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1. Introduction

Parkinson's disease (PD), the second most common 
progressive neurodegenerative disorder, is a major 
contributor to rising global disability rates. In recent 
years, PD-related prevalence, disability rates, and 
mortality have shown an upward trend (1). The etiology 
of PD remains unknown. It is characterized primarily 
by early dopaminergic neuronal loss in the substantia 
nigra of the basal ganglia, accompanied by classic 
Parkinson's disease manifestations and secondary 
motor symptoms. Furthermore, non-motor symptoms 
that usually precede typical PD manifestations have 
garnered significant attention, which include fatigue, 
gastrointestinal disturbances, and sensory deficits 
(visual impairment, olfactory dysfunction, and hearing 
impairment). Compared with studies on olfactory 
dysfunction and visual impairment, previous research on 
hearing impairment has been relatively insufficient (2). 
Population-based case-control studies indicate a 1.6% 
association between clinical hearing impairment and 
PD (3,4). Interestingly, studies have found that, similar 
to motor symptoms, auditory symptoms in PD patients 

also exhibit lateralization — meaning more pronounced 
hearing loss occurs on the side with more severe PD 
symptoms (5). However, the mechanisms underlying 
hearing impairment in PD patients remain unclear. 
Recent research suggests its potential association with 
dysfunction of dopamine transporters in the basal 
ganglia (6).
	 Dopamine is primarily produced in the striatal 
structures of the substantia nigra and regulates processes 
such as movement, attention, reward, and motivation. 
Growing evidence indicates dopamine also participates 
in auditory processing, with fibers present in auditory 
structures including the auditory cortex, thalamus, 
superior olivary complex, and inferior colliculus. 
This involvement occurs primarily through dopamine 
receptors, notably dopamine receptor 2 (D2) (7,8). 
Recent studies have identified the subperiventricular 
nucleus (SPF) of the thalamic bundle as a potential key 
hub coordinating the balance of neurotransmitters — 
including glutamate and glycine — between various 
auditory structures such as the inferior colliculus and 
superior olivary complex (7,9). Dopaminergic fibers in 
the cochlea primarily originate from lateral olivocochlear 
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neurons (LOC), projecting onto afferent fibers adjacent to 
inner hair cells. These fibers inhibit excessive excitation 
of afferent neurons via nearby dopamine receptor 1 (D1) 
and D2 receptors, predominantly D2 receptors, acting in 
concert with cholinergic fibers — another component of 
LOC fibers — to coordinate function (7,10,11). However, 
the precise function of LOC remains unclear. The 
prevailing view suggests it possibly majors in adaptation 
to acoustic environments and balances subtle bilateral 
activity. In contrast, medial olivocochlear neurons (MOC) 
primarily project cholinergic fibers that synapse with 
the basal ends of outer hair cells. They mainly regulate 
excitability of bilateral outer hair cells, participating 
in auditory sensitivity modulation under varying 
sound backgrounds and spatial auditory discrimination 
(10,12,13).
	 Recent research on the auditory system in PD has 
primarily focused on regions such as the auditory cortex 
and basal ganglia, with greater emphasis on its role 
in auditory-related cognition and emotion (10,14,15). 
However, studies on peripheral hearing, particularly 
cochlear pathophysiological changes in PD models, 
remain scarce. Thus, this study mainly focuses on the 
hearing changes and cochlear pathological alterations, 
especially changes in olivocochlear efferent fibers, in 
PD mice and rat models, to provide new insights for 
investigating mechanisms and treatments for hearing loss 
in PD.

2. Materials and Methods

2.1. Animals and drug treatments

Due to the hearing-protective effects of estrogen and 
the high mortality rate of female mice in PD modeling, 
only male animals were used in this study (16,17). Male 
C57BL/6J mice (7 weeks old) and male Sprague-Dawley 
(SD) rats (10 weeks old) were purchased from the 
Animal Experiment Center of Peking University People's 
Hospital (PKUPH). This study was approved by the 
Institutional Animal Care and Use Committee (IACUC) 
at PKUPH (No. 2023PHE025). All animals were housed 
in a controlled, specific pathogen-free environment 
(temperature, 23 ± 3°C; humidity, 55% ± 15%; 12/12 
h light/dark cycle) with free access to food and water. 
Following work based on previous studies, mice with 
abnormal hearing were excluded (18-22). The remaining 
mice were randomly assigned to two groups: the MPTP 
group (model group), which received intraperitoneal 
injections of MPTP-HCl (Sigma, St. Louis, MO, USA, 
M0896, 30 mg/kg) once daily for 5 days, while the 
control group received an equivalent volume of saline 
via intraperitoneal injection once daily for 5 days (18-22). 
Subsequent experiments were conducted according to the 
experimental protocol without a time interval. Mice in 
two groups underwent behavioral testing, open field test, 
and audiological assessment, ABR and DPOAE, followed 

by tissue collection for pathological examination of the 
brain and cochlea immediately. Based on the successful 
establishment of the PD model, confirmed by behavioral 
and pathological analyses, findings regarding audiology 
and cochlear morphology were obtained (Supplementary 
Figure S1 A, https://www.biosciencetrends.com/
action/getSupplementalData.php?ID=279). SD rats 
were screened for hearing abnormalities and excluded 
as described previously (23-26). Rats underwent 
unilateral 6-OHDA lesions of the substantia nigra pars 
compacta (SNc). Briefly, rats anesthetized with sodium 
pentobarbital (40 mg/kg, ip) were fixed in a stereotaxic 
apparatus (SN-2 N, Narishige, Tokyo, Japan) and 
injected with 6-OHDA (2 μg/μL) into the right SNc (AP 
-5.2 mm, ML -2.0 mm, DV -8.0 mm). Fifteen minutes 
before 6-OHDA injection, rats received pretreatment 
with dexepamine (25 mg/kg, ip) to protect noradrenergic 
neurons. Control rats received an equivalent injection of 
physiological saline containing 0.02% ascorbic acid (23-
26). Subsequent procedures were performed according 
to the experimental protocol after 3 weeks. Both groups 
of rats underwent behavioral testing, open field test, and 
audiological assessment, ABR and DPOAE, followed 
by tissue collection for pathological examination of the 
brain and cochlea immediately. Based on successful 
establishment of the PD model, confirmed by behavioral 
and pathological analyses, findings regarding audiology 
and cochlear morphology were obtained (Supplementary 
Figure S2 A, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=279).

2.2. Open field test

Before testing, mice or rats were acclimated for 2 hours 
in their home cages within a quiet room. The open field 
arena (mice: 50 cm × 50 cm × 40 cm, white background; 
rats: 4 × 50 cm × 50 cm × 40 cm, white background) was 
placed in a soundproof chamber illuminated by indirect 
artificial light. The arena was thoroughly cleaned with 
a 5% ethanol/water solution between trials. One animal 
(mouse or rat) was positioned in the center of the arena, 
and spontaneous behavior was recorded for 10 minutes. 
Subsequently, video recordings were evaluated using 
the SMART video tracking system (Panlab, Barcelona, 
Spain).

2 . 3 .  B r a i n  t i s s u e  i m m u n o f l u o r e s c e n c e  a n d 
immunohistochemistry

Mice or rats were deeply anesthetized and perfused 
with physiological saline, followed by injection of 
4% polyformaldehyde (PFA) in 0.1 mol/L phosphate-
buffered saline (water, PBS, pH 7.4). Brains were 
dissected and immersed in the same fixative for 12 
hours, then dehydrated in 30% sucrose solution. Frozen 
brain tissue was sectioned into 30 μm-thick slices using 
a cryostat (Leica Biosystems, Nuremberg, Germany). 
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sound level meter (Model 1200; Quest Technologies) 
before exposure. Ambient background noise around the 
cages was 45 dB. Control mice were placed in the same 
cages and the noise exposure chamber without noise 
activation for 2 h.

2.6. Immunofluorescence of the basilar membrane

Mice or rats were euthanized using carbon dioxide 
anesthesia, and bilateral cochleae were collected and 
fixed overnight in 4% paraformaldehyde at 4°C. The 
following day, cochleae were decalcified at room 
temperature using 10% EDTA for 5–6 hours (for mice) 
or 48–72 hours (for rats). After decalcification, the 
basilar membrane was carefully dissected and placed 
in PBS containing 0.3% Triton X-100 for 10 minutes; 
this process was repeated twice. Subsequently, the 
basilar membrane was blocked with 10% donkey 
serum for 2 hours, then incubated with the primary 
antibody overnight at 4°C. The following day, the basilar 
membrane was washed three times with PBS for 10 
minutes each, and then incubated with the secondary 
antibody for 1 hour in the dark. Finally, the basilar 
membrane was stained with or without DAPI for 15 
minutes. After washing as described above, the sample 
was mounted in medium and imaged using a confocal 
microscope (Leica, Stellaris).
	 Hair cells counting: The basilar membrane of the 
cochlea was divided into three turns, labeled with 
phalloidin (1:2000, A30104, ThermoFisher), and 
quantified under a 40× objective field.
	 Synaptic ribbon counting: Synaptic ribbons, 
associated with inner hair cells and myelinated 
afferent auditory nerves, were labeled with anti-C-
terminal binding protein 2 (Ctbp2) (1:200, 612044, BD 
Biosciences), while hair cells were labeled with anti-
Myosin 7a (1:500, 25–6790, Proteus-biosciences) and 
quantified under a 63× objective field.
	 Choline acetyltransferase (ChAT) and tyrosine 
hydroxylase (TH) quantification and localization: The 
basilar membrane of the cochlea was divided into three 
turns, labeled with ChAT (1:500, AB144P, Millipore), 
TH (1:100, 58844, Cell Signaling Technology), and 
phalloidin (1:2000, A30104, ThermoFisher). Images 
were observed in a 40×objective field and analyzed using 
ImageJ for volume measurement and colocalization 
analysis.

2.7. Statistical analysis

Data analysis was conducted using Microsoft Excel 
and GraphPad Prism version 8. Detailed statistical 
information is provided in the results section, figures, 
and figure legends. All data are presented as mean 
± standard error of the mean (SEM). Statistical 
significance was determined using two-tailed unpaired t 
tests and two-way ANOVA followed by Sidak's multiple 

For immunofluorescence, sections were rinsed with PBS 
and blocked with a PBS solution containing 5% BSA 
and 0.5% Triton X-100 as antibody diluent. Sections 
were incubated with anti-tyrosine hydroxylase antibody 
(1:100, 58844, Cell Signaling Technology) at 4°C for 12 
hours, washed three times with PBS, and subsequently 
incubated with secondary antibody for 2 hours. Finally, 
slides were sealed with anti-fade mounting medium 
containing DAPI (P0126, Beyotime, Shanghai, China) 
and imaged using a confocal microscope (Leica, 
Stellaris). For immunohistochemistry, sections were 
blocked with PBS containing 5% BSA, 1% normal goat 
serum, and 0.3% Triton X-100, then incubated overnight 
at 4°C with anti-tyrosine hydroxylase antibody (1:300, 
58844, Cell Signaling Technology). Sections were 
incubated at room temperature for 2 h with biotinylated 
secondary antibody, followed by incubation for 1 h with 
ABC reagent (1:500, Vector Laboratories) and visualized 
using DAB substrate (Vector SK-4100). Slides were 
dehydrated through graded ethanol, cleared in xylene, 
and mounted with neutral resin coverslips. Brightfield 
images were captured using an Olympus BX53 
microscope (Olympus).

2.4. ABR and DPOAE measurement

Before ABR testing, mice or rats were anesthetized 
via intraperitoneal (i.p.) injection of 0.7% sodium 
pentobarbital (25–50 mg/kg). For ABR recordings, 
three needle electrodes were placed subcutaneously: at 
the vertex, behind the test ear, and on the contralateral 
auricle. ABR thresholds were measured and recorded 
using a TDT system (RZ6 TDT; Tucker Davis 
Technologies hardware and SigGen/BioSig software; 
Alachua, Florida, USA) at a sampling rate of 21.1 
Hz, delivered via a closed-field microphone system at 
various stimulus frequencies (4, 8, 16, 24, and 32 kHz). 
Sound stimuli began at 90 dB SPL and were decreased in 
5 dB increments until ABR waves were no longer readily 
detectable. DPOAE measurements were conducted 
following ABR testing. The f1-f2 DPOAE was evaluated 
using TDT's real-time signal processing system II (RZ6 
TDT; Tucker Davis Technologies hardware and SigGen/
BioSig software). The DPOAE threshold is defined as 
the peak at 2f2-f1. During the testing process, a double-
blind approach was adopted, and the sample size was 
determined based on biological replicates.

2.5. Noise exposure

Mice were placed in stainless steel cages positioned 
beneath a loudspeaker. Noise was generated by a 
loudspeaker (Aijie Audio Equipment Factory) driven 
by a power amplifier (MF-1201 MOSTET, ATech) and 
attenuator (PA5 TDT, Alachua, FL, USA). White noise 
at 108 dB sound pressure level (SPL) was used for 2 h 
to induce exposure. Calibration was measured using a 
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comparisons test, as indicated in each figure. The exact 
values of n are provided where appropriate. *, **, 
***, **** indicate p < 0.05, 0.01, 0.001, and 0.0001, 
respectively.

3. Results

3.1. No significant differences were observed in hearing 
and corresponding morphology between PD and control 
mice

The MPTP mouse model is widely used in PD 
pathogenesis (18-22). We established a PD mouse model 
according to the experimental protocol in Supplementary 
Figure S1 A, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=279, and verified by 
behavioral and morphological assessments. In detail, mice 
with abnormal hearing were excluded, and remaining 
mice were randomly assigned to two groups: the MPTP 
group (model group), which received intraperitoneal 
injections of MPTP-HCl once daily for 5 days, while the 
control group received an equivalent volume of saline via 
intraperitoneal injection once daily for 5 days (18-22). 
Subsequent experiments were conducted according to the 
experimental protocol without a time interval. Mice in 
two groups underwent behavioral testing, open field test, 
and audiological assessment, ABR and DPOAE, followed 
by tissue collection for pathological examination of the 
brain and cochlea immediately. Based on the successful 
establishment of the PD model, confirmed by behavioral 
and pathological analyses, findings regarding audiology 
and cochlear morphology were obtained (Supplementary 
Figure S1 A, https://www.biosciencetrends.com/
action/getSupplementalData.php?ID=279).  As 
shown in Supplementary Figure S1 B-C (https://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=279), MPTP-treated mice exhibited significantly 
impaired locomotor activity. Immunofluorescence 
and immunohistochemistry both revealed a significant 
reduction in dopaminergic neurons in the substantia 
nigra of PD mice compared to controls (Supplementary 
Figure S1 D-E, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=279). Therefore, we 
confirmed the successful establishment of the PD mouse 
model. To assess hearing differences between control and 
PD mice, we performed ABR and DPOAE testing. As 
shown in Figure 1A and B, ABR and DPOAE thresholds 
did not differ significantly between groups. Notably, 
compared to the control group, the PD group exhibited a 
mild increase in DPOAE threshold at 32 kHz, although it 
was not significant. Next, we focused on the latency and 
amplitude of ABR wave I (Figure 1 C-D). No significant 
change in wave I latency was found between groups, 
but amplitude was lower in the PD group, though this 
difference was not significant. Notably, compared with 
other frequencies, the wave I amplitude gap between 
the PD and control group was much smaller at 32 kHz. 

Next, we labeled hair cells with phalloidin to assess the 
impact of modeling on hair cell survival (Figure 1 E-F). 
Results showed no significant difference in inner and 
outer hair cell survival between groups (Figure 1 G-H). 
And ribbon synapse labeled by Ctbp2 shown in Figure 2 
I-J also exhibited no dramatic numbers change at all turns 
between groups, although in the middle and base turn, 
PD mice exhibited a mild reduction in synapse numbers 
with no significance. Interestingly, compared with regular 
distribution in the basal turn, synapses in the apical and 
medial regions seemed more disorganized.

3.2. ChAT+ fibers in the PD mice cochlea exhibited post-
injury compensatory changes

Then we labeled ChAT in hair cells. The results 
showed that ChAT+ regions exhibited increased total 
fluorescence intensity, enlarged volume, and heightened 
average fluorescence intensity across the entire cochlear 
hair cell (Figure 2 D-F). Furthermore, ChAT + hair 
cell segments exhibited more pronounced increases 
in total fluorescence intensity and volume at the mid-
basal transition region, while the mean fluorescence 
intensity of the ChAT+ hair cell fraction showed a more 
pronounced increase in the apical-medial turn. Next, we 
performed quantitative analysis of the ChAT+ portion 
in inner hair cells. We found that the total fluorescence 
intensity, total volume, and average fluorescence intensity 
of the inner hair cell portion also increased. The total 
fluorescence intensity and volume of the ChAT+ inner 
hair cell portion in the apical and basal turns appeared 
to increase more significantly. At the level of individual 
inner hair cells (Supplementary Figure S3 A-C, https://
www.biosciencetrends.com/action/getSupplementalData.
php?ID=279), ChAT+ total fluorescence intensity, total 
volume, and average fluorescence intensity changes 
were similar to the entire ChAT+ inner hair cell segment. 
Subsequently, we performed fluorescence quantification 
analysis on the ChAT+ portions in outer hair cells (Figure 
2 K-M). Likewise, we found that the total fluorescence 
intensity, total volume, and average fluorescence 
intensity remained increased in the PD group, with a 
much more pronounced increase in the mid-basal turn. 
At the level of individual outer hair cells (Supplementary 
Figure S3 D-F, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=279), these analyses were 
also similar to overall outer hair cell ChAT+ segment 
alterations. Notably, although the ChAT+ portion in the 
hair cell region of the PD model seemed much more 
activated, its distribution appeared more disorganized, 
particularly on the apical and basal turns (Figure 2 A-C).

3.3. TH+ fibers showed heterogeneous alterations in the 
PD mouse cochlea

TH, commonly used to label the morphology and short-
term dopaminergic neuronal activity of dopamine 
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fibers, can also mark the morphology and activity of 
noradrenergic fibers (27). TH+ fibers in the cochlea are 
usually classified into dopaminergic fibers situated in 
the inner hair cell region and adrenergic sympathetic 
fibers located in the OSL (28). Our results showed that 
dopamine fiber distribution significantly decreased 
in the apical-middle region of the PD group, while it 
significantly increased in the basal turn (Figure 3B), 
which was verified by quantitative analysis in Figure 
3 C-E. However, the average fluorescence intensity of 
the TH+ region was significantly reduced, particularly 
in the basal turn. And in the OSL, for the first time, we 

observed significant reductions both in total fluorescence 
intensity, total volume, and average fluorescence 
intensity in the TH+ region, particularly in the mid-
basal turn (Figure 3A and F-H). Next, we focused on the 
colocalization between cholinergic and dopaminergic 
neurons in the inner hair cell region. The results (Figure 
3 I-K) showed that PD modeling significantly altered the 
colocalization between them, and a marked increase was 
evident in the basal turn.

3.4. PD model mice exhibited heightened sensitivity to 
low-to-moderate noise intensity

Figure 1. No significant differences were observed in hearing and corresponding morphology between PD and control mice. (A-D) 
Audiometric testing of control and PD mice: (A) showed ABR (control, n = 10; pd, n = 6); (B) showed DPOAE (control, n = 8; pd, n = 8); (C) 
showed ABR wave 1 latency (control, n = 10; pd, n = 6); (D) showed ABR wave 1 amplitude (control, n = 10; pd, n = 6). (E-H) Cochlear hair 
cell analysis in control and PD mice: (E) showed survival of basal turn hair cells, with blue labeling for phalloidin, bar = 250 μm; (F) was a 
magnification of the region in E, bar = 40 μm; (G) presented quantitative analysis of inner hair cells in both groups (control, n = 5; pd, n = 5); (H) 
presented quantitative analysis of inner and outer hair cells in both groups (control, n = 5; pd, n = 5). (I-J) Detection of ribbon synapses in inner 
hair cells of control and PD mice: (I) showed representative images of apical, middle, and basal turns in both groupsl; blue indicated Myosin 7a, 
red indicated Ctbp2, bar = 30μm; (J) showed quantitative analysis of apical, middle, and basal turns in both groups. Results are presented as mean 
± SEM; ns indicates no significance. Two-way ANOVA followed by Sidak's multiple comparisons test.
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Based on our research (29), we exposed both groups to 
108 dB SPL white noise for 2 hours. ABR and DPOAE 
tests were conducted at day 1, 3, and 7 post-noise 
exposure to investigate hearing changes (Figure 4A). 
Our results revealed that at day 1 post-noise exposure, 
the PD group exhibited significant ABR threshold shifts 
compared to the control group in all frequencies, and 
much pronounced on clicks and 16 kHz (Figure 4B). By 
day 3, this gap gradually narrowed (Figure 4C), and on 
day 7 post-noise exposure, shift differences still existed 
between groups, although a significant gap was observed 

only in the high-frequency range (Figure 4D). But in 
DPOAE results, no significant differences were found, 
although the overall threshold shift gap between groups 
mirrored that of ABR (Figure 4 E-G). Interestingly, at 
3 days post-noise exposure, the threshold shift at 32 
kHz was much lower in the control group. And then, we 
examined changes in ABR wave 1 latency and amplitude 
(Figure 4 H-M). The PD group exhibited increased ABR 
wave 1 latency and decreased ABR wave 1 amplitude. 
Interestingly, the latency of ABR wave 1 showed no 
significant change at 32 kHz.

Figure 2. ChAT+ fibers in PD mice cochlea exhibited post-injury compensatory changes. (A) showed the ChAT+ portion of the basal turn, 
with blue labeling for Phalloidin and red labeling for ChAT, bar = 250 μm. (B) displayed the change of ChAT+ portion in apical, middle, and basal 
turn, bar = 40 μm. (C) showed a magnified view of B, bar = 10 μm. (D)(E)(F) presented quantitative analysis of ChAT+ portion in hair cells, 
corresponding to integrated density, volume, and mean density, respectively. (G)(H)(I) quantitative analysis of ChAT+ portion in inner hair cells, 
corresponding to integrated density, volume, and mean density, respectively. (J)(K)(L) quantitative analysis of ChAT+ portion in outer hair cells, 
corresponding to integrated density, volume, and mean density, respectively (control, n = 5; PD, n = 4). Results are presented as mean ± SEM. *p 
< 0.05, **p < 0.01, ***p < 0.005, ****p <0.0001. Two-way ANOVA followed by Sidak's multiple comparisons test.
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3.5. PD rats demonstrated alterations in auditory function 
and corresponding morphology

Based on prior studies, we introduced the Sprague-
Dawley rats' PD model (23-26). We established a PD 
rat model according to the experimental protocol in 
Figure S3A and B, and verified it by behavioral and 
morphological assessments. In detail, SD rats were 

screened for hearing abnormalities and excluded as 
described previously (23-26). Rats underwent unilateral 
6-OHDA lesions of the substantia nigra pars compacta 
(SNc). Control rats received an equivalent injection of 
physiological saline containing 0.02% ascorbic acid (23-
26). Subsequent procedures were performed according 
to the experimental protocol after 3 weeks. Both groups 
of rats underwent behavioral testing, open field test, and 

Figure 3. TH+ fiber alterations in PD mouse models. (A) showed that the middle turn TH+ region primarily displays sympathetic fibers in the 
medial spiral plate. Blue staining indicates Phalloidin, green staining indicates TH. Bar = 250 μm. (B) displayed the change of dopamine fibers 
in apical, middle, and basal turns, bar = 40 μm. (C)(D)(E) presented quantitative analyses of the inner hair cell TH+ region, corresponding to 
integrated density, volume, and mean density, respectively. (F)(G)(H) presented quantitative analysis of the OSL TH+ region, corresponding to 
integrated density, volume, and mean density, respectively (control, n = 6; PD, n = 5). (I) showed the colocalization of ChAT+ and TH+ in the basal 
turn. Blue labeling indicated Phalloidin, red labeling indicated ChAT, and green labeling indicated TH. Bar = 250 μm. (J) showed a magnified 
view of a close-up of panel I. bar = 40 μm. (K) spatial co-localization analysis of ChAT+ and TH+ inner hair cell regions across the entire cochlea 
(control, n = 5; PD, n = 4). Results are presented as mean ± SEM. ns, no significance. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001. Two-
way ANOVA followed by Sidak's multiple comparisons test.
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audiological assessment, ABR and DPOAE, followed 
by tissue collection for pathological examination of the 
brain and cochlea immediately. Based on the successful 
establishment of the PD model, confirmed by behavioral 
and pathological analyses, findings regarding audiology 
and cochlear morphology were obtained (Supplementary 
Figure S2 A, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=279). As shown in the 
results, 6-OHDA-injected rats revealed significantly 
impaired locomotor activity (Supplementary Figure 
S2 C-D, https://www.biosciencetrends.com/action/

getSupplementalData.php?ID=279). Correspondingly, 
immunofluorescence and immunohistochemical analysis 
both revealed a significant reduction in dopamine 
neurons in the injected side of the substantia nigra in 
PD rats (Supplementary Figure S2 E-F, https://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=279). Thus, we confirmed the successful 
establishment of the PD rat model. Considering potential 
bilateral effects resulting from unilateral destruction of 
dopamine neurons in the substantia nigra (30,31), we 
analyzed auditory and morphological parameters on 

Figure 4. PD model mice exhibited heightened sensitivity to low-to-moderate noise intensity. (A) Schematic of auditory sensitivity testing. 
Control and PD mice underwent ABR and DPOAE testing at days 1, 3, and 7 post-exposure to 108 dB broadband white noise. (B)(C)(D) ABR 
recordings. (H)(I)(J) ABR L1 latency measurements.  (K)(L)(M) ABR L amplitude measurements, (ANE 1D, control, n = 6; PD, n = 5) (ANE 
3D, control, n = 6; PD, n = 5) (ANE 7D, control, n = 5; PD, n = 5). (E)(F)(G) DPOAE measurements (ANE 1D, control, n = 5; PD, n = 5) (ANE 
3D, control, n = 5; PD, n = 5) (ANE 7D, control, n = 5; PD, n = 5). Results are presented as mean ± SEM. *p < 0.05, **p < 0.01. Two-way 
ANOVA followed by Sidak's multiple comparisons test.
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the ipsilateral and contralateral sides of PD model rats, 
respectively. As shown in Figure 5A, ABR thresholds in 
both the surgical and contralateral sides of the PD group 
were significantly higher than those in the control group, 
and similar trends were shown in DPOAE thresholds 
(Figure 5B). Next, we examined changes in ABR I 
latency and amplitude (Figure 5 C-D). Compared to 
the control group, both the ipsilateral and contralateral 
sides in the PD group exhibited prolonged latencies and 
reduced amplitudes significantly, in agreement with 
the ABR threshold shifts. Subsequently, morphological 

analysis among the three groups was conducted, and 
phalloidin staining results (Figure 5 E-H) showed no 
significant differences in inner hair cell survival among 
the three groups. However, outer hair cell survival 
in the control group was significantly better than in 
both the ipsilateral and contralateral sides of the PD 
group, particularly at the 10% from apex and 100% 
from apex positions, while the contralateral side of the 
PD group showed significantly reduced outer hair cell 
survival compared to the control group. Subsequently, 
we labeled the ribbon synapse, as shown in Figure 5 
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Figure 5. PD rats demonstrated alterations in auditory function and corresponding morphology. (A-D) Audiological testing of control 
rats and PD rats on the ipsilateral and contralateral sides: (A) showed ABR (control group, n = 5; ipsilateral, n = 5; contralateral, n = 5). (B) 
showed DPOAE (control group, n = 5; ipsilateral, n = 5; contralateral, n = 5). (C) showed ABR L1 latency (control group, n = 5; ipsilateral, n 
= 5; contralateral, n = 5). (D) showed ABR L1 amplitude (control group, n = 5; ipsilateral, n = 5; contralateral, n = 5). (E-H) Cochlear hair cell 
assessment in PD and control mice: (E) showed survival of basilar hair cells, with phalloidin labeled in blue, bar = 300 μm. (F) was a magnified 
section of E, bar = 40 μm. (G) presented quantitative analysis of inner hair cells in both groups (control, n = 4; ipsilateral, n = 4; contralateral, n = 4). 
(H) presented quantitative analysis of outer hair cells in both groups (control, n = 4; ipsilateral, n = 4; contralateral, n = 4). (I-J) Ribbon synapses 
detection in inner hair cells of PD and control mice: (I) showed representative images of apical, middle, and basal turns in both groups, with blue 
labeling for Myosin 7a and red for Ctbp2, bar = 10 μm. (J) presented quantitative analysis of apical, middle, and basal turns in both groups. Pink 
and purple p-values represented comparisons between the control group and the contralateral group, red P-values indicated comparisons between 
the control group and the ipsilateral group. Results are presented as mean ± SEM. ns, no significance. *p < 0.05, **p < 0.01, ***p < 0.005, ****p 
< 0.0001. Two-way ANOVA followed by Sidak's multiple comparisons test.
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I-J, among the three groups, synapses at the apical, 
middle, and basal turns exhibited a stepwise decrease, 
and this reduction was more pronounced at the apical 
and basal turns. Notably, the number of synapses on 
the contralateral side was significantly lower than the 
control group at both apical and basal turns, coordinated 
with the absence of outer hair cells. Interestingly, no 
significant differences were observed in the arrangement 
of synapses or the morphology of inner hair cells among 
the three groups.

3.6. ChAT+ fibers in PD rats displayed asymmetric 
alterations

We labeled the ChAT+ portions of hair cells in the 
control group, the PD group's surgical side, and the 
contralateral side. Results showed that the total intensity 
of ChAT+ portions in hair cells on both the operated and 
contralateral sides was higher than in the control group, 
and their distributions were not consistent bilaterally, 
although lacking statistical significance. And no 
significant differences were observed in the volumes 
of the three groups. Regarding mean fluorescence 
intensity, both the operated and contralateral sides were 
significantly higher than the control group, especially 
in the apical and basal regions, the contralateral side 
exhibited higher intensity than the operated side, 
although with no statistical significance (Figure 6 D-F). 
Next, we investigated ChAT expression in inner hair 
cells. The trends for total and average fluorescence 
intensity in the inner hair cell region were similar to 
the entire hair cells. However, the volume of both the 
ipsilateral and contralateral sides was higher than the 
control group, and the distribution of the two sides was 
inconsistent but not significant (Figure 6 G-I). In the 
level of individual inner hair cells, the changes in ChAT+ 
total fluorescence intensity, total volume, and mean 
fluorescence intensity were similar to those observed 
in the entire ChAT+ inner hair cell part (Supplementary 
Figure S2 A-C, https://www.biosciencetrends.com/
action/getSupplementalData.php?ID=279). And in the 
outer hair cell region, total fluorescence intensity and 
average fluorescence intensity on both the surgical and 
contralateral sides of the PD group were mildly higher, 
while the overall volume was lower than the control 
group, but insignificant compared with the ChAT+ 
region in inner hair cells (Figure 6 J-L). And individual 
outer hair cells showed similar results (Supplementary 
Figure S4 D-F, https://www.biosciencetrends.com/
action/getSupplementalData.php?ID=279). Overall, the 
expression of ChAT exhibited asymmetric changes in 
both sides of PD rats, with more pronounced alterations 
in average fluorescence intensity, especially in the inner 
hair cell part. Furthermore, similar to the findings in 
mice, its distribution within inner and outer hair cells 
appeared more disorganized in the PD rat cochlea 
(Figure 6 A-C).

3.7. TH+ fibers revealed asymmetric alterations in the PD 
rat model

Then, we labeled dopaminergic neurons in the inner 
hair cell region and adrenergic sympathetic fibers in the 
OSL region using TH labeling. As shown in Figure 7 
B-E, no significant differences were observed in the total 
fluorescence intensity or volume of TH+ regions within 
the inner hair cell area among the groups. However, in 
the region 70% from the apex, the total fluorescence 
intensity in the PD group's ipsilateral and contralateral 
sides was higher than the control group, with significance 
observed only between the PD group's ipsilateral side 
and the control group. Regarding total volume, the PD 
group's contralateral side significantly exceeded both the 
control group and the operated side. In terms of average 
fluorescence intensity, both the surgical and contralateral 
sides of the PD group exhibited higher values compared 
to the control group. However, the relationship among 
the three groups was not uniform. In the region 40–50% 
from the apex, the average TH fluorescence intensity on 
the contralateral side of the PD group was significantly 
higher than the control group. Conversely, in the regions 
70–90% from the apex, the PD group's operated side 
showed higher TH average fluorescence intensity 
than the control group, where the changes in the PD 
group's contralateral side tended toward the control 
group's values. Next, we examined the TH+ fraction in 
the OSL region (Figure 7A and F-H). Results revealed 
no significant differences in total intensity or volume 
among the three groups in the regions 10–60% from 
the apex. However, in the 60–100% region, the control 
group, the PD contralateral side, and the PD surgical 
side exhibited a stepwise decrease, with volume showing 
a significant reduction. Nevertheless, no significant 
differences were observed in mean fluorescence intensity 
among the three groups. In contrast, changes in the TH+ 

region exhibited more complex characteristics in the 
6-OHDA rat model group. Subsequently, we examined 
co-localization between ChAT+ and TH+ parts in the 
inner hair cell region of rats. Results revealed that PD 
modeling reduced co-localization probability, particularly 
in the region 70% from the apex, where the PD group's 
surgical side showed significantly lower levels than the 
control group. At this point, the PD group also showed 
significantly lower levels on the operated side compared 
to the contralateral side. Although the contralateral side 
in the PD group was lower than the control group, the 
difference was not statistically significant. However, 
notably, compared to mice, the overall colocalization 
voxels in the rat model were not high (Figure 7 I-K).

4. Discussion

Growing evidence suggests that hearing loss, as a non-
motor sensory impairment in PD, may serve as an 
indicator of progression and treatment response (32). 
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However, studies on peripheral, particularly cochlear, 
pathological manifestations and mechanisms in PD 
models remain scarce. Therefore, this work primarily 
focuses on hearing changes and cochlear pathology in 
PD models, aiming to provide new insights into the 
mechanisms and treatment of hearing alterations in PD.
	 MPTP, a neurotoxin commonly used to induce PD 
models, selectively targets dopaminergic neurons (33). 
Previous studies demonstrated that MPTP significantly 
alters auditory measures such as ABR and category of 

auditory performance (CAP), causes marked damage 
to central auditory structures, including the inferior 
colliculus and lateral colliculus, and severely disrupts 
the echolocation system in bats (34,35). However, in 
our current study, MPTP-treated mice exhibited no clear 
alterations in ABR or DPOAE, while no significant loss 
of inner or outer hair cells was observed, hinting that 
MPTP exposure alone may be insufficient to induce 
pronounced peripheral auditory dysfunction in our 
PD mice. Ribbon synapses, the critical structures that 
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Figure 6. ChAT+ fibers in PD rats displayed asymmetric alterations. (A) showed the ChAT+ portion of the basal turn, with blue labeling for 
Phalloidin and red labeling for ChAT, bar = 300 μm. (B) displayed the change of ChAT+ portion in apical, middle, and basal turn, bar = 40 μm. (C) 
is a magnification of panel B, bar = 10 μm. (D)(E)(F) presented quantitative analysis of ChAT+ portion in hair cells, corresponding to integrated 
density, volume, and mean density, respectively. (G)(H)(I) quantitative analysis of ChAT+ portion in inner hair cells, corresponding to integrated 
density, volume, and mean density, respectively. (J)(K)(L) quantitative analysis of ChAT+ portion in outer hair cells, corresponding to integrated 
density, volume, and mean density, respectively (control, n = 4; ipsilateral, n = 4; contralateral, n = 4). Purple p-values represented comparisons 
between control and contralateral groups. Results are presented as mean ± SEM. ns, no significance. *p < 0.05, **p < 0.01. Two-way ANOVA 
followed by Sidak's multiple comparisons test.
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transmit signals from inner hair cells to afferent neurons, 
are known to exhibit early pathological changes that 
precede alterations in ABR, DPOAE thresholds, and hair 
cell survival, particularly in hidden hearing loss (36). 
Notably, our study found no significant loss of synapses 
in all turns. Consistently, the latency and amplitude of 
the ABR 1 wave showed no obvious changes compared 
to controls. Interestingly, despite no clear numerical 
change, the synapses at the basal turn exhibited greater 
regularity relative to those at the apical and middle 
turns. Correspondingly, the ABR wave 1 amplitude 

at 32 kHz remained largely unchanged compared to 8 
kHz and 16 kHz. These findings suggest that MPTP did 
not specifically target hair cells or synapses to cause 
significant damage. Interestingly, previous studies have 
found a higher proportion of functional hearing loss 
among PD patients, where no significant differences 
in pure-tone audiometry (PTA) abnormalities were 
observed (37).
	 The LOC and MOC systems, as efferent components 
of the auditory pathway, play a critical role in auditory 
sensitivity and discrimination. Alterations in these 
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Figure 7. TH+ fibers revealed asymmetric alterations in the PD rat model. (A) The middle turn TH+ region primarily displays sympathetic 
fibers in the medial spiral plate. Blue staining indicates Phalloidin, green staining indicates TH. bar = 300 μm. (B) displayed the change of 
dopamine fibers in apical, middle, and basal turns, bar = 40 μm. (C)(D)(E) presented quantitative analyses of the inner hair cell TH+ region, 
corresponding to integrated density, volume, and mean density, respectively. (F)(G)(H) presented quantitative analysis of the OSL TH+ region, 
corresponding to integrated density, volume, and mean density, respectively (control, n = 3; lpsilateral, n = 3; contralateral, n = 3). (I) showed the 
colocalization of ChAT+ and TH+ in the middle turn. Blue labeling indicated Phalloidin, red labeling indicated ChAT, and green labeling indicated 
TH. bar = 300 μm. (J) showed a magnified view of a close-up of panel. bar = 40 μm. (K) Spatial co-localization analysis of ChAT+ and TH+ inner 
hair cell regions across the entire cochlea (control, n = 3; ipsilateral, n = 3; contralateral, n = 3). Red p-values indicated comparisons between 
the control and ipsilateral groups. Gray p-values indicated comparisons between the ipsilateral and contralateral groups. Results are presented as 
mean ± SEM. ns, no significance. *p < 0.05, **p < 0.001, ***p < 0.005. Two-way ANOVA followed by Sidak's multiple comparisons test.
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systems often precede hair cells and ribbon synapses (38). 
In our PD models, ChAT-labeled cholinergic neurons 
exhibited a marked increase in both fiber volume and 
ChAT expression levels, indicating enhanced cholinergic 
activity, which may reflect secondary or compensatory 
mechanisms. Moreover, we noted more disorganized 
ChAT distribution at the apical and basal turns, further 
indicating that compensatory activity of cholinergic 
fibers is possibly dysregulated. Interestingly, previous 
studies involving MPTP injection into the guinea pig 
round window showed no significant changes in MOC 
volume. However, this study primarily focuses on 
MPTP's toxicological effects rather than its potential 
damage to the systemic motor and non-motor systems as 
a PD model inducer (35).
	 As a key component of the cochlear LOC, 
dopaminergic neurons primarily coordinate with 
cholinergic neurons in the LOC to encode sound 
localization in inner hair cells. Previous studies indicated 
that dopaminergic neurons in the LOC may form 
synaptic structures with auditory afferents, inhibiting 
the excitability of auditory afferent electrical activity 
(11). To date, no studies have focused on their potential 
alterations in PD models. We report, for the first time, 
that dopamine fibers in the apical and middle turn are 
significantly depleted in the MPTP model. Therefore, 
we hypothesize that loss of dopaminergic fibers disrupts 
inhibitory control within the LOC circuitry, leading 
to compensatory activation of cholinergic neurons; 
however, as we have seen, this activation is not perfect, 
which failed to shield inner hair cells and synapses from 
the risk of glutamate toxicity caused by an abnormal 
increase in afferent signals. Consequently, the body 
rapidly but imperfectly activates the MOC efferent 
system, the myelinated fiber, to inhibit the excitability of 
outer hair cells and reduce the intensity of sound signal 
input, ultimately protecting inner hair cells and synaptic 
structures (10). Interestingly, beaded enlargements of 
dopaminergic fibers were observed at the basilar turn of 
the cochlea. However, it remains unclear whether these 
swollen dopaminergic neurons retain partial functionality. 
Notably, dopaminergic and cholinergic neurons show 
marked co-localization increases in the basilar turn. 
Previous studies also suggest their increased overlap after 
noise exposure (13,27), though their precise significance 
remains unclear. Interestingly, we observed a marked loss 
of adrenergic sympathetic innervation in the OSL for the 
first time. Similar denervation of sympathetic fibers has 
been observed in cortical and cardiac tissues of MPTP-
induced PD monkey models (39,40). This absence may 
result from the secondary consequences of dopaminergic 
degeneration in the substantia nigra. Numerous studies 
have demonstrated concomitant sympathetic fiber 
pathology in PD patients (41,42). In the cochlea, 
sympathetic fibers in the OSL primarily regulate vascular 
tone supplying hair cells and afferent/efferent nerves (43). 
Following sympathetic denervation, the loss of vascular 

tone may leave the hair cells and afferent/efferent nerves 
in a relatively ischemic state; however, its specific role in 
hearing remains unclear.
	 Based on these findings and prior research, we 
hypothesized that our MPTP-induced mouse model 
primarily caused damage in auditory sensitivity (44). 
Therefore, we exposed PD mouse models to low-to-
moderate intensity noise. Noise exposure for 1, 3, 
and 7 days resulted in significant fluctuations in ABR 
thresholds, P1 latency, and amplitude, while DPOAE 
exhibited no significant change, suggesting that outer 
hair cells may not have sustained substantial damage. 
These findings validate our hypothesis that in our mouse 
model, hearing impairment primarily manifested as 
changes in auditory sensitivity resulting from the loss of 
compensation in the LOC and MOC. We also observed 
that, compared to other frequencies, the amplitude of 
fluctuations at 32 kHz was not significantly affected by 
low-to-moderate noise exposure, particularly evident 
in ABR P1 latency. This suggested that the beaded 
dopamine neurons located at the basilar turn, identified 
in our results, may retain partial compensatory capacity. 
Interestingly, previous studies on cholinergic neurons 
in auditory sensitivity have shown that enhancing 
cholinergic receptor activity at the base of outer hair 
cells via α9 nicotinic receptor knock-in reduced ABR 
fluctuations following low-intensity noise exposure (45). 
However, in our study, cholinergic nerve activation did 
not effectively rescue noise-induced auditory changes. 
This suggests the critical role of dopaminergic nerves in 
this process, while also indicating that cholinergic nerves 
cannot adequately compensate, as shown in our work, 
with the activated but disorganized cholinergic nerves.
	 Notably, the change in auditory sensitivity did not 
constitute conventional hearing loss, evidenced by 
significant alterations in ABR thresholds, DPOAE 
thresholds, or marked reductions in ribbon synapse 
numbers. Instead, it primarily manifested as alterations 
in cochlear efferent nerve fibers and amplified following 
mild to moderate noise exposure, as we have observed. 
However, this could not be described as the no 
differences in hearing and corresponding morphologic 
changes in mice. We interpret this phenomenon more as 
an early stage of hearing impairment based on the MPTP-
induced PD mouse model. Research has demonstrated 
that functional hearing impairment is prevalent among 
PD patients, which precedes conventionally defined 
significant auditory changes (37). Some studies interpret 
hearing loss as a precursor to olfactory impairment 
(3,46). However, in our model, dopaminergic neurons 
in the substantia nigra are already significantly depleted. 
Therefore, interpreting the non-significant hearing 
impairment observed in our model as an early stage of 
PD-related hearing loss appears more appropriate, based 
on the MPTP-induced PD mice model.
	 Increasing cl inical  data  have reported the 
lateralization of cochlear dysfunction in PD patients 
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(5). To elucidate the potential peripheral mechanisms 
underlying this phenomenon, we introduced 6-OHDA 
rat models with unilateral substantia nigra lesions. 
Notably, compared to bilateral 6-OHDA-induced rats, 
6-OHDA-induced rats appear to be much more common 
in studies investigating the lateralization of PD (46,47). 
Furthermore, unilateral 6-OHDA injection yields higher 
postoperative survival rates (48,49), which is why 
we adopted this model. Furthermore, considering the 
potential risk of methamphetamine-induced hearing 
loss and the necessity of verifying successful model 
establishment through its-induced rotational movements 
(23,24,50-52), we adopted the more appropriate open-
field test. Combined with the pathological feature 
of significant loss of dopaminergic neurons in the 
unilateral substantia nigra, this confirmed the successful 
establishment of the model.
	 Notably, compared to mouse PD models, where 
changes in ABR, DPOAE, hair cells, and synapses 
were insignificant, the PD rat model exhibited more 
pronounced alterations. Additionally, we also observed 
lateralization of peripheral auditory changes in the 
unilateral 6-OHDA-induced PD rat that hearing in the 
contralateral ear appeared worse than in the ipsilateral 
ear, followed by greater loss in hair cells and synapses of 
apical and basilar turns in the contralateral cochlea.
	 Previous studies have suggested that MOC and 
LOC may contribute to unilateral hearing loss in PD 
(32). Therefore, we labeled the LOC and MOC systems 
in rats. Interestingly, compared to PD mouse models, 
cholinergic neurons in the MOC showed no significant 
alterations, whereas those in the LOC exhibited bilateral 
asymmetric changes. A similar pattern of asymmetry was 
also observed in dopaminergic neurons. Unexpectedly, 
dopaminergic neurons displayed asymmetric activation 
rather than the pronounced structural and functional 
inhibition observed in mice, which may correlate with 
the 6-OHDA modeling approach (26). Increasing 
studies suggested that nigrostriatal dopaminergic 
neurons primarily innervate the auditory system 
through corresponding dopamine receptors or other 
types of nerve fibers (10,15), and the auditory system 
possesses an independent dopaminergic system separate 
from the nigrostriatal pathway (53). Following the 
death of substantia nigra dopaminergic neurons, the 
overall dopamine levels decrease, potentially leading 
to compensatory activation of dopaminergic neurons 
in the auditory system. However, due to the reciprocal 
innervation between the nigrostriatal and auditory 
systems, this compensation may be asymmetric (32). 
This compensation not limited to dopaminergic neuron, 
studies indicate complex connections also exist between 
cholinergic neurons and the auditory system (54). 
Furthermore, recent research suggests direct links 
may exist between basal ganglia regions, including 
the substantia nigra, and the auditory system (15). 
Consequently, unilateral nigral dopamine depletion may 

induce alterations in the central auditory system, which, 
together with ipsilateral compensatory changes in the 
LOC and MOC systems, could influence peripheral 
hearing thresholds and susceptibility. However, whether 
these LOC and MOC changes are secondary to nigral 
dopamine lesions or occur concurrently remains 
inconclusive. Additionally, we observed colocalization of 
cholinergic and dopaminergic elements within the LOC 
system showed bilateral asymmetric changes. Notably, 
although the sympathetic nerve located in the OSL 
did not show the marked depletion observed in mouse 
models, its reduction was still more pronounced on the 
surgical side, which aligns with our hypothesis that the 
central auditory system contributes to peripheral hearing 
pathology in PD models possibly.
	 Compared to the more extensive pathological damage 
observed in MPTP mouse models — including bilateral 
substantia nigra dopamine depletion, dopaminergic 
fibers loss in the cochlea, sympathetic fibers loss, and 
widespread cholinergic neuron activation, the 6-OHDA 
rat model — characterized by unilateral substantia 
nigra dopaminergic damage and bilateral asymmetric 
yet mild cholinergic and dopaminergic alterations — 
appears to correlate with more severe audiological and 
corresponding pathological changes. This discrepancy 
may be partly due to differences in molding methods 
and medications. Moreover, due to cross-innervation 
and functional complementarity between the central 
and peripheral nervous systems, unilateral substantia 
nigra dopamine depletion seems to elicit widespread 
compensatory mechanisms across both domains. Such 
compensatory responses are particularly common in 
neural lesion models (55).

5. Conclusion

In summary, we presented, for the first time, hearing 
alterations, pathological features, and potential 
mechanisms in the cochlea of MPTP-induced mouse 
and 6-OHDA-induced rat PD models, with particular 
focus on the role of efferent fibers. Furthermore, we, 
for the first time, reported denervation of adrenergic 
sympathetic fibers and ipsilateral peripheral hearing 
loss in MPTP-induced mouse and 6-OHDA-induced 
rat PD models, respectively. However, this study did 
not definitively explain whether loss of adrenergic 
sympathetic fibers in the MPTP model is a consequence 
of substantia nigra dopaminergic lesions. And due to the 
complexity of research involving both central auditory 
pathways and substantia nigra dopaminergic systems, we 
were unable to conduct more detailed investigations into 
central auditory changes and their secondary effects on 
peripheral hearing in the 6-OHDA-induced rat model. 
Furthermore, the pathogenesis of PD appears to be more 
complex, and currently, there is no PD animal model that 
can explain the total clinical progression in PD perfectly. 
Beyond the two classic models mentioned in our work, 
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additional models exist to simulate PD at different stages 
and under varying pathological conditions, which may 
also exhibit varying degrees of auditory changes but need 
further investigation. Thus, our findings were based only 
on studies using two classical animal models of PD and 
could not be fully equated with the clinical manifestations 
observed in PD patients. Moreover, most current clinical 
hearing studies in PD patients rely on tests like PTA, 
which can only evaluate significant hearing loss but 
not central auditory damage, hidden hearing loss, and 
functional hearing impairment. Further research should 
focus on these types of hearing impairment in clinical 
PD patients. In addition, age and other diseases causing 
cognitive impairment may confound hearing loss in PD 
patients (56,57). These factors limited our interpretation 
of many findings observed in this work.
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