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A B S T R A C T

Radiotherapy is a crucial treatment for head and neck malignancies, but it can sometimes cause 
sensorineural hearing loss (SNHL). Changes in the immune microenvironment and sensory neu-
roepithelium of the inner ear after radiation exposure remain poorly understood. This study 
investigated cochlear morphology and macrophages in the inner ear after high-dose irradiation. 
The heads of heterozygous 8-week-old Cx3cr1GFP/+ male mice were irradiated with 30Gy of X- 
rays and biological samples were collected on days 1, 7, and 10 after irradiation. Auditory 
brainstem responses were used to assess auditory function in the mice. Changes in basilar 
membrane hair cells, spiral ganglion neurons (SGN), and inner ear macrophages were observed 
using hematoxylin-eosin (HE) staining and immunofluorescence staining. The expression of in-
flammatory mediators in the inner ear was detected by quantitative real-time reverse 
transcription-polymerase chain reaction (RT-qPCR) in cochlear tissue. The results showed no 
significant hair cell loss after a single high dose of radiation. However, the mice developed 
pantonal hearing loss on day 10 when HE staining revealed SGN atrophy and immunofluores-
cence showed decreased neurofilament expression. The number of macrophages in the inner ear 
reduced over time. RT-qPCR showed that cochlear inflammatory factors and chemokines were 
briefly upregulated on day 1st after irradiation and then decreased over time. In conclusion, high- 
dose irradiation causes acute SNHL that is not associated with hair cell loss and may be related to 
SGN changes. Radiation-induced SNHL is associated with a reduction in cochlear macrophages 
and changes in the immune microenvironment, but the relationship between the two remains to 
be investigated.

1. Introduction

Radiotherapy is an important treatment for head and neck tumors. However, it is often difficult to avoid exposure of the temporal 
bone and its accessory structures to ionizing radiation during the treatment, resulting in damage to the auditory pathways [1,2] 
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including conductive hearing loss (such as otitis media, ossicular chain necrosis, etc.) and sensorineural hearing loss, which manifests 
as delayed, progressive and irreversible hearing loss, often with high-frequency hearing loss as the first [3]. In an open-label, ran-
domized phase 2 trial for oropharyngeal squamous cell carcinoma, radiation-induced sensorineural hearing loss (RISNHL) occurred in 
38 % of patients after radiotherapy [4]. Research in children with head-and-neck tumors confirms that the onset of high-frequency 
hearing loss is accelerated by platinum-based chemotherapy when the average cochlear radiation dose is > 20 Gy. Patients develop 
a rapid onset of low-frequency hearing loss after early high-dose radiation (>30 Gy) regardless of platinum exposure, and this RISNHL 
continues to increase in incidence over time [5]. Although the timing and degree of ototoxicity after radiotherapy varies clinically, and 
the correlation relationship between ototoxicity and ionizing radiation dose remains unclear, it is of particular interest to study the 
pathogenesis of RISNHL.

It is widely accepted that changes in inner ear morphology and auditory pathways after ionizing radiation are widely recognized to 
be related to tissue absorption dose and exposure time. Currently, the oxidative stress-apoptosis theory [3,6,7] is the prevailing view to 
explain the dysfunction and death of cochlear hair cells in RISNHL. Ionizing radiation directly causes DNA damage and produces 
excessive reactive oxygen species (ROS) in tissues [8,9]. Radiation-induced tissue cell death is confirmed by the generation of ROS and 
subsequent caspase activation, inflammation, apoptosis [10], and/or necrosis [11]. In addition, it has been suggested that ionizing 
radiation disrupts vascular permeability, which may further exacerbate secondary tissue damage [12].

With the development of medical science, it has been surprising to discover that the pathogenesis and treatment of many diseases 
are related to the regulation of the immune system, including cardiovascular disease [13], neurodegenerative diseases [14], metabolic 
diseases [15] and even tumors [16,17]. In the past, the inner ear was mistakenly thought to be an immunologically exempt organ 
because of the blood labyrinth barrier in the inner ear. At present, it has been found in different types of hearing loss models that 
external stimulus (e.g., noise [18], genetic mutation [19], aging [20], infection [21], etc.) induce cochlear macrophage activation and 
aggregation and/or cochlear inflammation. There is evidence that macrophage overactivation and macrophage-associated immune 
inflammatory response may be a bidirectional process [22], and the specific contribution of this response to auditory cell function is 
not well defined. In the peripheral auditory system, macrophages are not only associated with cochlear immunity and HC survival [23,
24] but also affect cochlear ribbon synapse function [25,26]. However, the association between hearing loss, macrophage changes, and 
cochlear inflammation remains unclear and conflicting. Not long ago, the work of Liu J et al. [27] attracted our interest. They 
demonstrated that radiation-induced ototoxicity is associated with inflammatory response and excessive ROS in the cochlea via in-
hibition of the mTOR signaling pathway, and the cochlea showed elevated levels of IL-6, IL-8 and TNF-α after radiation exposure. The 
team focused well on cochlear inflammation, but ignored the potential effects of changes in cochlear immune cells.

Therefore, in this study, we first set up an animal model of RISNHL and then observed changes in inner ear morphology, blood and 
inner ear immune cells, and cochlear inflammation induced by high-dose irradiation. We aim to shed light on the immuno- 
inflammatory changes in the inner ear following radiation and hope to stimulate the scholars’ interest in the immune mechanisms 
responsible for radiation ototoxicity.

2. Results

2.1. Changes in peripheral immune cells in mice after a single local high dose of ionizing radiation

After a single 30Gy whole head X-ray irradiation (Fig. 1a), the total number of white blood cells, lymphocytes, and intermediate 
cells (Fig. 1b–d) in the venous blood of the mice was quite sensitive to ionizing radiation and reduced significantly on the first day after 
exposure. Bone marrow precursors give rise to monocytes in the blood, which circulate for a few days before migrating to the tissues, 
where they differentiate into different types of macrophages. Cells of this lineage are collectively known as mononuclear phagocytes or 
monocytes/macrophages. For human and mouse blood monocytes, a division into three subsets, classical, intermediate, and 

Fig. 1. Radiation model and peripheral immune cell changes in mice. (a) Irradiation of the mouse cochlea (the yellow light area is the irradiation 
exposure area) (b)–(d) Changes in white blood cells (WBC#), intermediate cells (Mid#), and lymphocytes (Lym#) in peripheral blood of mice after 
radiation exposure. (n = 6 in each group). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.)
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nonclassical, has been proposed [28]. Intermediate cells are thought to represent a transitional state in the differentiation and 
maturation of monocytes. The number of cells decreases with increasing observation time. The WBC count of the control group, 1-day 
post-radiation (1dpr), 7-days post-radiation (7dpr), and 10-days post-radiation (10dpr) was 5.05 ± 1.27 10^9/L, 1.9 ± 0.61 10^9/L, 
1.75 ± 0.91 10^9/L, and 1.13 ± 0.61 10^9/L, respectively. The WBC was reduced in all irradiated groups compared to the control 
group. The intermediate cell counts of the control, 1dpr, 7dpr, and 10dpr groups were 0.16 ± 0.04 10^9/L, 0.09 ± 0.06 10^9/L, 0.06 ±
0.04 10^9/L, and 0.02 ± 0.01 10^9/L, respectively, and all of the experimental groups had a significantly lower cell count than the 
control group. The absolute values of lymphocytes in the control, 1dpr, 7dpr, and 10dpr groups were 4.16 ± 0.86 10^9/L, 1.16 ± 0.2 
10^9/L, 0.70 ± 0.19 10^9/L, and 0.46 ± 0.14 10^9/L, respectively. All exposure groups were significantly lower than the control group, 
and the number of cells decreased with time after exposure. In summary, these results suggest that high doses of radiation induce a 
systemic response. Immune cells in the peripheral blood of the mice were so sensitive to the radiation and were inhibited for a short 
time.

2.2. Changes in cochlear macrophages and inflammatory mediators in mice after high-dose irradiation

Cochlear macrophages and nuclei were labeled with GFP (green) and DAPI (blue) immunofluorescence, respectively, and the 
number of cochlear macrophages decreased after noise exposure (Fig. 2a). In the apical basilar membrane, the number of macrophages 
significantly declined in the 1dpr, 7dpr, and 10dpr groups compared to the control group with statistical significance (F = 80.63, p <
0.0001, n = 12). The number of macrophages in the 7dpr and 10dpr groups was significantly lower than that in the 1dpr group. There 
was no significant difference in the number of macrophages between the 7dpr group and 10dpr groups (Fig. 2b); in the middle turn of 
the basilar membrane (Fig. 2c), the number of macrophages decreased significantly in the three irradiated groups with statistical 

Fig. 2. Cochlear macrophages gradually decline after exposure to ionizing radiation. (a) Macrophages in the cochlear basilar membrane (blue DAPI, 
green GFP, 40 × magnification). (b)–(d) The number of macrophages following irradiation. (n = 12 in each group). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)

M. Shi et al.                                                                                                                                                                                                             



Heliyon 10 (2024) e37223

4

significance (F = 42.38, p < 0.0001, n = 12). The trends of the statistical analyses between the three experimental groups were 
comparable to those observed in the apical turn. In the basal turn (Fig. 2d), the macrophage population decreased in a time-dependent 
manner (F = 39.35, p < 0.0001, n = 12).

The expression of inflammatory factors IL-1β, IL-6, TNF-α, and chemokines CCL2, CCL3, and CCL4 in the cochlea was quantitatively 
assessed by RT-qPCR. The results showed that IL-1β, IL-6, TNF-α, and CCL2 increased significantly at 1dpr. IL-1β, TNF-α, and CCL2 then 
showed a decreased trend with time (Fig. 3). IL-6, CCL3, and CCL4 showed a similar pattern of “rapid up-regulation followed by slow 
down-regulation”, but the observed changes in expression did not reach statistical significance.

Together, these findings indicate that macrophages in the basilar membrane region of the cochlea are sensitive to radiation and 
decrease significantly with time after radiation exposure. At the same time, inflammatory mediators in the cochlea increased rapidly 
after irradiation and then downregulated.

2.3. Mice exposed to high doses of radiation showed impaired hearing function without hair cell loss in the short term

The ABR hearing test is commonly used to assess the function of the auditory pathway from the cochlea to the brainstem in mice. In 
our experiment, compared to the pre-irradiation period, the click thresholds in mice (Fig. 4a) remained relatively stable for 7-days after 
irradiation. However, a significant threshold increase was observed on day 10th post-irradiation (t = 10.30, p = 0.0001, n = 6). 
Statistical analysis was performed on the click ABR I wave latency (Fig. 4b) and amplitude (Fig. 4c) of the mice. Similarly, no sta-
tistically significant difference was found between the 1dpr and 7dpr groups. However, the latency in the 10dpr group was found to be 
longer than that observed before irradiation (t = 3.973, p = 0.0106, n = 6), while the amplitude was found to have decreased in the 
10dpr group (t = 7.023, p = 0.0009, n = 6). The latency and amplitude of the ABR-I wave at all frequencies in each group were 
statistically analyzed. The results showed that the latency of the ABR-I wave in the 1dpr and 7dpr groups did not exhibit significant 
changes at any frequency compared to the pre-irradiation period. However, the latency of the ABR-I wave was prolonged in the 10dpr 
group, accompanied by a statistically significant decrease in amplitude (Fig. 4e–j).

The hair cell cilia and nucleus were labeled with phalloidin (red) and DAPI (blue) under confocal laser microscopy. The entire 
segment of the basilar membrane was observed and captured under a 10 × objective lens for counting the hair cells Representative 
regions of the basilar membrane’s apical, middle, and basal turns were captured at 40 × magnification (Fig. 5a). No significant hair cell 

Fig. 3. Changes in inflammatory mediators in the inner ear following irradiation. (n = 6 in each group).
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loss was observed in the irradiated group, and there was no decrease in outer hair cell survival compared to the control group 
(Fig. 5b–d).

Taken together, these data reveal that the acute phase of high-dose irradiation resulted in pantonal hearing loss in mice without 
hair cell loss.

2.4. High-dose irradiation-induced morphological changes in SGN

HE staining of cochlear sections revealed that SGN cells in the inner ear of mice exhibited morphological changes on day 10th after 
irradiation (Fig. 6a–d). Compared with the control group, cells in the SGN and modiolus regions of the cochlea in the 10dpr group 
showed deeper staining, accompanied by a reduction in interstitial tissue. However, the density of cell distribution remained largely 
unaltered at low magnification. At high magnification, however, some of the nuclei in the SGNs are knotted and more deeply stained 
(arrows), and the whole cell is spindle-shaped. Immunofluorescence staining of neurofilaments showed that the protein fluorescence 
intensity in the apex, middle, and base SGN and the central axis of the cochlea was significantly lower in the 10dpr group than in the 
control group (Fig. 6e).

Fig. 4. The effects of ionizing radiation on hearing in mice. (a)–(c) Changes in click threshold, I-wave amplitude, and I-wave latency. (d) Changes in 
ABR threshold at different frequencies. (e)–(g) Changes in I-wave latency at different frequencies. (h)–(j) Changes in I-wave amplitude at different 
frequencies.
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3. Discussion

In our study, there was no change in the ABR threshold during the first week post-radiation after the 30Gy X-ray exposure. 
However, in the 10dpr group, the ABR threshold increased significantly for all tested frequencies, accompanied by a prolonged latency 
and a down-regulated amplitude of the ABR I wave. At the same time, a single high-dose cranial irradiation did not cause hair cell loss 
in the basilar membrane within 10-days of irradiation. Nonetheless, morphological changes in the SGN and reduced expression of 
neurofilaments were found in the cochlea. Finally, the number of cochlear macrophages and peripheral immune cells decreased 
dramatically over time after irradiation. However, the expression of proinflammatory mediators in the cochlea showed a trend of 
increase and then decrease.

Our high-dose radiation model showed an acute pantonal hearing loss, and the results suggested that acute RISNHL may not be 
attributable to cochlear hair cell death. To our surprise, we discovered the morphological changes in both SGNs and neurofilaments. 
Our results are at odds with many previous studies highlighting the loss of hair cells after irradiation. As early as 1980, low doses of 
cranial irradiation were found to be safe for the auditory system [29], while high doses of radiation caused hair cell and SGN 
degeneration [30]. Keilty, Dana et al. proposed that a mean cochlea dose of ≤30 Gy is proposed as a means of reducing the risk of HL 
[5]. Several researchers have proposed that the hair cell loss at the basal turn of the basilar membrane is significantly higher at the 
apex. This would explain that preferential hearing loss occurs preferentially in the high-frequency region and then slowly moves 
towards the low-frequency regions [3,5,27,31,32]. Specific conditions of irradiation, including the age of the animal, the type of 
radiation, the irradiated area, the irradiation dose, and the time after irradiation, may result in disparate experimental outcomes (as 
shown in Table 1 in the supplementary material). This may partly explain why our study differs from others. Our experiments sur-
prisingly found that SGNs exhibit morphological changes after irradiation. In contrast to the control group, the nuclei of the SGN 
showed a knotted and darker coloration, while the cell morphology was spindle-shaped in mice exposed to radiation. These 
morphological features may be indicative of cellular atrophy, a pathological process. However, further exploration of the cellular 
function underlying morphological changes is still needed. Also, we found that neurofilament protein expression was downregulated in 
the SGN region. Neurofilaments provide structural support for highly asymmetric neuronal geometries and are essential for efficient 
neural conduction velocities [33,34]. Previous studies have also shown that ionizing radiation can rapidly cause neurofilament ag-
gregation and reduced nerve fiber density, impairing auditory neural synchronization [34–38]. Our results are partly consistent with a 
small number of previous studies, which have demonstrated that the initial impact of short-term post-exposure focuses on spiral 
ganglion cell bodies [39] and ribbon synapses [40], resulting in a significant threshold shift for irradiation dosages ≥20 Gy. Conse-
quently, changes in SGN cells and downregulation of neurofilament expression induced by high-dose irradiation may have some 
potential relevance to radiation-induced hearing loss. Nonetheless, this hypothesis is not well supported by sufficient evidence.

Fig. 5. Hair cells in the inner ear were not damaged after irradiation. (a) Hair cells in the cochlear basilar membrane (blue DAPI, red phalloidin, 40 
× magnification) (b)–(d) The number of hair cells following irradiation. (n = 6 in each group). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)
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Under our experimental conditions, irradiation did not result in significant loss of cochlear hair cells. This phenomenon is related 
not only to the irradiation conditions but also to the physical principles of ionizing radiation. It has been demonstrated that ionizing 
radiation can directly cause DNA damage, cell death, and disruption of tissue function [10,41,42]. Cell cycle regulation is the most 
important factor influencing cellular sensitivity to ionizing radiation, and cells exhibit maximum radiosensitivity in the G (2)-M phase 
[43]. Proliferating and dividing active cells, such as malignant tumor cells and stem cells, are primarily in phase M of the cell cycle. As a 
result, they are very sensitive to radiation, a fundamental principle of radiotherapy. In contrast, terminally differentiated cells lose 
their ability to divide, making them insensitive to radiation, such as neurons and myocytes [44]. Mammalian inner ear hair cells are 
highly differentiated mature cells that cannot divide [45] and are therefore insensitive to radiation. It is noteworthy that in some 
studies, chronic hair cell loss induced by low/moderate dose irradiation may be a manifestation of the “bystander effect” [46,47]. Our 
study was limited to results obtained within 10 days after a single 30 Gy X-ray cranial irradiation of CBA/J mice. Thus, the immediate 
direct effect of radiation is greater than the chronic bystander effect. This may explain why high-dose irradiation does not readily result 
in the death of highly differentiated hair cells.

In the present study, high-dose cranial irradiation of CBA/J mice resulted in myelosuppression [48], accompanied by a dramatic 
reduction in cochlear macrophages and alterations in the immune microenvironment of the inner ear. Our previous studies have shown 
that macrophages are major cells involved in the immune response in the inner ear, as well as in the structures that make up the blood 
labyrinth barrier [18]. Previous studies in the noise-induced hearing loss [18,49] model and the connexin26-deficiency hearing loss 
model [19] have shown that the death of hair cells and SGNs is accompanied by an increase in the number of inner ear macrophages. 
These macrophages may be involved in cochlear damage and hearing loss through modulation of cochlear inflammation. It has been 
demonstrated that noise-induced hearing loss or connexin26-deficiency hearing loss can be preserved using the macrophage inhibitor 
clodronate liposome [49] or the anti-inflammatory agent dexamethasone [50], respectively. However, in this experiment, we showed 
for the first time that cochlear macrophages are significantly reduced in the radiation-induced hearing loss model. This finding is 
similar to several previous in vitro studies investigating the effects of irradiation on macrophages [51,52]. Also, our irradiation model 
showed the rapid up-regulation of inner ear IL-1β, IL-6, TNF-α, and CCL2, suggesting that high-dose cranial irradiation may induce 
M1-type macrophage-associated immune response [53,54]. In general, low-dose irradiation tends to promote macrophage polarization 
towards the anti-inflammatory M2 phenotype, whereas high-dose irradiation tends to promote macrophage polarization patterns 
towards the pro-inflammatory M1-like phenotype and induces harmful bystander effects, including neuroinflammation and upregu-
lation of the pro-inflammatory factors IL-1β, IL-6, CCL2, and TNF-α [55–57], which has been confirmed in CBA/J mice [58]. In 
addition, we sought to explain the relationship between RISNHL and immunosuppression, so we had assumed that immunosuppression 
would make the body more susceptible to infections, including otitis, which can also cause pantonal hearing loss [21]. However, we 
found no evidence of middle ear inflammation, such as empyema in the cochlea, in the cochlear anatomy of the animal. Consequently, 
we speculated that high-dose irradiation may directly kill cochlear macrophages and block the chemotactic recruitment of circulating 
macrophages to the inner ear. But, the relationship between irradiation-induced immune changes and hearing loss remains to be 
explored.

In summary, the present study is a suitable model for acute RISNHL. Our findings suggest that localized high-dose irradiation 
results in systemic immune cell inhibition, alteration of inner ear morphology, and changes in the cochlear immune microenviron-
ment. However, the results of this experiment are largely descriptive, and the relationship between post-irradiation auditory function, 
morphological changes in the inner ear, auditory-related nerve cells and conduction pathways, and immune responses in the inner ear 
needs further exploration. Inflammation of the inner ear is closely related to hair cell survival and cochlear function [59,60]. In models 
of hearing damage induced by multiple stimuli (including noise [26,49], infection [21,23], genetic mutation [19,24], etc. [25,26]), 
early modulation of immune cells or inflammatory responses contributes to hearing protection. In the RISNHL model, only a few 
studies have been performed to protect hearing by intervening in the oxidative stress response [27]. Therefore, as a next step, we need 
to clarify the role that cochlear macrophage-associated immune responses play in modulating the auditory pathway (from sensory 
epithelium to auditory cortex) and explore protective measures. Furthermore, based on the high sensitivity of the cochlear vascular 
endothelium to irradiation [61,62], it would be a good direction of research to find out whether perivascular macrophage-like me-
lanocytes, which are a component of the blood labyrinth barrier [63], are suppressed by radiation (as demonstrated in the present 
experiments) and lead to inner ear lesions [64].

4. Limitations of the study

SNHL induced by high doses of radiation is not associated with hair cell loss but rather with morphological changes in SGN cells. 
Short-term RISNHL is accompanied by a significant reduction in cochlear macrophages and changes in the immunological microen-
vironment. However, the underlying mechanisms between these findings remain to be investigated. In addition, we did not explore 
protective measures against RISNHL.

Fig. 6. Morphological changes in SGNs induced in the cochlea by ionizing radiation. (a)–(b) HE staining of cochlear axial sections (10 × magni-
fication). The black dotted line shows the cochlear axis and the black curve circles the cochlear SGN region. (c)–(d) HE staining of the SGN area in a 
cochlear axial section (100 × magnification). Black arrows indicate representative morphological changes observed in the cells following radiation 
exposure. (d) Immunofluorescence staining of neurofilaments in the SGN area of a cochlear section (red: phalloidin; white: neurofilaments. 40 ×
magnification). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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5. Star methods

5.1. Key resources table

Please refer to the "supplementary material" section.

5.1.1. Resource availability
Lead contact Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead 

contact, Sun Yu (sunyu@hust.edu.cn).
Materials availability This study did not generate new unique reagents.

5.2. Experimental model and subject details

5.2.1. Animals
In this study, 8-week-old male Cx3cr1GFP/+ heterozygous mice were bred in-house on a CBA/J background. The GFP gene replaces 

one allele of CX3CR1, a fractalkine receptor. Cx3cr1 is expressed in macrophages, monocytes, microglia, NK cells, and related cells 
[26]. As a result, Cx3cr1GFP/+ mice can express GFP in all macrophages, making it easier to track the number and location of mac-
rophages in the interior of the body. Auditory brainstem response (ABR) tests were performed on all mice before the experiment to 
ensure that they had good hearing. All the mice were bred in the SPF animal room of the laboratory animal center of Tongji Medical 
College, Huazhong University of Science and Technology. The operator holds the certificate of laboratory animal professional tech-
nical examination.

48 healthy mice with good hearing were divided into four groups of 12 mice each: control, 1dpr, 7dpr, and 10dpr. All irradiated 
groups were exposed to 30Gy of X-rays and ABR hearing tests were performed at the time of observation, after which they were killed 
under anesthesia and samples were collected. In the control group, ABR hearing tests were measured and samples were collected at the 
same time as in the irradiated group. The control group was matched to the experimental group for all treatments except irradiation. In 
addition, the control animals were placed on a radiotherapy table for the same amount of time after anesthesia, but without the ra-
diation dose. Six mice from each group were randomly selected for peripheral blood sampling. The basilar membrane of one cochlea 
was dissected and the other cochlea was used for frozen sections. In the remaining six mice, one side of the cochlea was retained for 
RNA extraction, and the basilar membrane of the other side was also dissected for morphological study.

5.2.2. Radiation exposure
Mice were anesthetized with Zoletil 50 (30 mg/kg, Virbac, Fronce) and Xylazine (10 mg/kg, LGM Pharma, America) by intra-

peritoneal injection. The irradiation field was adjusted to 8 cm × 40 cm covering the skull of the mice. The distance from the source 
axis to the shaft was 100 cm and the thickness of the lead block was 10 cm [27]. Mice were irradiated with a single dose of 30 Gy using 
6-MV X-rays (600 MU min− 1, Trilogy System Linear Accelerator, Varian Medical Systems) [27].

6. Method details

6.1. Auditory brainstem response

After deep anesthesia, the mice were placed in a thermostatic blanket to maintain body temperature during the measurement. 
Three electrode pins were placed, the reference electrode was inserted under the skin of the mastoid of the test ear (reversed electrode), 
the recording electrode was inserted under the skin of the median skull base of the mouse (simultaneous electrode), and the common 
electrode was inserted under the skin of the mastoid of the opposite ear (grounded). The computer’s TDT system was switched on to 
generate the stimulus tone, which was amplified by the device and transmitted to a speaker and then to the ear, where the evoked 
potential was sent to a signal processor in the computer for superposition processing. The stimuli were Click and short pure tones at 8 
kHz, 12 kHz, 16 kHz, 20 kHz, 24 kHz, 28 kHz, and 32 kHz with a repetition rate of 10 per second, a scan time of 10 ms, and a su-
perposition of 512 times. The sound intensity of the test starts at 80 dB SPL and gradually decreases by 5 dB SPL as it approaches the 
threshold, which is represented by the sound intensity of the ABR I wave in the visually detectable brainstem potential wave group 
[65]. The ABR wave I is proposed to represent the summed action potentials of the auditory nerve fibers. The amplitude is determined 
as the value from the baseline to the first peak, while the latency is determined as the time at which this peak occurs. To avoid 
subjective differences, the results were read by one person and the raters were blinded to the experimental conditions [40].

6.2. Blood sample and cochlear acquisition

Under anesthesia following the ABR test, the mice’s eyeballs of the mice were quickly removed and we collected blood from the 
retroorbital venous plexus. The blood was collected in a glass tube prefilled with anticoagulant until the bleeding stopped. A TEK-VET3 
automatic blood cell analyzer was utilized for blood analysis. WBC reference interval (0.8–6.8) × 10^9/L, Lym# reference interval 
(0.7–5.7) × 10^9/L, and Lym% reference interval 55.8%–90.6 % were used in mice. Mice were then killed by cervical dislocation, and 
the cochlea was carefully detached from the temporal bone and placed in pre-cooled, fresh 4 % paraformaldehyde. The circular and 
oval windows of the cochlea were opened under a microscope, and the cochlea was flushed with an infusion of paraformaldehyde with 
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a needle to whited the cochlea. The cochlea was placed in 4 % paraformaldehyde in a refrigerator at 4 ◦C overnight.

6.3. Hematoxylin-eosin (HE) staining

The cochlear section was immersed in PBS solution for 10 min for cutting temperature compound (OCT), 3 min for hematoxylin, 
and washed with tap water for 30 s. It was immersed in 1 % ethanol for 2 s, stained with eosin for 4 min, immersed in 95 % ethanol for 
2 min, immersed in anhydrous ethanol for 2 min, cleared in xylene for 10 min, and sealed with neutral glue.

6.4. Immunofluorescence staining

The fixed cochlea was decalcified in a 10 % EDTA solution for 24 h. For frozen sections, the cochlea was dehydrated in 10 %, 20 %, 
and 30 % sucrose solutions for 1 h, respectively, and embedded in optimal OCT at 4 ◦C overnight. A 10 mm section of the medial axis of 
the cochlea was removed for subsequent experiments. For basilar membrane placement, each cochlea was carefully dissected in 0.01 M 
of frozen PBS. Cochlear sections or basilar membrane products were incubated in a blocking solution (10 % donkey serum plus 0.1 % 
Triton X-100) for 1 h at room temperature. The samples were then incubated with rabbit polyclonal anti-GFP antibody (1:200 dilution, 
M048-3, MBL, Beijing, China) to enhance green fluorescence of macrophage or anti-neurofilament heavy chain antibody (1:500 
dilution, AB5539, Sigma-Aldrich, America) at 4 ◦C overnight. The samples were washed 3 times in 0.01 M PBS containing 0.1 % 
Tween-20 and then stained with Alexa Fluor 647 donkey anti-rabbit IgG (1:200 dilution, ANT032, Antgene, China) or Alexa Fluor 488 
Donkey Anti-Chicken IgY (1:200 dilution, A78948, Thermo Fisher Scientific, America) for 2 h. DAPI (C1005, Beyotime Biotechnology) 
and phalloidin (0.05 mg/ml, P5282, Sigma-Aldrich) were used for nuclear and F-actin staining. Images were obtained by laser 
scanning confocal microscopy (Nikon, Tokyo, Japan). Macrophages were visualized by GFP immunostaining.

6.5. Cell count

The basilar membrane was scanned and reconstructed under a 10 × mirror. Measure the length of the basilar membrane using the 
“measure line” tool in ImageJ software. Count the number of inner hair cells using the length of 100um as the unit of measurement. 
Under normal circumstances, the number of outer hair cells should be inner hair cells × 3. At the same time, the number of missing 
outer hair cells was counted, and finally, 1.5 mm was removed from each segment (apex, middle, and base) of the basilar membrane. 
Outer hair cell survival rate = (1- total number of missing outer hair cells/number of inner hair cells × 3) × 100 %. The region between 
the inner hair cells and the third row of outer hair cells is the sensory neuroepithelial region where we count macrophages.

6.6. RNA preparation and real-time quantitative polymerase chain reaction

RT-qPCR detected the transcriptional expression levels of the following genes: TNF-α, IL-1β, IL-6, CCL2, CCL3, and CCL4. After the 
animal was killed and the cochlea removed, the connective tissue surrounding the cochlea was quickly removed in a pre-cooled PBS 
buffer and then placed on ice for RNA extraction. One cochlea was used as a sample and six biological replicates were performed for 
each experimental condition. Total RNA was extracted from the collected tissues using FastPure Cell/Tissue Total RNA Isolation Kit V2 
(Vazyme. Nanjing, China). Reverse transcription was performed using HiScript III 1st Strand cDNA Synthesis Kit (+gDNA wiper) 
(Vazyme. Nanjing, China). RT-qPCR was performed on the Roche LightCycler 480 instrument using the SYBR green PCR technique. 
The relative gene expression data of each group were analyzed by the standard 2-△ct method. The following primers were used for RT- 
qPCR:

GAPDH Forward GCCAAGTATGATGACATCAAGAAGG.
GAPDH Reverse GCTGTAGCCGTATTCATTGTCATAC.
IL-1β Forward GAAATGCCACCTTTTGACAGTG.
IL-1β Reverse TGGATGCTCTCATCAGGACAG.
IL-6 Forward AATTTCCTCTGGTCTTCTGGAGTAC.
IL-6 Reverse GACTCCAGCTTATCTGTTAGGAGAG.
TNFα Forward CAGGCGGTGCCTATGTCTC.
TNFα Reverse CGATCACCCCGAAGTTCAGTAG.
CCL3 Forward GCAACCAAGTCTTCTCAGCG.
CCL3 Reverse TCTCTTAGTCAGGAAAATGACACC.
CCL4 Forward TGTGCAAACCTAACCCCGAG.
CCL4 Reverse GGGTCAGAGCCCATTGGTG.
CCL2 Forward TAAAAACCTGGATCGGAACCAAA.
CCL2 Reverse GCATTAGCTTCAGATTTACGGGT.

6.7. Statistical analysis

Statistics were performed using GraphPad Prism 8.0 (GraphPad Software Inc., La Jolla, CA, USA) and IBM SPSS Statistics 21.0 
(SPSS Inc., Chicago, IL, USA). All values in the figures are presented as mean ± standard deviation (SD). For three or more groups, we 
first performed a factorial ANOVA analysis. For a P value < 0.05, we then used t-tests to compare pairs of subgroups. The independent 
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samples t-test was used to compare the mean between the two groups, and the paired samples t-test was used to compare the mean 
between the self-controlled samples. P < 0.05 was considered statistically significant.
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