

USA). RT-qPCR was performed on a CFXConnect Real-Time PCR detection system (Bio-
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Rad, Hercules, CA, USA). The transcriptional expression levels of target genes were 

examined using pre-developed TaqMan gene expression primer/probe assays (Applied 

Biosystems, Foster City, CA, USA). Pre-developed GABA and Rpl13a gene expression 

assays (Applied Biosystems) were used as endogenous controls. Analysis of relative gene 

expression data between sample groups was completed with a standard 2−ΔΔCt method 

previously reported (Livak et al., 2001).

2.11 Data analyses

Statistical analyses were performed using OriginPro 2017 (OriginLab, Northampton, MA, 

USA) or SigmaPlot (version 10.0.1.25, San Jose, CA, USA). Group means were statistically 

compared with either a one- or two-tailed Student’s t test or a one-way or two-way ANOVA 

(see Results section for details). An α-level of 0.05 was chosen to denote significance for all 

statistical tests.

3 Results

3.1 Exposure to an intermittent noise at 95 dB SPL for 2 weeks causes a temporary 
threshold shift without sensory cell loss

A fundamental aspect of our experiment was to create an experimental condition that exerts 

a temporal impact on cochlear function, but does not cause sensory cell death. To examine 

LLN-induced cochlear macrophage activity in the context of changes in hearing sensitivity, 

we measured ABR thresholds before and at various time points after noise exposure. As 

compared with the pre-noise thresholds, subjects demonstrated significantly elevated 

thresholds of 11 ± 3 dB at 4 kHz, 14 ± 3 dB at 8 kHz, 16 ± 4 dB at 16 KHz and 16 ± 3 at 32 

kHz following 7 days of LLN exposure. Further elevation of thresholds was observed in 

subjects exposed to 15 days of LLN with a mean shift of 16 ± 4 dB at 4 kHz, 25 ± 3 dB at 8 

kHz, 26 ± 3 dB at 16 kHz and 24 ± 4 dB at 32 kHz. These changes in thresholds are 

statistically significant (Fig. 1A; Two-way ANOVA, F (3, 9) = 152, P < 0.001; Holm-Sidak 

post-hoc method comparisons, Naive vs. 7d LLN, P < 0.001; Naive vs. 15d LLN, P < 0.001; 

7d LLN vs. 15d LLN, P < 0.001). Thus, with the prolongation of exposure to LLN (from 7 

to 15 days), the degree of threshold shifts further increased suggesting accumulation of 

functional impacts.

In order to elucidate whether the increase in thresholds was temporary or permanent, ABR 

measurement was repeated 20 days following noise cessation. By this time point ABR 

thresholds had returned to the pre-noise level (Fig. 1A; Two-way ANOVA, F (3, 9) = 152, P 
> 0.05) indicating that the elevated thresholds measured immediately after the 15-day 

exposure were TTS. Though previous studies using noises with a similar intensity level, but 

shorter duration, showed the recovery of thresholds (Furman et al., 2013; Lin et al., 2011), to 

the best of our knowledge, this is the first study to provide functional assessment data using 

an extended (7 to 15 day) intermittent 95 dB SPL noise exposure. Together, these functional 

analyses reveal that our noise exposure paradigm results in only a TTS.

Next, we determined whether the LLN was able to cause sensory cell death using either 

Alexa Fluor™ 488 phalloidin for f-actin in the cuticular plates of hair cells or DAPI or TO-
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PRO®-3 for hair cell nuclei. Loss of Alexa 488 fluorescence in cuticular plates or DAPI/TO-

PRO®-3 fluorescence in nuclei is indicative of sensory cell loss. We found no significant 

increase in the number of missing sensory cells in animals exposed to LLN for either 7 days 

(0.47% ± 0.14 missing or damaged cells) or 15 days (0.68% ± 0.17) compared to naive 

controls (0.33% ± 0.21) (Fig. 1; One-way ANOVA, F (3, 17) = 339.671, P > 0.05; Tukey 

post-hoc: LLN 15d vs. Naive, q = 0.961, P = 0.904; LLN 15d vs. LLN 7d, q = 0.552, P = 

0.979; LLN 7d vs. Naive, q = 0.379, P = 0.993). Together, these functional analyses reveal 

that the LLN used in the current investigation is safe for sensory cell viability.

3.2 Macrophages in the cochlear regions adjacent to sensory cells and neural tissues

We sought to focus on macrophages because these cells are the primary immune cell 

population in the cochlea (Hirose et al., 2005; Okano et al., 2008) comprising approximately 

80% of hematopoietic cells in cochlear tissues (Matern et al., 2017). Moreover, these cells 

have been demonstrated to be the principal immune cell type activated in the event of 

cochlear stress and pathogenesis (Frye et al., 2017; Hirose et al., 2005; Lang et al., 2006; 

Okano et al., 2008; Sato et al., 2008; Tornabene et al., 2006; Yang et al., 2015). In the 

current study, macrophage identity was defined by their expression of Iba1, a known 

macrophage-specific protein marker (Ajami et al., 2011) that has been used in cochlear 

macrophage identification (Hirose et al., 2005; Okano et al., 2008). Our pilot observation 

showed that Iba1 immunoreactivity correlated well with the immunoreactivity of F4/80, 

another macrophage marker that has been used in our previous studies (Frye et al., 2017; 

Yang et al., 2015). Iba1 was selected for macrophage identification in the current study 

because its immunoreactivity is much stronger than the immunoreactivity of F4/80 in 

macrophages of cochlear neural regions.

Macrophages have been identified in several cochlear partitions (Hirose et al., 2005; Lang et 

al., 2006; Sato et al., 2008; Shi, 2010). Here, we focused on two anatomic sites. The first is 

the neural region within the osseous spiral lamina where macrophages reside among the 

peripheral bundles of ganglion neurons (Fig. 2). We selected this region because LLN is 

known to exert adverse effects on spiral ganglion homeostasis (Furman et al., 2013; Kujawa 

et al., 2009; Lin et al., 2011). Under steady-state conditions, osseous spiral lamina 

macrophages present with a branched, dendritic morphology as revealed by CD45 and Iba1 

immunolabeling (Fig. 3A–C). They are oriented radially toward the lateral edge of the 

osseous spiral lamina. Moreover, osseous spiral lamina macrophages presented with similar 

morphology across the apical, middle and basal cochlear portions.

We also observed macrophages in the scala tympani cavity immediately beneath the basilar 

membrane, and these cells are termed BM-macrophages (Fig. 2). We chose to examine these 

macrophages because 1) they are in closest anatomic proximity to outer hair cells, the most 

vulnerable cells to acoustic injury in the cochlea, and 2) these macrophages are readily able 

to respond and adapt to chronic low-grade cochlear stresses exerted on sensory cells (Frye et 

al., 2017). Under resting conditions, an apical-to-basal gradient in BM-macrophage 

morphology was observed. Highly ramified, dendritic-shaped macrophages dominated 

apical regions (approximately 0–40% from the apex), and this finding is consistent with our 

previous observations in C57BL/6J mice (Frye et al., 2017; Yang et al., 2015). However, 
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BM-macrophage morphology in the middle and basal turns of the basilar membrane is 

notably peculiar. They appeared as a long, thin curvilinear network of cells that stretch along 

the natural curve of the basilar membrane (Fig. 3D–F).

Macrophages extant on the luminal surface of the scala tympani cavity were also identified 

and described (Fig. 2). Under resting conditions, these cells are sporadically located and 

vary in morphology from more highly ramified dendritic-like shapes to more rounded 

amoeboid phenotypes (Fig. 3G–I).

To further confirm our identity of macrophages, we used immunohistochemistry to stain the 

bone marrow in the bony shell of the cochlea. Many small, less-differentiated leukocytes 

expressed strong CD45 immunoreactivity (Fig. 3J). However, Iba1 immunoreactivity was 

expressed only in well-differentiated macrophages and not in small, round CD45-positive 

cells (Fig. 3K–L). The finding of strong Iba1 expression in mature mononuclear phagocytes 

is consistent with previous findings (Ajami et al., 2011). Together, these observations 

revealed site-dependent morphologies of cochlear macrophages under resting conditions.

3.3 Lower-level noise increases the number of macrophages in the cochlear regions 
adjacent to sensory cells and neural tissues

Exposure to a high-level noise is known to cause accumulation of inflammatory cells in the 

cochlea, and these inflammatory cells are thought to come from circulating monocytes in 

response to sensory cell damage (Hirose et al., 2005; Tornabene et al., 2006; Wakabayashi et 

al., 2010; Yang et al., 2015). Here, we wanted to know whether exposure to a LLN that does 

not cause sensory cell death is able to increase the macrophage number in the cochlea. We 

first examined macrophages in the neural tissue in the osseous spiral lamina. These immune 

cells are located inside the bony shell of the spiral lamina and are distributed among the 

neural fibers of ganglion neurons. This cochlear region was selected because macrophages 

are abundant in this tissue under resting conditions and because pathological changes in the 

synaptic region of the spiral ganglia have been found following LLN exposure (Kujawa et 

al., 2009; Kujawa et al., 2015). Changes in the macrophages residing among the neural 

tissue of the osseous spiral lamina were evaluated as a function of the duration of LLN 

stress. A tissue area of 0.1 mm2 was used to survey the number of neural tissue macrophages 

of each sampled cochlea. Following noise exposure, the number of macrophages in the 

osseous spiral lamina increased (Fig. 4). While the number of total osseous spiral lamina 

macrophages increased in cochleae exposed to LLN for 7 days (35 ± 5) compared to naive 

cochleae (30 ± 5), this increase did not reach significance until 15 days of LLN stress (38 

± 6) (Fig. 4C; One-way ANOVA; F = 24.95; df = 2; P < 0.001; Tukey test: Naive vs. 7d, P > 

0.05; Naive vs. 15d, P < 0.01; 7d vs. 15d, P > 0.05). This observation suggests that a 

prolonged exposure is able to increase the macrophage number in the neural region of the 

cochlea.

Next, we examined BM-macrophages because these cells are the closest immune cells to 

cochlear outer hair cells. We first quantified the total number of BM-macrophages and 

compared the numbers between the naive and LLN-exposed animals. As compared with the 

number of BM-macrophages in naive cochleae (114 ± 11), the number of BM-macrophages 

increased in ears stressed with LLN for both 7 days (151 ± 6) and 15 days (145 ± 4), and 
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these changes are statistically significant (Fig. 5A; One-way ANOVA, F (2, 10) = 28.434, P 
< 0.001; Tukey post-hoc all pairwise multiple comparison, 7d vs. Naive, q = 9.768, P < 

0.001; 15d vs. Naive, q = 8.175, P < 0.001; 7d vs. 15d, q = 1.511, P > 0.05.) However, no 

significant difference was observed between the 7-day and the 15-day group, suggesting no 

further increase in macrophage number as the noise exposure prolonged from 7 days to 15 

days.

Further spatial analysis revealed a site-dependent increase in BM-macrophage numbers (Fig. 

5B). Scrutiny of the apical section of the basilar membrane (approximately 0–40% from the 

apex) revealed no significant difference among groups (Fig. 5C; One-way ANOVA, F (2, 10) 

= 25.615, P > 0.05). In contrast, the middle and basal portions of the basilar membrane (40–

90% from the apex; see the gray shaded area in Fig. 5B) exhibited an increase in the total 

number of macrophages after LLN stress. Specifically, the average number of BM-

macrophages increased from 74 ± 10 cells observed for the naive group to 108 ± 5 for the 7-

day group, and then maintained this increased level (104 ± 5) for the 15 day group (Fig. 5D; 

One-way ANOVA, F (2, 10) = 28.434, P < 0.001; Tukey post-hoc all pairwise multiple 

comparison, 7d vs. Naive, q = 9.654, P <0.001; 15d vs. Naive, q = 8.512, P <0.001; 7d vs. 

15d, q = 1.084, P > 0.05). This region of macrophage augmentation is consistent with the 

site of the sensory epithelium corresponding to the frequency of the LLN (8–16 kHz) 

(Spongr et al., 1997; Willott et al., 2004; Willott et al., 2005). Taken together, these data 

suggest that LLN stress increases the macrophage population in the cochlear regions 

adjacent to sensory cells and their neural innervation.

3.4 Infiltrated macrophages in the cochlea after LLN

The finding of the increase in the number of cochlear macrophages suggests the infiltration 

of circulating monocyte-lineage cells into the cochlea, an immune stress response that has 

been reported following traumatic noise insult (Hirose et al., 2005; Tornabene et al., 2006; 

Wakabayashi et al., 2010; Yang et al., 2015). We wanted to know how monocyte-lineage 

macrophage precursor cells transform during prolongation of LLN. We selected 

macrophages on the surface of the basilar membrane for this analysis not only because of 

their close proximity to sensory cells, but also because of the aqueous environment that the 

cells face, which allows them to adopt a natural shape without significant physical 

constraints imposed by surrounding cells. This stands in contrast with the macrophages that 

are embedded within tissues. We identified monocyte-lineage macrophage precursors that 

were infiltrated as the result of LLN based on their expression of Ly6C (Fig. 6A–B), a 

protein marker for blood-derived monocytes (Rose et al., 2012) that is associated with 

inflammatory activity (Rose et al., 2012; Swirski et al., 2009) as well as their morphology—

a small and round shape, which differs substantially from tissue macrophages that had a 

larger body size. We first examined the number of small round Ly6Chigh cells in the 7-day 

LLN group. While very few of these cells were present (2 ± 2 cells), a significant increase in 

the number of these Ly6Chigh cells was found in cochleae exposed to LLN for 7 days (32 

± 2) (Fig. 6C; One-way ANOVA, F (2, 10) = 187.409, P < 0.001; Tukey post-hoc all 

pairwise multiple comparison, 7d vs. Naive, q = 24.855, P < 0.001). Noticeably, the number 

of these cells closely matches the number of increased cells along the middle and basal 

portion of the basilar membrane described in the previous section. Specifically, the total 

Frye et al. Page 12

J Neuroimmunol. Author manuscript; available in PMC 2019 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



number of macrophages beneath the basilar membrane increased from 74 ± 9 cells in the 

naive ears to 108 ± 5 cells in the LLN-stressed ears—an average increase of 34 total cells. 

This number corresponds to the increase in the number of Ly6Chigh cells identified at this 

time point (an average of 30). Further analysis revealed that the Ly6Chigh cells were 

confined primarily to the middle and the basal portions of the basilar membrane (see the 

gray shaded area in Fig. 6D). Again, this distribution is consistent with the distribution of 

total macrophages observed at this time point (see Fig. 5B). These observations provide 

further evidence that small round Ly6Chigh cells are infiltrated monocyte-lineage 

macrophage precursors.

We then examined the small round Ly6Chigh cells in the 15-day LLN group and found a 

significant increase in the number of these cells (29 ± 4) (Fig. 6C; One-way ANOVA, F (2, 

10) = 187.409, P < 0.001; Tukey post-hoc all pairwise multiple comparison, 15d vs. Naive, q 
= 21.334, P < 0.001). Again, this increase was confined to the middle and basal portions of 

the basilar membrane (Fig. 6D) and the level of the increase (average of 27) closely matches 

the total number of increased macrophages (average of 32) described in the previous section. 

Noticeably, there was no significant difference in the number of Ly6Chigh cells between the 

7-day group and the 15-day group (Fig. 6C; One-way ANOVA, F (2, 10) = 187.409, P < 

0.001; Tukey post-hoc all pairwise multiple comparison, 7d vs. 15d, q = 3.340, P > 0.05). 

These observations suggest that macrophages that infiltrated during the 7-day noise exposure 

maintained their undifferentiated or less-differentiated phenotypes during the period of 

additional 8 days of noise exposure.

3.5 Tissue macrophages acquire an activated morphology after exposure to LLN

After analysis of small round Ly6Chigh cells, we sought to determine the functional state of 

the macrophages that displayed mature macrophage phenotypes, that is, Iba1-positive cells 

with a large body size. These cells are likely to be tissue macrophages that already reside in 

the cochlea under resting conditions. We examined their shape and size because these 

morphological indexes are an indicator of macrophage activation (Davis et al., 1994; Frye et 

al., 2017; Raivich et al., 1999; Stence et al., 2001; Young et al., 1969).

For the shape analysis, we measured the circularity of individual macrophages, an indicator 

of the extent to which a cell shape resembles a circle (with 1.0 representing a perfect circle). 

As previously stated, macrophages in the apical portion of the basilar membrane displayed a 

dendritic shape under resting conditions. These cells maintained their ramified morphology 

after exposure to LLN. Circularity analysis confirms this finding (Fig. 7A; One-way 

ANOVA, F (2, 10) = 1.034, P > 0.05).

BM-macrophages in the middle and basal turns of steady-state naive cochleae appear as a 

network of long, thin curvilinear cells that are aligned with the natural curve of the basilar 

membrane (arrows, Fig. 7C). However, following LLN stress, cochleae showed few of the 

curvilinear networked cells typically seen in this cochlear region under steady-state naive 

conditions. Instead, macrophages acquired a rounded and globular amoeboid shape (single 

arrows, Fig. 7D)—a morphology associated with an activated immune status (Davis et al., 

1994; Frye et al., 2017; Raivich et al., 1999; Stence et al., 2001; Young et al., 1969). In naive 

cochleae, middle and basal turn macrophages with networked curvilinear morphology 
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presented with a mean circularity of just 0.08 ± 0.02. However, the globular amoeboid 

macrophages from this same anatomic site in cochleae stressed for 7 days presented with a 

circularity of 0.60 ± 0.07 and those stressed for 15 days presented with a circularity of 0.60 

± 0.04. Examination of the degree of circularity of these amoeboid cells revealed a very 

significant change in their circularity index when compared to naive specimens (Fig. 7B; 

One-way ANOVA, F (2, 10) = 188.183, P < 0.001; Tukey post-hoc: 7d vs. Naive, q = 

23.323, P < 0.001; 15d vs. Naive, q = 23.309, P < 0.001; 7d vs. 15d, q = 0.014, P > 0.05). 

This morphological change suggests the activation of tissue macrophages after exposure to 

LLN.

Next, we measured the cell size. No significant changes in size were observed in apical 

macrophages after the noise exposure (Fig. 7E; One-way ANOVA, F (2, 10) = 1.39, P > 

0.05). Similarly, no significant changes in the body size were detected for the macrophages 

in the middle and basal portions of the basilar membrane (Fig. 7F; One-way ANOVA, F (2, 

10) = 1.39, P > 0.05). The finding of the change in the morphology without the change in 

body size suggests that activated tissue macrophages retract their processes without the 

change in their body volumes after LLN stress.

3.6 LLN stress induces the expression of ICAM-1 in cochlear macrophages

To determine the functional activation of cochlear macrophages, we examined macrophage 

expression of the intercellular adhesion molecule 1 (ICAM-1) that has roles in cell 

differentiation and motility. Expression of ICAM-1 has been experimentally demonstrated to 

increase in cochleae following acoustic trauma (Tornabene et al., 2006), and previous 

researchers have shown upregulation of ICAM-1 associated genes following chronic LLN 

stresses (Tan et al., 2016). Here, we examined the expression of ICAM-1 in cochlear 

macrophages following 15 days of our LLN paradigm. Immunoreactivity of ICAM-1 under 

naive steady-state conditions is weak (Fig. 8A–C). In contrast, the immunoreactivity of 

ICAM-1 was markedly increased on cochlear macrophages chronically stressed with LLN 

(Fig. 8D–F). Noticeably, small round cells display a higher immunoreactivity than large 

branched cells. Taken together these data show that the expression of ICAM-1, an important 

molecule associated with changes in both inner ear immune status (Suzuki et al., 1995; Tan 

et al., 2016; Tornabene et al., 2006) and the migration of leukocytes to the ear (Shi et al., 

2007), is upregulated in cochlear macrophages following LLN stress.

3.7 LLN stress inhibits macrophage phagocytic function

Observed changes in the cochlear macrophage morphology following LLN stress suggests 

changes in macrophage function. To provide further evidence for changes in macrophage 

function, we examined macrophage phagocytic activity because this function has been 

implicated in removing unwanted or damaged tissues from the cochlea under normal and 

pathological conditions (Fredelius et al., 1990; Hirose et al., 2017; Hu et al., 2018). We used 

pHrodo® zymosan bioparticles® for assessing phagocytosis of macrophages. This assay 

allows for determining the level of phagocytic activity because the fluorescence intensity of 

zymosan bioparticles is correlated to the level of ingested zymosan bioparticles. 

Macrophages located on the luminal surface of the scala tympani cavity were selected for 
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observation because these cells were able to access the pHrodo® bioparticles during the in 
vitro staining process.

Naive ears and those stressed with LLN for 15 days were examined using a confocal 

microscope with identical parameter settings (Fig. 9A–F). We first counted the number of 

macrophages on the luminal surface of the scala tympani and found no significant difference 

in the number of macrophages between the naive and LLN-exposed ears (27 ± 6 for the 

control ears vs. 23 ± 3 for the LLN-stressed ears; Student’s t-test, t(6) = 1.12, P > 0.05; Fig. 

9G). Next, we counted the number of macrophages that displayed pHrodo® fluorescent 

bioparticles within their bodies and then calculated the percentage of pHrodo fluorescence-

positive cells over the total macrophages in the examined area. In control cochleae, a larger 

of proportion of cells displayed the bioparticles (68.3% ± 3.2) when compared to the 

relatively smaller proportion of macrophages displaying the bioparticles in ears stressed by 

LLN for 15 days (45.0% ± 7.4), and this difference is statistically significant (Fig. 9H; 

Student’s t-test, t(6) = 5.79, P < 0.001). We further scrutinized the number of ingested 

particles by measuring the intensity of pHrodo® fluorescence in all macrophages that 

presented with bioparticles within their cell bodies. Though some proportion of 

macrophages in both naive and LLN-stressed ears participated in phagocytosis of pHrodo® 

bioparticles, those macrophages in naive ears showed far greater pHrodo® fluorescence 

levels (average gray level of 33.9 ± 7.6) compared to ears that had been exposed to LLN for 

15 days (average gray level of 14.5 ± 3.9). This difference is significant (Fig. 9I; Student’s t-

test, t(6) = 4.55, P < 0.004), Collectively, these findings suggest that the phagocytic capacity 

of cochlear macrophages is reduced following LLN stress, which provides another piece of 

evidence that LLN stress is able to alter cochlear macrophage function.

3.8 Cochlear inflammatory activity following LLN

To determine whether LLN provokes cochlear inflammatory activity, we investigated the 

transcriptional expression of a group of genes that have been implicated in proinflammatory 

activity (CCL2, TNF-α, IL-1β, IL6, CCL7), anti-inflammatory activity (SOD1), antigen 

presentation (CD86, H2-Aa), and other immune functions in the cochlea (CD14) (Cai et al., 

2014; Tan et al., 2016; Vethanayagam et al., 2016). Cochlear tissues containing sensory and 

non-sensory cells were collected from experimental animals exposed to LLN for 15 days 

(n=4 biological replicates) and naive controls (n=4 biological replicates). In LLN-stressed 

cochleae, we found downregulation of five immune-related genes (CCL2, TNF-α, IL-1β, 

SOD1, CD14,) and upregulation of four others (CCL7, IL6, CD86, H2-Aa) as compared to 

naive controls. However, only the downregulation of the chemokine-chemokine (C–C motif) 

ligand 2 (CCL2) reached statistical significance (Fig. 10; Student’s t-test, t(6) = 2.90, P = 

0.027).

To determine whether the decrease in CCL2 expression occurs in macrophages, we 

employed immunohistochemistry to define its expression level. We first examined the 

networked curvilinear BM-macrophages in the control cochleae, and no detectable CCL2 

immunoreactivity was detected (Fig. 11A–C). To provide a context for assessing the level of 

CCL2 upregulation in LLN-stressed macrophages we next surveyed CCL2 

immunoreactivity in cochlear macrophages after exposure to a high level of acoustic 
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overstimulation (120 dB SPL for 1 hour), a paradigm that has been used in our previous 

study to provoke the inflammatory response to sensory cell degeneration in the cochlea 

(Yang et al., 2015). In high-level noise traumatized cochleae, the macrophages located 

immediately beneath the basilar membrane are small and round to teardrop shaped with 

strong CD45 and CCL2 expression (Fig. 11D). These morphological changes are similar to 

our previous finding in C57BL/6J mice that sustained the same level of acoustic 

overstimulation. In these cochleae, strong CCL2 expression was observed in BM-

macrophages, particularly in small round macrophages (Fig. 11E–F). We then examined the 

CCL2 immunoreactivity following LLN stress for 15 days. The macrophages, which 

possessed a rounded amoeboid shape (Fig. 11G), demonstrated weak CCL2 

immunoreactivity (Fig. 11H–I). Further quantitative analysis of CCL2 fluorescence intensity 

revealed that CCL2 immunoreactivity in the LLN-stressed ears (12.22 ± 1.5) was slightly 

higher than that in the control ears (1.69 ± 0.5). However, this increased level is significantly 

lower than that observed in the ears that sustained exposure to high-intensity noise (45.75 

± 11.7) (Fig. 11J; One-way ANOVA, F (2, 18) = 79.147, P < 0.001; Tukey post-hoc all 

pairwise multiple comparison, Naive vs. 120 dB, q = 44.056, P < 0.001; Naive vs. LLN, q = 

4.071, P < 0.05; 120 dB vs. LLN, q = 12.965, P < 0.001). This observation suggests that 

activated macrophages following LLN do express the proinflammatory cytokine CCL2, but 

the expression level is much less than that observed in high-level noise traumatized 

cochleae.

3.9 Macrophages two months after LLN cessation

Because BM-macrophages beneath the middle and basal portion of the sensory epithelia 

underwent substantial changes in number and cell shape during LLN stress, we wanted to 

know whether these changes were reversible after a recovery period. Animals that had first 

been stressed with LLN for 15 days were subsequently removed from noise and the cochleae 

were collected 2 months after noise exposure. At this time, hearing sensitivity had recovered 

(See Fig. 1A). Enumeration of middle and basal BM-macrophages revealed not only a 

complete recovery, but also a reduction in the number of these cells (58 ± 5) to below the 

pre-noise level (74 ± 10) despite an initial increase in the number of these cells observed 

right after the noise (105 ± 5) (Fig. 12D; One-way ANOVA, F (2, 10) = 28.434, P < 0.001; 

Tukey post-hoc all pairwise multiple comparison, Right after noise vs. 2 months after noise, 

q = 12.682, P < 0.001; Right after noise vs. Pre-noise, q = 8.854, P < 0.001; Pre-noise vs. 2 

months after noise, q = 4.513, P < 0.05). This suggests a biphasic BM-macrophage response 

where the early response is an increase in the population of BM-macrophages followed by a 

reduction of these cells 2 months after noise cessation. Consistent with this finding is that 

the number of Ly6Chigh cells returned to the pre-noise level (an average of 2 ± 2 cells).

Further morphological analysis revealed that BM-macrophages no longer possessed the 

highly amoeboid morphologies observed right after the noise (see Fig. 7D). Though these 

cells were morphologically distinguishable from the curvilinear networked cells typical of 

naive pre-noise ears (see Fig. 3D–F), the BM-macrophages in cochleae 2 months after noise 

began to return to a more branched morphology but with generally shorter processes. 

Empirical analysis employing the previously described circularity index revealed a much 

reduced cell circularity 2 months after the noise (0.27 ± 0.08) compared to the circularity of 
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BM-macrophages right after the noise (0.60 ± 0.04). Yet, these cells were still significantly 

more amoeboid in shape compared to pre-noise conditions (0.08 ± 0.02) (Fig. 12E; One-way 

ANOVA, F (2, 10) = 115.616, P < 0.001; Tukey post-hoc: Right after noise vs. Pre-noise, q 
= 21.412, P < 0.001; Right after noise vs. 2 months after noise, q = 12.983, P < 0.001; 2 

months after noise vs. Pre-noise, q = 7.727, P < 0.001). This observation revealed that the 

morphological change in BM-macrophages recovers only partially at 2 months after LLN.

4 Discussion

We investigated the effects of LLN on cochlear immune homeostasis, with particular 

attention paid to changes to the primary immune executor in the inner ear: cochlear 

macrophages. Specifically, we examined the number, distribution, morphology and 

functional state of macrophages in addition to molecular changes within the cochlea 

following extended exposure to LLN. Critically, in this investigation, we employed a noise 

paradigm that mirrors typical human occupational noise with repeated exposures to 8 hours 

of LLN that results in a TTS followed by a 16-hour resting time. We reveal five major 

findings. First, an intermittent LLN that causes only TTS is able to increase the macrophage 

population in the regions adjacent to sensory cells and the peripheral axons of the spiral 

ganglia. Second, LLN induces a morphological transition of BM-macrophages (the closest 

macrophages to sensory cells) to activated phenotypes in the middle and basal portions of 

the basilar membrane corresponding to the region of the sensory epithelium receiving the 

maximum mechanical force of the noise (8—16 kHz). Third, exposure to LLN causes a 

reduction in macrophage phagocytic capacity, an essential function of macrophages for 

tissue homeostasis. Fourth, protein expression of ICAM-1 and CCL2 is upregulated in 

cochlear macrophages although changes in transcriptional expression of major 

proinflammatory genes are not detected in the cochlea. Finally, while the increased number 

of cochlear macrophages has returned to the pre-noise level, their active morphology only 

partially recovers 2 months after noise cessation, long after hearing sensitivity has returned 

to the baseline. Together, these observations suggest that a “hearing sensitivity safe” noise is 

able to alter the cochlear immune system for an extended period of time.

Previous studies have documented the immune cell responses to cochlear damage induced 

by exposure to high levels of cochlear stresses including acoustic overstimulation that cause 

sensory cell degeneration. Here, we investigated the immune impact of a LLN exposure that 

caused only TTS. Our study documented both similarity and difference in macrophage 

responses as compared with those induced by exposure to a high-level noise observed in the 

current study as well as reported in our previous study (Yang et al., 2015). Both high-level 

noise and LLN result in a rise in the cochlear macrophage population, but as expected the 

conditions demonstrate a different level of the increase with a greater number of cells 

observed following high-level noise trauma compared to the relatively fewer number 

observed subsequent to chronic LLN stress. In both instances, macrophages display an 

activated morphology, but with different characteristics. LLN-stressed macrophages largely 

adopt an amoeboid phenotype, while macrophages appear in an irregular shape with many 

long or short processes in the event of traumatic overstimulation. Additionally, both types of 

acoustic stress instigate increased expression of inflammatory molecules, but again have 

different levels of enhancement. While CCL2 expression in both macrophages and other 
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cochlear tissue is upregulated following traumatic acoustic injury, LLN stress produces only 

mild CCL2 expression in macrophages. Moreover, in cochleae that sustained a high-level 

noise exposure, infiltrated cells appear to dominate the inflammatory response. In contrast, 

cochleae that sustained chronic LLN demonstrate tissue macrophages as the major player of 

inflammatory activity. These differences are likely to be caused by the difference in the level 

of inflammatory activities. As shown in several previous studies (Cai et al., 2014; Fujioka et 

al., 2006; Tornabene et al., 2006; Yang et al., 2016), a high-level noise can cause significant 

upregulation of inflammatory molecules in the cochlea. Although these studies were 

performed in a different mouse strain (C57BL/6 or Harlan Sprague-Dawley), high-level 

noise exposures are likely to produce similar results in our experimental mice (CBA/CaJ) 

because our study showed a significant increase in macrophage expression of CCL2 after 

exposure to a high-level noise. In contrast, our current study reveals no detectable 

upregulation of inflammatory mediators in the cochlear tissue following LLN exposure. 

Together, these observations suggest that LLN-induced macrophage responses bear many 

characteristics of high-level noise-induced macrophage responses, but to a lesser extent.

Chronic cochlear stresses such as insidious age-related sensory cell degeneration are capable 

of activating cochlear macrophages (Frye et al., 2017). The major difference between aging 

stress and LLN stress is the presence of considerable hair cell death in the former and the 

absence of substantial hair cell death in the latter. Despite minimal or negligible sensory cell 

loss in the event of LLN stress, any proinflammatory cochlear response precipitated by the 

LLN exposure is likely to affect cochlear homeostasis. In some ways, the LLN-induced 

macrophage response is similar to that caused by chronic cochlear pathogenesis due to aging 

(Frye et al., 2017) and certain genetic mutations (Zhang et al., 2017). The immune response 

in both LLN-stressed ears and aging ears involves primarily mature tissue macrophages, and 

macrophages undergo amoeboid transformation. However, the location and timing of this 

transformation is distinct in each event. In aging ears, these dynamic changes in morphology 

are spatially correlated to the stages of sensory cell degeneration (Frye et al., 2017). In 

contrast, BM-macrophage amoeboid transformation occurs concurrently across a broad 

length of the sensory epithelium (40–100% from the apex) during LLN-stress. Moreover, in 

the event of chronic sensory cell degeneration, the amoeboid cells increase in size in regions 

of the sensory epithelia undergoing active sensory cell pathogenesis (Frye et al., 2017). 

However, no overall change in cell size occurred in LLN-stressed ears despite a conspicuous 

transformation of macrophages in the middle and basal regions. This differential pattern of 

amoeboid activation suggests that a unique immune response is mounted in the event of 

LLN stress compared to chronic age-related sensory cell degeneration because changes in 

morphology can modulate the functional state of the macrophage (McWhorter et al., 2013). 

It should be noted that the difference observed in the current study as compared with those 

observed in our previous study could also be associated with an animal strain difference 

(CBA/CaJ used in the current study vs. C57BL/6J used in our previous studies) because 

macrophages display different morphologies under resting conditions in these two strains.

A compelling finding of the current study is a reduction in macrophage phagocytic capacity 

following 15 days of our intermittent LLN paradigm. As reported in the results section, we 

observed a decrease in the phagocytic activity of cochlear macrophages following LLN 

stress. It is likely that this reduced phagocytic ability is related to the increase in pro-
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inflammatory activity in cochlear macrophages because these cells display an increase in 

CCL2 expression and because an upsurge of pro-inflammatory cytokines has been shown to 

inhibit macrophage phagocytosis in the central nervous system (Koenigsknecht-Talboo et al., 

2005). This local effect of LLN on the cochlear macrophages is consistent with a systemic 

effect of low-level noise stress on circulating phagocytes. As demonstrated in a previous 

study, exposure to a chronic intermittent noise (85 dB SPL, 2–20 kHz) caused a reduction in 

the phagocytic capacity of circulating blood monocytes (Van Raaij et al., 1996). 

Phagocytosis is an essential function performed by cochlear macrophages for clearance of 

cellular debris after stress as well as under resting conditions (Fredelius, 1988; Hirose et al., 

2017; Hu et al., 2018), and diminished macrophage phagocytic ability may have far-reaching 

implications for cochlear homeostasis. Cumulatively, these findings suggest chronic LLN 

stresses alter macrophage functional capacity, and the reduced ability of cochlear 

macrophages to perform essential functions has the potential to influence damage resolution 

and the healing process—an important future biological target for remediating inner ear 

damage (Kalinec et al., 2017). Whether such changes could affect macrophage phagocytic 

function in future encounters with dead cells due to exposure to subsequent traumatic noise 

warrants further investigations.

To determine the inflammatory state of the cochlea after LLN, we investigated the 

transcriptional expression of a group of genes implicated in immune activity. This analysis 

did not detect augmentation of the overall inflammatory state in the cochlea. This negative 

finding could be caused by our sample composition that contains both immune cells and 

non-immune cells. This mixed cellular composition can diminish the test sensitivity for 

detecting minor changes that occurred in specific cell populations. This could also be the 

cause of the conflicting finding that a decrease in CCL2 expression was detected in cochlear 

tissues even though a CCL2 expression increase was found in cochlear macrophages 

following LLN stress. Nevertheless, our data suggest the overall inflammatory activities of 

the cochlea are mild as compared with that seen after traumatic noise exposure. Yet, 

macrophages display activated morphologies following LLN stress. This finding clearly 

indicates that the cochlear macrophage is a more sensitive internal sensor for changes to 

cochlear homeostasis than can be provided by a gross assessment of cochlear expression of 

immune related genes. What is more, it suggests macrophages may be involved in a low 

level of inflammatory activity following LLN exposure.

Changes in cochlear macrophage activities could affect synapse homeostasis. A lower level 

of acoustic overstimulation is known to affect cochlear homeostasis and hearing function, 

including a long-term effect on the amplitude of ABR wave I (Kujawa et al., 2009). Changes 

to hearing function have been linked to the loss of synapses connecting inner hair cells and 

their innervations (Kujawa et al., 2006; Kujawa et al., 2009), and macrophages have been 

found to play an important role in synapse pathophysiology (Amit et al., 2016; Paolicelli et 

al., 2011; Takano et al., 2014). While our current observation did not find macrophages in 

the immediate vicinity of inner hair cells, we did notice an increase in the number of 

macrophages in the osseous spiral lamina following chronic LLN stress. Where these 

macrophages reside inside in the bony tunnel of the osseous spiral lamina, their processes 

extend via the habenulae perforata toward the region of inner hair cells. Previous researchers 

found that dysfunction of macrophage activity potentiates damage to neural components 
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(Kaur et al., 2015). It is likely that these cells could participate in the immune response to 

the increased activity in the synapse due to noise overexposures. Though we did not examine 

ABR amplitudes and synapse conditions in this study, the LLN exposure paradigm we 

employed is likely to produce a comparable effect on the summed activity of the auditory 

nerve fibers, and this phenomenon should be investigated in future studies. Further future 

investigations are warranted in delineating the precise interplay between macrophages and 

neuronal components of the cochlea. Such undertakings could help shed light on functional 

modifications within the cochlea and how these changes may relate to hearing difficulties in 

patients with normal hearing sensitivity.
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HIGHLIGHTS

• Lower level noise increases cochlear macrophage activity

• Lower level noise activates macrophage pro-inflammatory function in the 

cochlea

• Macrophages display reduced phagocytic activity following lower level noise 

stress

• Macrophage activation persists for an extended period of time after noise 

cessation
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Figure 1. 
ABR thresholds and sensory cells in naive and LLN exposed animals. A. ABR functional 

assessment in naive animals (n=10), animals exposed to LLN for 7 days (n=5) and 15 days 

(n=10), and animals tested 20 days following noise cessation (n=8). Compared to baseline 

measures under naive conditions, significant threshold shifts are observed at all tested 

frequencies at both 7 and 15 days with thresholds returning to baseline levels 20 days after 

noise cessation (*** P < 0.001). B. TO-PRO®-3 labeling of sensory cell nuclei in the basal 

turn of a naive CBA/CaJ mouse cochlea. C. Typical nuclear morphology in a cochlea 

examined following 15-day LLN exposure. Sensory cell nuclear integrity is maintained. The 

nuclei above the outer hair cells at the top of panels B and C are cells of Claudius. Many of 

these cells in panel C were not included when the OHC image was projected from a series of 

confocal images. OHC: outer hair cells. IHC: Inner hair cells.
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Figure 2. 
Schematic drawing of a cochlear cross-section indicating the location of cochlear 

macrophages in three anatomic sites. The osseous spiral lamina macrophages reside closely 

among the peripheral fibers of the spiral ganglia and are color-coded green in this schematic. 

BM-macrophages inhabit the scala tympani cavity and are found immediately beneath the 

basilar membrane in close proximity to the sensory cells and their innervations by spiral 

ganglia (color-coded yellow). Cochlear macrophages on the luminal surface of the scala 

tympani cavity were also examined and are color-coded blue.
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Figure 3. 
Tissue macrophages display different morphologies in distinct cochlear partitions. A–C. 
Osseous spiral lamina macrophages residing among the peripheral nerve bundles of ganglion 

neurons. Under steady-state conditions, osseous spiral lamina macrophages present with a 

branched, dendritic morphology as revealed by CD45 (A) and Iba1 (B) immunolabeling. 

They are oriented radially toward the lateral edge of the osseous spiral lamina. To provide 

further context for immune cell analysis, tissues were counter-stained with TO-PRO®-3 (C). 

D–F. Steady-state BM-macrophages in the middle and basal cochlear region present as a 

network of long and thin curvilinear cells that follow the natural anatomic curve of the 

basilar membrane. BM-macrophages strongly express CD45 (D) and Iba1 (E) 

immunoreactivity. G–I. Macrophages on the luminal surface of the scala tympani in the 

basal turn of a naive cochlea. Under resting conditions, these cells present with a variety of 

morphologies (amoeboid to branched), are sporadically located among non-immune cells on 

the surface of the scala tympani, and possess both CD45 (G) and Iba1 (H) immunoreactivity. 

A merged image with CD45 and Iba1 colocalization can be seen in DIC view (I). J–L. CD45 

(J) and Iba1 (K) immunohistochemistry performed on bone marrow harvested from the 

cochlear bony shell shows many small, rounded and undifferentiated leukocytes with very 

strong CD45 immunoreactivity (J). These small less-differentiated cells do not express the 

macrophage-specific protein Iba1. However, among the undifferentiated bone marrow 

leukocytes reside globular, branched, fully differentiated macrophages that express strong 

Iba1 immunoreactivity (K) indicating that only mature macrophages, but not less-

differentiated leukocytes, express Iba1. CD45 and Iba1 colocalization with TO-PRO®-3 

nuclear labeling can be seen in panel L.
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Figure 4. 
LLN increases the number of osseous spiral lamina macrophages. A. Macrophages in the 

apical turn of a 2-month old cochlea under steady-state conditions. Note that immune cells 

run radially from the region of the modiolus toward the contact point between the osseous 

spiral lamina and the basement membrane of the basilar membrane. B. Apical turn of an 

age-matched cochlea exposed to LLN for 15 days. Following LLN, macrophages continue to 

be radially aligned along the spiral ganglion bundles, and the branched macrophage 

morphologies are maintained. However, their number is increased. C. Comparison of the 

macrophage numbers among naive cochleae (n=5) and those exposed to LLN for 7 days 

(n=5) and 15 days (n=5). A statistically significant increase in the number of osseous spiral 

lamina macrophages occurs following 15 days of LLN stress (** P > 0.01).
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Figure 5. 
Changes in BM-macrophage numbers following LLN exposure. Pre-noise: n=5, right after 

the noise: n=4, and 2 months after the noise: n=4. A. Comparison of the total number of 

macrophages across the entire length of the basilar membrane for naive cochleae and 

cochleae exposed to LLN for 7 days and 15 days. A statistically significant increase in the 

number of macrophages is observed for the 7- and 15-day groups as compared with the 

number of the control group (*** P < 0.001). B. BM-macrophage-gram showing the 

distribution of macrophages spanning the full length of the basilar membrane. Note the 

heterogeneous change in macrophage number in different regions of the sensory epithelium 

as a result of LLN exposure. C. Comparison of the total number of BM-macrophages in the 

apical section (0–40% distance from the apex) of the basilar membrane in naive (n=5) and 

LLN-stressed cochleae at 7 days (n=4) and 15 days (n=4). D. Comparison of the total 

number of BM-macrophages in the basal portion (40–100% distance from the apex). A 

substantial increase in the number of individual cells occurs subsequent to LLN stress, and 

this increase is statistically significant (*** P < 0.001).
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Figure 6. 
Analysis of macrophages with a small round shape beneath the basilar membrane following 

LLN. A. A typical image of Ly6C-positive cells (pointed to by arrows) beneath the basilar 

membrane in the middle turn of a cochlea following LLN for 15 days. B. DIC view of the 

same cochlear site. C. The total number of small round Ly6C-positive cells increases 

following exposure to LLN (n=5 cochleae for each time point) (*** indicates P < 0.001). D. 
Distribution of Ly6C-positive cells along the basilar membrane. Note that the increase in the 

number of Ly6C-positive cells is specifically found within the middle to basal portion (40–

100% from apex) of the basilar membrane of cochleae stressed by LLN. This cell type was 

comparatively scant in all basilar membrane portions of naive cochleae (data not shown).
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Figure 7. 
LLN causes morphological transformation of BM-macrophages to activated phenotypes. A–
B. Comparison of the circularity index of BM-macrophages between the naive cochleae 

(n=5) and the cochleae stressed with LLN for 7d (n=4) and 15 days (n=4). A. Analysis of 

apical macrophages reveals the maintenance of the gross morphology subsequent to LLN. B. 
Morphological analysis of basal BM-macrophages reveals significantly more circular cell 

bodies in cochleae stressed with LLN for both 7 days and 15 days (*** P < 0.001). This 

change reflects the macrophage shape alterations from curvilinear networked cells in naive 

cochleae to rounded globular amoeboid macrophages dominant in cochleae stressed by 

LLN. C. Typical morphology of BM-Macrophages in the middle turn of a normal control 

cochlea. Note that under naive conditions, BM-macrophages in the middle turn appear as a 

network of long, thin curvilinear cells that are aligned with the natural curve of the basilar 

membrane (arrows). D. Morphology of macrophages in the same location of an age-matched 

cochlea exposed to LLN for 15 days. Macrophages transformed from a curvilinear 

networked shape seen under steady-state conditions to an amoeboid shape (large single 

arrows), a morphology associated with an activated immune status. In addition to large 

amoeboid cells, several small, round and teardrop shaped cells can be seen on the basilar 

membrane (small double arrows). E–F. Cell size comparison of BM-macrophages in naive 

cochleae (n=5) and cochleae exposed to LLN for 7 days (n=4) and 15 days (n=4). E. 

Analysis of apical macrophages indicates no changes in cell size following LLN stress. F. 
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Size analysis of basal BM-macrophages reveals a slight decrease in the mean cell size 

subsequent to LLN stress, but the change is not statistically significant.
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Figure 8. 
LLN enhances the ICAM-1 expression in BM-macrophages. A–C. ICAM-1 

immunoreactivity is scant in naive BM-macrophages. D–F. ICAM-1 immunoreactivity is 

enhanced following LLN stress. Arrows point to ICAM-1 positive cells that display strong 

Iba1 immunoreactivity.
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Figure 9. 
Reduction of macrophage phagocytic ability after LLN exposure. A. Robust zymosan 

bioparticle fluorescence within the cell bodies on the luminal surface of the scala tympani 

cavity in a naive cochlea. B. Cells that contain zymosan bioparticles display strong CD45 

immunoreactivity and have a rounded morphology with an uneven texture due to the large 

number of bioparticles phagocytized by these cells. C. Enlarged DIC view of inset (from 

panel B) reveals the bulging, bumpy surface of these cells with many small, granulated 

bioparticles visible within the cell bodies. D. Very weak and limited bioparticle fluorescence 

within the cell bodies of scala tympani macrophages in a cochlea stressed with LLN for 15 

days. Substantially reduced fluorescence can be observed compared to the fluorescence 

observed in the control ear (A). E. Double-staining of the same tissue for CD45 showing the 

lack of rough texture as seen in the control ear (B). F. DIC view of inset (enlarged from 

panel E) reveals that LLN-stressed macrophages have ingested far fewer bioparticles 

compared to the resting cells in naive ears (C). G–I. Analyses of macrophages on the 

luminal surface of the scala tympani in naive cochleae (n=4) and cochleae stressed with 

LLN for 15 days (n=4). G. Quantification of the number of macrophages revealed a slight, 

but not significant reduction in cell number following LLN stress compared to naive 

controls. H. Comparison of the proportion of macrophages containing bioparticle 

fluorescence to the macrophages that lack the bioparticle fluorescence reveals a significantly 

reduced number of cells engaging in phagocytosis in ears stressed with LLN compared to 

naive ears (*** P < 0.001). I. Comparison of the bioparticle fluorescence intensity as 

measured in macrophages participating in any degree of phagocytosis reveals significantly 

reduced fluorescence in LLN-stressed ears compared to naive controls (** P < 0.01).
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Figure 10. 
Analysis of transcriptional expression of immune associated genes in the cochlear tissues 

collected from control cochleae and cochleae that sustained LLN for 15 days. No significant 

changes are present for all examined genes except for CCL2, which displays a slight 

reduction after LLN (* P < 0.05) (n=4 biological replicates for both the control and the LLN 

group).
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Figure 11. 
CCL2 immunoreactivity in BM-macrophages at resting conditions, after exposure to a 

traumatic noise at 120 dB SPL for 1 hour, and after exposure to LLN for 15 days. A–C. 
CCL2 immunoreactivity in basal BM-macrophages of a naive control ear. Panel A shows 

CD45 immunoreactivity, panel B shows CCL2 immunoreactivity and panel C shows the 

merged view of panels A and B. Note that CCL2 immunoreactivity is very weak in steady-

state macrophages (B). D–F. CCL2 immunoreactivity after a 120-dB noise exposure for 1 

hour. A large number of smaller round to teardrop shaped cells are present and these cells 

display very strong CCL2 immunoreactivity, suggesting that exposure to traumatic noise 

increases the expression of CCL2. G–I. CCL2 immunoreactivity in basal BM-macrophages 

of a cochlea that sustained LLN for 15 days. Panel G shows CD45 immunoreactivity, panel 

H shows CCL2 immunoreactivity and panel I shows the merged view of panels G and H. 

Following LLN stress, basal BM-macrophages exhibit amoeboid morphologies and a weak 

CCL2 immunoreactivity. J. Comparison of the CCL2 fluorescence levels in BM-

macrophages among the naive group, the 120-dB noise group and the LLN group. The 120-

dB noise group displays a marked increase in CCL2 immunoreactivity as compared to the 

naive control group. The LLN group also displays an increase, but the level of the increase is 

significantly less that that seen in the 120-dB noise group (*** P < 0.001; * P < 0.05).
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Figure 12. 
Partial return of activated macrophage morphology 2 months after 15-day LLN. A–C. 
Typical morphology of BM-macrophages 2 months after noise exposure cessation. Panel A 

shows CD45 immunoreactivity, panel B shows Iba1 immunoreactivity and panel C displays 

a merged view of panels A and B together with DIC view of the same region. At this time 

point, basal BM-macrophages have begun to return to a more branched morphology with 

shorter processes, distinct from the very amoeboid morphologies observed immediately after 

LLN. D. Comparison of the number of basal BM-macrophages at three time points. A 

biphasic change in the number of basal BM-macrophages is observed with an initial increase 

from the starting level of 74 ± 10 cells to 105 ± 5 cells immediately after the noise exposure 

and then a subsequent decrease to 58 ± 5 cells observed 2 months after noise cessation (*** 

P <0.001; * P < 0.05). n=4 for each time point. E. Morphology of basal BM-macrophages at 

three time points using a cell circularity index. Notice that by 2 months after noise cessation, 

basal BM-macrophages have reduced circularity compared to the degree of circularity right 

after the noise. However, the value of the circularity has not returned to the pre-noise level 

(*** P < 0.001). n=4 for each time point.
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