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ARTICLE INFO ABSTRACT

Keywords: Glutamate receptors regulate neuronal excitability and drive synaptic plasticity in the auditory cortex (AC), with
Glutamate receptors aberrant activation or dysfunction contributing to tinnitus pathogenesis. Photobiomodulation (PBM) exerts
Excitability

sustained modulatory effects on neural activity and behavioral responses across species, including humans.

;ﬁ:gs;g:;zggon However, its therapeutic potential and mechanisms in noise-induced tinnitus remain unexplored. Here, we
Cognition developed a noninvasive low-irradiance PBM device to target the AC of animal models, investigating near-
Neuromodulation infrared light mechanisms for reversing cortical hyperexcitability and restoring synaptic plasticity. In noise-

Tinnitus exposed tinnitus models without significant neuronal loss, we observed abnormally elevated GluN1 activation
and increased synaptic structural complexity compared to non-tinnitus or sham-exposed controls. Tinnitus
models were subjected to PBM interventions with varying parameters (irradiance power: 20/40/80 mW/cm?;
exposure duration: 300/600 s). Therapeutic efficacy was validated through auditory brainstem response (ABR),
gap-prepulse inhibition of acoustic startle (GPIAS), and prepulse inhibition (PPI) behavioral assays. Fluorescence
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microscopy of brain sections quantified c-Fos/GluN1 co-localization to image activated NMDARs, while Nissl
staining assessed PBM safety across parameters. Phosphoproteomic profiling explored mechanistic pathways,
with neuronal morphological changes visualized via Golgi staining and transmission electron microscopy. To
confirm GluN1’s pivotal role in auditory cognition, we engineered transgenic mice with GluN1 overexpression or
knockdown. GluN1-overexpressing mice exhibited tinnitus-like behaviors at specific frequencies, whereas
GluN1-deficient tinnitus models showed aberrant behaviors due to impaired auditory cognition. Our findings
delineate noise-induced tinnitus mechanisms and PBM-mediated regulation of neuronal excitability and struc-
tural plasticity, establishing an irradiance-duration optimization framework for clinical translation.

1. Introduction

Photobiomodulation (PBM) is a noninvasive therapeutic approach
that enhances mitochondrial cytochrome c oxidase activity and ATP
production, while modulating membrane receptor functions and sup-
pressing proinflammatory cytokines to regulate neural excitability
(Stevens et al., 2025). These properties make PBM particularly suitable
for treating central nervous system disorders involving pathological
hyperexcitability in superficial brain regions like the auditory cortex
(AC) (Barrett et al., 2025; Hong et al., 2025). Pathological hyperexcit-
ability, characterized by excessive neuronal firing due to dysregulated
ion channels (Karreman and Venkataramani, 2025), synaptic trans-
mission, and intracellular signaling, represents a shared hallmark across
neurological disorders (Sun et al., 2025; Korkmaz et al., 2025; Wood
et al.,, 2025). PBM modulates this hyperexcitability through multiple
mechanisms including regulation of intracellular signaling, neuro-
transmitter systems, and neuroinflammatory responses, offering ad-
vantages over pharmacological interventions. However, optimal PBM
protocols and their precise mechanistic foundations remain inade-
quately characterized in most clinical contexts (Wang et al., 2025).

Subjective tinnitus involves perceiving meaningless sounds without
external stimuli, with severe cases causing emotional disturbances,
insomnia, and cognitive deficits (Engelke et al., 2025). This condition
imposes substantial socioeconomic burdens, evidenced by the $1.2
billion spent on tinnitus-related compensation by the U.S. Department of
Veterans Affairs in 2012 alone (Batts and Stankovic, 2024). Current
treatments include psychotherapy, sound therapy, pharmacotherapy
and physical interventions like transcranial magnetic stimulation (TMS),
transcutaneous auricular vagus nerve stimulation (taVNS), yet their ef-
ficacy remains limited due to incomplete understanding of pathogenesis
(Langguth et al., 2024). While multiple factors contribute to tinnitus,
glutamate excitotoxicity and maladaptive synaptic plasticity appear
central to its neurobiology, driving auditory pathway hyperexcitability
and altered neural networks. Noise-induced tinnitus models are widely
used for their fidelity in recapitulating human perceptual experiences,
providing a validated paradigm for investigating subjective tinnitus
mechanisms (Engineer et al., 2011).

Abnormal central nervous system (CNS) excitability and synaptic
plasticity alterations involve excitotoxicity-induced hyperexcitability,
which increases dendritic branching complexity and synaptic density
with enlarged postsynaptic densities (Creed et al., 2021). However,
excessive synaptic structural complexity can impair signal transmission,
compromise plasticity, and increase neuronal energy expenditure (Yang
et al., 2024). In noise-induced auditory cortical hyperexcitability, glu-
tamatergic and GABAergic receptor dysregulation occurs, with gluta-
mate receptors - particularly NMDARs - playing crucial roles. NMDARs
are heterotetramers containing obligatory GluN1 subunits that regulate
synaptic development and plasticity (Hayes et al., 2024). NMDARs are
heterotetramers containing obligatory GluN1 subunits that regulate
synaptic development and plasticity. Phosphorylation-mediated modu-
lation of NMDARs controls their trafficking and synaptic efficacy, and
receptor dysregulation is strongly implicated in tinnitus pathogenesis
(Song et al., 2021). Thus, elucidating GluN1-dependent mechanisms
underlying auditory cortical hyperexcitability and their behavioral
correlations remains a key objective in NMDAR research.

Using noise-induced tinnitus models, we validated auditory cortical
hyperexcitability’s role in tinnitus pathogenesis and investigated PBM
therapeutic parameters (exposure duration, irradiance power, radiant
exposure) alongside its effects on synaptic connectivity and auditory
cognition. We demonstrate that PBM downregulates hyperactivated
GluN1 and rescues pathological synaptic complexity in hyperexcitable
neuronal circuits. A single low-dose PBM stimulation achieved precise
neuromodulation with sustained effects while preserving neurophysio-
logical integrity. Phosphoproteomic profiling confirmed PBM acts
through NMDARs and structural remodeling pathways, normalizing
hyperexcitability and restoring synaptic plasticity. GluN1-
overexpressing mice developed tinnitus-like behaviors, while GluN1-
underexpression models showed impaired auditory processing. PBM
ameliorated tinnitus-related behaviors while maintaining normal audi-
tory acuity and hearing thresholds.

2. Materials and methods
2.1. Animals

All animals (male C57BL/6 mice, 18-24 g, 8-week-old) were housed
in specific pathogen-free (SPF) conditions within a temperature-
controlled sound-attenuated animal room (21 °C, background noise
<30 dB) under a 12-hour light-dark cycle, with ad libitum access to food
and water. All procedures were conducted in accordance with the
experimental animal care and use guidelines of the Chinese PLA General
Hospital (Beijing, China) and approved by its Institutional Animal Care
and Use Committee (IACUCQC). A total of 134 mice were used in this study
and no animals were excluded from the analysis. The experimental
groups were distributed as follows: Control group (n = 20), Non-tinnitus
group (n = 19), Tinnitus group (n = 25), PBM group (n = 26), and Sham-
PBM group (n = 18). For GluN1 manipulation experiments, 13 mice
were used in each group, with 7 receiving target virus injections and the
remaining 6 receiving control virus injections. The required experi-
mental animal sample size was calculated according to the resource
equation method (ARIFIN et al., 2017).

2.2. Establishment of noise-induced tinnitus animal models

As in our prior work, unilateral noise exposure was selected to induce
subjective tinnitus, given the critical role of preserved hearing in
detecting acoustic gaps (Liu et al., 2024). Animals were anesthetized via
intraperitoneal injection of tribromoethanol (125 mg/kg) and fitted
with a temporary foam earplug (OHRFRIEDEN, Wehrheim, Germany) in
the right ear to prevent noise-induced hearing loss. They were then
placed in a sound-attenuated chamber equipped with an acoustic de-
livery system. A TW67 speaker (Pyramid Car Audio, Brooklyn, NY,
USA), connected to an RA300 amplifier (Alesis, Cumberland, RI, USA),
was positioned 10 cm from the animal’s head. A 16 kHz-centered
narrowband noise was delivered continuously for 1 h at 116 dB sound
pressure level (SPL).

2.3. Detection of Gap and PPI Startle ratio

In tinnitus animal model studies, gap prepulse inhibition of acoustic
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startle (GPIAS) and prepulse inhibition (PPI) assays were employed to
assess auditory function and tinnitus induction in mice (Li et al., 2013).
The GPIAS test evaluates tinnitus presence by measuring suppression of
startle responses to abrupt loud sounds when preceded by silent gaps in
background noise, while PPI assesses auditory detection capacity for
background noise. Experiments utilized an Acoustic Startle Reflex Sys-
tem (SR-LAB System; San Diego Instruments, San Diego, CA). Mice were
placed on a platform within a sound-attenuated chamber, with a
piezoelectric transducer beneath the platform detecting pressure
changes from startle responses. Startle amplitude was quantified via
voltage conversion. In the "no-gap" paradigm, a 70 dB SPL narrowband
noise (center frequencies: 10, 12, 16, 20, 24, and 32 kHz) was paired
with a 104 dB SPL startle stimulus (20 ms). The "gap" paradigm intro-
duced a 50-ms silent gap 130 ms before the startle stimulus. GPIAS% was
calculated as the ratio of startle amplitudes between gap and no-gap
trials to evaluate gap detection ability. For PPI, gaps were replaced
with non-startle prepulse sounds (50 ms, 70 dB SPL), with PP1% derived
from the ratio of prepulse-to-startle-only trial amplitudes (detailed for-
mulas below) (Galazyuk and Hébert, 2015). Higher GPIAS% indicates
lower tinnitus likelihood, whereas elevated PPI% reflects normative
auditory processing. Mice were classified as tinnitus if they exhibited
gap detection deficits at > 1 background frequency among all six tested
frequencies (Li et al., 2013). Following noise exposure, mice exhibiting
GPIAS% decreases (>30 %) at any tested frequency were classified as
tinnitus; others were designated non-tinnitus. However, GPIAS% values
< 0.1 pre-noise or < -0.1 post-noise at any frequency were excluded as
outliers or artifacts (Li et al., 2013). Behavioral tests were performed
pre- and post-noise exposure to confirm tinnitus or hyperacusis devel-
opment. Post-PBM treatment, gap startle tests were repeated at various
intervals to assess tinnitus amelioration in tinnitus and stability in
non-tinnitus and the control, thereby validating PBM therapeutic effi-
cacy across treatment regimens (Turner et al., 2006; Kraus et al., 2010).

Between testing sessions, equipment was sanitized with 75 % ethanol
to neutralize organic contaminants (e.g., fecal matter, odor residues). All
behavioral assessments were conducted by two independent in-
vestigators blinded to group assignments to mitigate observer bias.

a. GPIAS% results were calculated using the following formula:

AvgT(no — gap) — AvgT(gap)
AvgT(no — gap)

ykHz — GPIAS% = ( > x 100%

¥ kHz-GPIAS% represents the GPIAS% at different frequencies (y can
be 10, 12, 16, 20, 24, 32). AvgT(no-gap) represents the average ampli-
tude during no-gap trials, and AvgT(gap) represents average amplitude
during gap trials.

b. PPI% results were calculated using the following formula:

AvgT(startle) — AvgT(pre — pulse)
AvgT(startle)

ykHz — PP1% = ( ) x 100%

y kHz-PPI% represents the PP1% at different frequencies () can be 10,
12, 16, 20, 24, 32). AvgTstartle is the average amplitude during startle
trials, and AvgTpre-pulse is the average amplitude during pre-pulse
trials.

2.4. Auditory brainstem response

In tinnitus animal model studies, ABR was employed to evaluate
hearing threshold shifts (Miwa et al., 2023). Mice were anesthetized via
intraperitoneal injection of tribromoethanol (125 mg/kg) and posi-
tioned within a sound-attenuated chamber. Acoustic stimuli generated
by a TDT RZ6 system (Tucker Davis Technologies) were delivered
through an MF-1 magnetic speaker (Tucker-Davis Technologies, Ala-
chua, FL, USA) in a closed acoustic field. Sound stimuli with 0.5 ms
rise/fall times were directed into the external auditory canal. Subdermal
needle electrodes (Rochester Elektro-Medical, Lutz, FL, USA) were
positioned at cranial sites to record ABR signals. Responses were
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Table 1
Specifications for laser parameters.

Irradiation parameters

Central wavelength (nm) 830
Wavelength tolerance (nm) +5

Max output power (W) 1

Fiber core diameter (um) 105
Mode Continuous wave mode
Beam shape Circular
Adjustable range of spot (cm) 0.5-5.0
Treatment parameters

Irradiance power at skin/skull (mW/: cm?) 20/40/80
Laser transmission ratio to skin and skull (%) 22.67
Laser transmission ratio to skull (%) 59.33
Distance to the head from the end of a fiber (cm) 4
Exposure duration (s) 300/600
Focused beam spot size (mm?) 12.56
Number of points irradiated 1

Radiant exposure at brain (J/em?) 12/24

averaged 512 times and bandpass-filtered (100-3000 Hz). Stimulus in-
tensity began at 90 dB SPL, decreasing in 10 dB SPL steps, with test
frequencies spanning 10, 12, 16, 20, 24, and 32 kHz. ABR thresholds
were defined as the lowest intensity eliciting reproducible wave II at
each frequency (Kim et al., 2025). Tests were conducted pre-noise
exposure, post-noise exposure, and post-PBM on the left ear to assess
hearing threshold dynamics. Right ear testing was omitted, as our prior
work confirmed preserved hearing in the foam-protected right ear under
these noise conditions (Liu et al., 2024).

2.5. PBM plan screening experiment

A VCL-830nmM1 low-irradiance laser device (Beijing Honglan Op-
toelectronics, China) was used for PBM. Animals were assigned to four
PBM treatment regimens (Plan A/B/C/D) based on differential param-
eter combinations of irradiance power (IP), exposure duration (ED), and
radiant exposure (RE). Detailed parameters are provided in Table 1,
with the experimental timeline shown in OFig. 2A. The parameter
design was based on the study by Namgue Hong et al. (2023) Specific
regimens included:Plan A: IP = 40 mW/cm?, ED = 600 s; Plan B: IP
= 40 mW/cm?, ED = 300 s; Plan C: IP = 20 mW/cm?, ED = 600 s; Plan
D: IP = 80 mW/cm?, ED = 300 s.

The rationale for this design is as follows:

@ I[P-controlled comparison: Plans A vs. B share identical IP (40 mW/
cm?) but differ in ED (600 vs. 300 s), isolating ED-dependent PBM
effects.

@ ED-controlled comparison: Plans A vs. C (ED = 600 s) and Plans B vs.
D (ED = 300 s) maintain fixed ED with varying IP (40 vs. 20 mW/
cm?; 40 vs. 80 mW/cm?), enabling IP efficacy analysis.

@ RE-controlled comparison: Plans A vs. D (RE = 24 J/cm?) and Plans B
vs. C (RE = 12 J/cm?) match total energy delivery (RE = IP x ED) to
assess IP/ED trade-offs.

2.6. PBM Irradiance power measurement

To prepare murine temporal skull fragments, mice were first deeply
anesthetized via intraperitoneal injection of tribromoethanol (125 mg/
kg) to ensure pain-free immobilization during surgery. Following suc-
cessful anesthesia, the mouse was secured on a surgical platform in a
supine position. Sterile surgical instruments were used to excise dome-
shaped skull fragments (~1 x1 cm) along the temporal region. Frag-
ments were categorized as hairy or hair-free skull fragments based on
retained/removed adherent hair. For hair removal, forceps were
employed to meticulously remove adhering hair without compromising
structural integrity. Harvested fragments were immediately placed in
Petri dishes and rinsed with physiological saline to eliminate residual
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Fig. 1. A Stereotaxic targeting of the C57 mouse AC for PBM (830 nm NIR) to modulate neuronal excitability. B Ex vivo validation of light targeting accuracy to the

AC via stereotaxic-guided ablation (yellow arrow indicates illumination area). C Transmittance of NIR through skull fragments with fur measured by laser power
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different regimens. F Visualized energy distribution patterns post-transcranial PBM (n = 6). ns denotes P > 0.05; error bars represent SEM.
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hair or blood. Subsequently, fragments were transferred to a JC-C30
laboratory dryer (Qingdao Juchuang Century, China) and dried at
30°C for 10 min to remove residual moisture. All fragments were freshly
prepared before each experiment to simulate near-infrared light pene-
tration through the skull and its subsequent cerebral effects.

A VCL-CLT-01C laser power meter (Beijing Honglan Optoelectronics,
China) was employed to measure PBM transmission through intact or
hair-free skull fragments under different treatment regimens. The laser
power meter was preheated for 30 min to stabilize performance. The
laser was then activated, and the optical path was aligned using a
620 nm aiming beam to ensure precise irradiation onto the power meter
display, with the light source aperture positioned 4 cm from the detec-
tor. The laser was temporarily deactivated for zero-point calibration to
eliminate background noise. Skull fragments (with or without adherent
hair) were sequentially placed in the optical path. Laser IP was set to 20,
40, or 80 mW/cm? and stabilized power readings were recorded.
Transmittance (%) was calculated as Measured Power/Set Power-
x 100 %. This protocol evaluated PBM penetration efficiency through
hairy versus hair-free skull preparations and its dependence on IP.

2.7. PBM spot energy distribution detection

A CN0204VIS beam profiler (Changchun Xinchan Industry, China)
was utilized to characterize energy attenuation profiles of PBM regimens
transmitted through murine skull fragments. Standardized murine skull
fragments (prepared as previously described) were positioned in the
optical path. The beam profiler probe was maintained 5 mm from the
skull fragment using a three-dimensional adjustment stage, with the
collimating lens positioned 4 cm from the probe. Prior to each mea-
surement, the system was calibrated with a NIST-traceable calibration
light source. Sampling frequency was set to 10 Hz, and exposure time
was auto-optimized to 70 % full-scale. Transmitted beam energy dis-
tribution was quantified and imaged using Lasescope NX software (v1.8,
Changchun Xinchan Industry, China). Ambient temperature was strictly
controlled at 21 + 1°C throughout experiments to minimize thermal
drift artifacts.

2.8. PBM irradiation

Mice were initially anesthetized with 2 % isoflurane (carrier gas:
95 % 0O2/5 % CO2) and maintained under 1-1.5 % isoflurane via a nose
cone using an R540 anesthesia machine (RWD, China). Core body
temperature was stabilized at 37.0 + 0.5°C with a ThermoStar ther-
moregulation system (RWD, China). Cranial hair was removed with hair
and temporal muscle, followed by immobilization in a 68017 dual-arm
stereotaxic frame (RWD, China). Ophthalmic erythromycin ointment
was applied to protect corneas. The surgical field was disinfected with
alternating iodine and ethanol scrubs (3 cycles). An 8-mm sagittal scalp
incision was made, and subcutaneous tissue was bluntly dissected to
expose the skull surface. Under microscopic guidance, a stereotaxically
mounted microinjection needle was positioned at coordinates (ML:
—4.2 mm, AP: +2.96 mm, DV: —2.25mm) (Yao et al.,, 2019). A
collimator-equipped secondary manipulator arm (beam diameter:
2 mm, divergence angle <0.5 mrad) delivered continuous-wave laser
irradiation 4 cm from the target site. The incident angle was calibrated
to 55 + 5° (perpendicular to the temporal bone plane) using a digital
goniometer, confining illumination to a 1 mm-radius circular area. Mice
received 830 nm PBM for 300 or 600 s (treatment parameters detailed in
Section 2.5). Post-PBM, the scalp incision was closed with 4.0 mm
absorbable sutures (Nantong Walcon, China). Bacitracin ointment was
applied to prevent infection, and animals recovered in pre-warmed
individually ventilated cages (IVCs). The above procedure was per-
formed 3 h after the mice were confirmed to have tinnitus. No proce-
dural mortality or morbidity occurred in this study. Based on our
findings that a single PBM session resulted in improvements in
tinnitus-like behavior starting from day 2, with therapeutic effects
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lasting for at least 6 days, we opted to administer only one PBM treat-
ment in the present experiment.

To further validate that laser irradiation could precisely target the
right auditory cortex, we inserted a 2.5 mL syringe along the extended
trajectory connecting the guidance point and the light source, and
injected an appropriate amount of methylene blue as a tracer. This
procedure allowed us to determine whether the laser emitted from the
light source covered the target brain region after passing through the
selected guidance point (Fig. 1B).

2.9. Immunocytochemistry

Mice were anesthetized with 1 % pentobarbital sodium and trans-
cardially perfused with physiological saline followed by 4 % para-
formaldehyde (PFA). Brains (including AC) were carefully extracted and
post-fixed in 4 % PFA overnight. Tissues were subsequently dehydrated
in 20 % and 30 % sucrose solutions for 3 days each. Coronal sections (30
pm thickness) were obtained using a Leica CM1860 cryostat (Germany).
For immunofluorescence staining, sections were pre-blocked with 5 %
donkey serum and 0.3 % Triton X-100 at room temperature (RT) for 2 h,
followed by incubation with primary antibodies at 4°C for 12 h: rabbit
anti-GluN1 (1:500, GeneTeX, GTX133097) and guinea pig anti-c-Fos
(1:500, Synaptic Systems, 226308). Sections were then incubated with
secondary antibodies—goat anti-rabbit 647 (1:500, Servicebio,
GB23303) and donkey anti-guinea pig 594 (1:500, Yeasen,
34512ES60)—at RT for 2 h. For 3,3-diaminobenzidine (DAB) immu-
nohistochemistry, brain sections were pretreated with 3 % H202 in PBS
to quench endogenous peroxidase activity, dehydrated in graded
ethanol series, and mounted with neutral balsam. All images were ac-
quired using a virtual slide microscope (SV120, Olympus, Japan) or
laser scanning confocal microscope (LSM780, Zeiss, Germany). Double
immunofluorescence co-labeling for c-Fos and GluN1 was performed in
six groups: Control, Non-tinnitus, Tinnitus, Control+PBM, Non-
tin+PBM, and Tinnitus+PBM. Three equally sized regions of interest
(ROIs) were randomly selected within the right AC of each section.
Neurons fully contained within ROIs and not intersecting exclusion
boundaries were counted. ImageJ software (version 1.52a, National
Institutes of Health, Bethesda, MD, USA) was used for quantitative
analysis.

2.10. Western blot analysis

Proteins were extracted from right AC tissues using RIPA buffer
(ThermoFisher) supplemented with protease and phosphatase inhibitor
cocktails (ThermoFisher). Following centrifugation (13,000 rpm,
15 min, 4°C), supernatants were collected into fresh 1.5 mL tubes and
stored at —80°C. Total protein (15-30 pg) was resolved on 10-15 %
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gels and electrophoretically transferred to polyvinylidene difluoride
(PVDF) membranes (Bio-Rad) using transfer buffer. Membranes were
blocked with 5 % bovine serum albumin (BSA) in Tris-buffered saline
with Tween 20 (TBST; 10 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1 %
Tween 20) and incubated with appropriate primary and secondary an-
tibodies. GluN1 was detected using anti-GluN1 antibody (1:1000, Gen-
eTeX, GTX133097). GAPDH (1:5000, Servicebio , GB15004) served as
the loading control. Protein bands were visualized using Clarity™
Western ECL Substrate (Bio-Rad) and imaged with Image Lab 6.0.1 (Bio-
Rad). Densitometric analysis was performed by normalizing target
protein band intensities to GAPDH and expressed as fold changes rela-
tive to controls.

2.11. Nissl staining analysis
Mice were anesthetized with 1 % pentobarbital sodium and trans-

cardially perfused with cold saline using a perfusion pump, followed by
decapitation. Brains were extracted and fixed in 4 % PFA in 0.1 M
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phosphate buffer (pH 7.4) for > 48 h. Tissues were then dehydrated in
20 % and 30 % sucrose solutions for 3 d each. Coronal sections (20 pm
thickness) of the AC were obtained using a Leica CM1860 cryostat
(Germany). Prior to use, tissues were mounted on gelatin-coated slides
overnight. After dehydration in graded alcohol series, auditory cortex
sections were stained with pre-warmed 0.3 % cresyl violet (CV) solution
for 20 min at RT. Following destaining with 95 % ethanol containing
0.3 % glacial acetic acid, sections were dehydrated in 100 % ethanol and
100 % xylene, then mounted with DPX. Unbiased cell counting was
performed in six experimental groups: Control, Non-tinnitus, Tinnitus,
Control+PBM, Non-tin+PBM, and Tinnitus+PBM. Three 250 pm x 250
pm square ROIs were randomly selected in the right auditory cortex.
Only cells exhibiting Nissl-stained cytoplasm with intact nuclei fully
contained within the section were counted. Cells partially or completely
within ROIs and not intersecting exclusion lines were included. Quan-
titative analysis was conducted using ImageJ software.

2.12. Tissue isolation and sample preparation from AC for mass
spectrometry analysis

Mice from the Control, Tinnitus, and PBM-treated (4 days after PBM
treatment) groups were euthanized under anesthesia, and right auditory
cortex tissues were harvested. For each group, brain specimens from 6
mice were pooled pairwise to generate 3 samples for LC-MS/MS anal-
ysis. Tissue proteins were extracted using lysis buffer (8 M urea, 1 %
Triton X-100, 65 mM dithiothreitol (DTT), 1 % protease inhibitor
cocktail, PR619) for subsequent analyses. Peptides were purified with
reversed-phase Sep-Pak C18 cartridges and eluted with 50 % acetoni-
trile. A 1% aliquot of eluted peptides was subjected to proteomic
profiling. Protein content was validated through SDS-PAGE and Coo-
massie blue staining.

2.13. Digestion, fractionation, and affinity enrichment

Each tissue protein sample was subjected to three cycles of high-
intensity ultrasonication on ice using an ultrasonic processor (Scientz),
followed by tandem mass tag (TMT) labeling. Digested peptides were
desalted with Strata X C18 solid-phase extraction (SPE) columns (Phe-
nomenex) and vacuum-dried. Samples were reconstituted in 0.5 M
triethylammonium bicarbonate (TEAB) and processed using a sixplex
TMT kit per manufacturer’s instructions. Peptides were fractionated via
high-pH reversed-phase high-performance liquid chromatography
(HPLC) on an Agilent 300 Extend C18 column (5 pm particles, 4.6 mm
inner diameter, 250 mm length). Separation was performed with a 60-
min gradient from 8 % to 32 % acetonitrile in 10 mM ammonium bi-
carbonate (pH 9), yielding 60 fractions that were pooled into six final
fractions. Finally, phosphopeptides were enriched by incubating peptide
mixtures with agitated immobilized metal ion affinity chromatography
(IMAC)  microsphere  suspensions for  subsequent liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis.

2.14. LC-MS/MS analysis

Phosphorylation sites were identified using a Thermo Scientific™ Q
Exactive™ Plus mass spectrometer. Intact peptides were measured in the
Orbitrap analyzer at a resolution of 60,000. The spray voltage was set to
2.3 kV, with automatic gain control (AGC) employed to prevent ion trap
overfilling. For MS scans, the mass-to-charge ratio (m/z) range was
400-1200, and the first fixed mass was set to 110 m/z. The DIA data in
this experiment were analyzed using the Spectronaut (v18) search en-
gine with default parameters. The database used was Mus_muscu-
lus_10090_SP_20231220.fasta (17,191 sequences) with Trypsin/P
digestion and up to 2 missed cleavages allowed. Carbamidomethyl (C)
was set as fixed modification, while variable modifications included
methionine oxidation, protein N-terminal acetylation, and phosphory-
lation of serine, threonine, and tyrosine. A decoy database was
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incorporated to calculate the false discovery rate (FDR), with the FDR
threshold set at 1% for protein, peptide, and modification site
identification.

2.15. Bioinformatics analysis

Identified proteins were functionally annotated against Gene
Ontology (GO; http://www.geneontology.org), Kyoto Encyclopedia of
Genes and Genomes (KEGG; http://www.genome.jp/kegg/pathway.
html), Clusters of Orthologous Groups (COG; http://www.ncbi.nlm.nih.
gov/COG/), and evolutionary genealogy of genes: Non-supervised
Orthologous Groups (eggNOG; http://eggnogdb.embl.de/). GO and
KEGG analyses were employed to evaluate the enrichment of differen-
tially expressed proteins against all identified proteins. GO annotations
were categorized into three major classifications: Biological Process,
Cellular Component, and Molecular Function. Fisher’s exact test was
applied to assess the significance of GO enrichment for differentially
expressed modified proteins (using all identified proteins as back-
ground), with a P value < 0.05 considered statistically significant. The
KEGG PATHWAY database was utilized for pathway enrichment anal-
ysis of differentially expressed modified proteins. Fisher’s exact test was
also used to determine the significance of pathway enrichment (with all
identified proteins as background), adopting the same significance
threshold (P value < 0.05). For KEGG pathway annotation, identified
proteins were subjected to BLASTP analysis (e-value < le-4), and the
highest-scoring alignment result was selected for annotation.

2.16. Transmission Electron Microscopy (TEM)

Right AC tissues were fixed in 2.5 % glutaraldehyde, washed thrice
in phosphate-buffered saline (PBS; pH 7.2), post-fixed in 1 % osmium
tetroxide, dehydrated through graded ethanol and acetone series, and
embedded in epoxy resin. Ultrathin sections (65 nm) were prepared
using an RMC MT-XL ultramicrotome, collected on 100-mesh copper
grids, and imaged at 80 kV using a JEOL TEM (Japan). Three samples
were analyzed per group. For each sample, three random fields of view
were captured at low magnification (x16,000, scale bar = 1 pm) and
high magnification (x30,000, scale bar = 500 nm). The synaptic ultra-
structural features visible in these micrographs—including synaptic
density, synaptic curvature, postsynaptic density (PSD) thickness, PSD
area, synaptic cleft width, and active zone length—were quantified for
statistical analysis.

2.17. Golgi Staining

Right AC tissues were dissected from mice deeply anesthetized with
tribromoethanol (125 mg/kg) and immersed in Golgi-Cox solution (FD
NeuroTechnologies, PK401, Columbia, MD). After 24 h, the immersion
solution was refreshed. Impregnated tissues were frozen in molten iso-
pentane and cryosectioned at 180 pm. Sections were air-dried overnight
at 24°C, developed (FD NeuroTechnologies), dehydrated in ethanol and
xylene, and coverslipped. Pyramidal neurons in the AC were imaged
using an Olympus BX530 light microscope (Tokyo, Japan). Image
analysis was performed with ImageJ. For each group, three sections per
mouse and one image per section were analyzed.

2.18. Stereotactic injection

AC localization followed our previously described PBM targeting
protocol. A 10 pl microsyringe (RWD, R-480, China) was used to inject
250 nl of either the experimental virus (rAAV-hsyn-Grin1-EGFP-WPREs)
or control virus (PFD-rAAV-hSyn-EGFP-WPRE-hGH polyA) into the right
AC at 50 nl/min. This protocol aimed to assess whether GluN1 over-
expression in naive mice induces tinnitus-like behaviors. Similarly, the
experimental virus (rAAV-hsyn-EGFP-5'miR-30a-shRNA(Grin1)-3'-
miR30a-WPREs) or control virus (PFD-rAAV-hSyn-EGFP-5'miR-30a-
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Fig. 2. A Experimental timeline: Mice underwent 3-day habituation, baseline ABR, GPIAS, and PPI testing. Noise exposure (116 dB, 16 kHz, 60 min) was delivered to
the left ear on day 10. Post-noise GPIAS/PPI screening on day 17 classified mice into Tinnitus and Non-tinnitus groups. Tinnitus mice received PBM under four
regimens (A/B/C/D) to determine optimal parameters. Brain samples were collected at 12/24/48/96,/144 h post-PBM. B Comparative therapeutic efficacy of Plans
A/B/C/D in tinnitus mice (n = 20). C-G 3D waterfall plots illustrating parameter-specific therapeutic effects: C: Tinnitus frequency distribution under Plans A/B/C/D
(n = 20); D: Impact of ED on efficacy (n = 10); E: Comparison under identical total RE (n = 20); F,G: IP-dependent effects (n = 10). Color gradient: Increasing red
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Fig. 3. A GPIAS% comparison in Non-tinnitus mice (excluding those allocated to immunofluorescence or genetic editing) pre- and post-noise exposure across 10/12/
16/20/24/32 kHz frequencies (n =19). B GPIAS% comparison in Tinnitus mice (excluding immunofluorescence/genetic editing cohorts) pre- and post-noise
exposure (n = 25). C GPIAS% in PBM-treated Tinnitus mice (excluding immunofluorescence/genetic editing cohorts) at day 4 post-treatment (n = 26). D Sche-
matic of the ABR experimental paradigm. E, F ABR threshold curves in C57 mice pre-noise (E) and post-noise (F) exposure. G ABR thresholds across frequencies (10,

12, 16, 20, 24, 32 kHz) for Control, Non-tinnitus, Tinnitus, Non-tin+PBM, and Tinnitus+PBM groups (n = 40). H PPI startle ratios in Tinnitus mice (n = 8).

shRNA(scramble)-3-miR30a-WPREs) was injected into the right AC to
model PBM-induced GluN1 downregulation in tinnitus mice and eval-
uate behavioral recovery. The microsyringe remained in situ for 10 min
post-injection to prevent reflux. Viral-injected mice underwent behav-
ioral testing, Western blot, and quantitative polymerase chain reaction
(qPCR) 4 weeks post-injection. Adeno-associated virus serotype 2/9
(AAV2/9) vectors were packaged and provided by BrainVTA (Wuhan,
China).

2.19. Quantitative real-time polymerase chain reaction

Total RNA was isolated using TRIzol™ Reagent (Invitrogen, Carls-
bad, CA, USA) and reverse-transcribed into cDNA with a PrimeScript™
RT Kit (RR037, TaKaRa, China). qPCR was performed on a StepOne-
Plus™ Real-Time PCR System (272001262, Applied Biosystems, China)
using SYBR Green Master Mix. Reaction mixtures contained 10 pl SYBR
Green PCR premix, 7 pl diethyl pyrocarbonate (DEPC)-treated H20, 2 pl
forward/reverse primers, and 1 pl cDNA. Primer sequences were:

® GluN1: Forward 5-GTTTGACCCAGGAACCAAGAATG-3, Reverse 5-
CGTTGATTAGCTGAAGTCCGATG-3'

@® GAPDH: Forward 5-CCTCGTCCCGTAGACAAAATG-3/, Reverse 5-
TGAGGTCAATGAAGGGGTCGT-3'

2.20. Statistical analysis

Data are presented as the mean + standard error of the mean (SEM).
After assessing normality using the Shapiro-Wilk test, statistical com-
parisons were performed using paired-sample t-tests or one-way analysis
of variance (ANOVA) followed by Bonferroni’s post hoc test, as appro-
priate. Specifically, comparisons across three or more groups (e.g.,
Control, Non-tinnitus, Tinnitus) were performed using one-way ANOVA,
while paired t-tests were applied for before-and-after comparisons in the
gene-edited mouse experiments. All analyses were conducted using
GraphPad Prism 9.5.0 (GraphPad Software, San Diego, CA, USA), and a
P-value < 0.05 was considered statistically significant.

3. Results

3.1. Low-intensity PBM penetrates the skull to modulate central neural
activity with unaltered post-cranial optical properties across IP variations

PBM exerts biological effects by modulating mitochondrial energy
synthesis, suppressing cellular peroxidation, or regulating membrane
receptor functions, with demonstrated therapeutic efficacy in Alz-
heimer’s disease, Parkinson’s disease, and epilepsy. We developed a
novel PBM platform capable of precise spatiotemporal modulation
(0.5-5mm range) targeting single or multiple brain regions. In
compliance with Safety of Laser Products - Part 1: Equipment Classifi-
cation and Requirements (IEC 60825-1), near-infrared light (NIR) IP
was maintained below 100 mW/cm?, ensuring biosafety (Chen and
Hadi, 2021). Fig. 1B illustrates stereotaxic localization of the right AC in
C57 mice based on the Paxinos & Franklin mouse brain atlas (2019),
confirming precise light targeting to the AC with minimal off-target ef-
fects on adjacent regions (Xiong et al., 2015). To evaluate transcranial
NIR penetration, we prepared two skull fragment groups: with fur and
without fur. Both groups received circular illumination (1 mm radius) at
IPs of 20, 40, and 80 mW/cm? As shown in Fig. 1C, transmittance (%)
through skull fragments with fur showed no significant differences

across IPs (20 mW/cm? 25.60 + 1.50 %; 40 mW/cm? 22.67 + 1.13 %;
80 mW/cm? 23.27 £+ 0.72 %; F(2, 42)=1.776, P=0.182, n=15).
Similarly, hair-free skull fragments exhibited comparable transmittance
(20 mW/cm?* 58.40 £ 0.79 %; 40 mW/cm? 59.33 £ 1.15 %;
80 mW/cm? 60.33 £ 0.99 %; F(2, 42)=0.753, P = 0.4773, n = 15).
However, in Fig. 1D, transmittance through skulls fragments without fur
was significantly higher than through skulls fragments with fur at all IPs
(****P < 0.0001, n = 15), prompting subsequent in vivo PBM delivery
via direct skull exposure to maximize energy delivery. Beam profiler
analysis (Fig. 1E) revealed no significant energy loss or heterogeneous
distribution across IPs (20, 40, and 80 mW/cm?), confirming negligible
refractive scattering through murine skulls.

3.2. PBM at 40 mW/cm? alleviates tinnitus without compromising
auditory thresholds or information processing in mice

Having established the feasibility of low-irradiance transcranial PBM
in mice with no significant intergroup differences in vitro, we next
investigated whether PBM modulates hearing thresholds or tinnitus-like
behaviors in sham noise-exposed controls, noise-exposed non-tinnitus
mice, and noise-induced tinnitus models. Tinnitus mice were subjected
to PBM under four regimens (Plan A/B/C/D), and therapeutic outcomes
were evaluated via gap startle test to assess tinnitus persistence and
behavioral improvement (Fig. 2B). In Plans A, B, and D, GPIAS% pro-
gressively increased across tinnitus frequencies from post-treatment day
2 onward [Plan A: Control: 40.07 & 2.27 %; Tinnitus: 5.93 + 2.85 %;
PBM:48 h: 17.43 + 4.62 %; PBM:96 h: 29.37 + 8.04 %; PBM:144 h:
26.75 + 3.80 %, F(4, 30)= 7.298, P = 0.0003, n = 5; Plan B: Control:
37.93 £ 3.30 %; Tinnitus: 0.09 + 1.71 %; PBM:48 h: 23.39 + 5.34 %;
PBM:96 h: 24.57 + 6.17 %; PBM:144 h: 21.06 + 4.97 %, F(4, 30)=
8.822, P < 0.0001, n = 5; Plan D: Control: 44.41 + 4.34 %; Tinnitus:
2.95 + 2.78 %; PBM:48 h: 33.47 + 2.77 %; PBM:96 h: 25.21 + 7.34 %;
PBM:144 h: 16.25 + 5.28 %, F(4, 30)=10.88, P < 0.0001, n=>5].
However, Plan C exhibited an upward trend without achieving statistical
significance at any timepoint [Plan C: Control: 37.35 £ 2.60 %;
Tinnitus: 4.22 + 3.45 %; PBM:48 h: 16.42 + 6.03 %; PBM:96 h: 13.84
+ 4.94 %; PBM:144 h: 15.64 + 4.32 %, F(4, 30)=7.488, P = 0.0003,
n = 5]. The elevated GPIAS% in PBM-treated tinnitus mice indicates
neuromodulatory effects of PBM on AC circuits (Fig. 2C). Both Plan B
(lower IP) and Plan D demonstrated comparable therapeutic efficacy
from day 2, with Plan B selected for subsequent studies due to superior
biosafety profile.

To dissect the differential impacts of ED, IP, and RE on therapeutic
outcomes, 3D waterfall plots were generated (Fig. 2D-G). Despite
identical IP, prolonged ED did not enhance efficacy, as even short ED
achieved comparable therapeutic effects (Fig. 2D). Divergent outcomes
under identical RE (Fig. 2E) suggest that total RE delivered to the AC is
not the sole determinant of PBM’s biological effects. Notably, at
matched ED, PBM at 20 mW/cm? failed to improve tinnitus-like be-
haviors over the 6-day observation window, whereas PBM at 40,
80 mW/cm? significantly reduced symptoms from day 2 (Fig. 2F, G),
indicating a critical IP threshold for neural modulation.

We further explored whether PBM induces neuromodulatory effects
in Control and Non-tinnitus groups. Supplementary Figure 1 A demon-
strates that Control mice exhibited no tinnitus-like behaviors across
10-32 kHz frequencies during the 6-day PBM observation window.
Similarly, Non-tinnitus mice showed no behavioral changes under PBM
at any tested frequency (Supplementary Figure 1B). Collectively, these
findings confirm that tinnitus mice receiving PBM at 40 mW/cm? for
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Fig. 4. A Representative coronal brain sections of AC showing c-Fos/GluN1 co-expression staining pre-treatment. From top: sham noise-exposed control, noise-
exposed non-tinnitus, and noise-exposed tinnitus mice. Tinnitus mice exhibited significantly elevated GIuN1 activation compared to control and non-tinnitus
groups. Right panels: high-magnification views of AC. Scale bars: 250 pm (low) and 10 pm (high). B Quantitative analysis of c-Fos/GluN1 co-expression in AC
across control, non-tinnitus, and tinnitus groups (n = 9). C Representative coronal sections of AC showing c-Fos/GluN1 co-expression at 12, 24, 48, 96, and 144 h
post-PBM in tinnitus mice. Mid-to-high dose 830 nm PBM effectively reversed AC hyperexcitability. Right panels: high-magnification views. Scale bars: 250 pm (low)
and 10 pm (high). D Quantitative analysis of c-Fos/GluN1 co-expression in AC across PBM timepoints (n = 15). E Representative Nissl-stained AC sections showing
viable neurons in control, non-tinnitus, and tinnitus groups. Scale bars: 250 pm (low) and 10 pm (high). F Quantification of Nissl-positive neurons in AC across groups
(n = 9). G Nissl-stained AC sections from tinnitus mice and those treated with PBM protocols (Plan-A to Plan-D). Scale bars: 250 pm (low) and 100 pm (high). H
Quantification of Nissl-positive neurons in AC across treatment groups (n = 12). Statistical annotations: ns (P > 0.05); *P < 0.05; **P < 0.01; ***P < 0.001;

*##%*P < 0.0001. Error bars represent SEM.

300 s derive significant therapeutic benefits without adverse effects on
Control or Non-tinnitus cohorts.

We evaluated tinnitus-like behaviors in Non-tinnitus, Tinnitus, and
PBM-treated mice (830 nm, 40 mW/cm?, 300 s) via GPIAS on day 4
post-treatment. Across all frequencies, Non-tinnitus mice exhibited no
GPIAS% changes pre- vs. post-noise exposure (P = 0.4415 > 0.05;
Fig. 3A). Tinnitus mice showed significant GPIAS% reductions (44.95
+ 1.48 % vs. 5.36 + 1.33 %, ****P < 0.0001; Fig. 3B), confirming suc-
cessful tinnitus induction. PBM-treated tinnitus mice demonstrated
marked GPIAS% recovery (42.67 + 1.70 % vs. 5.22 + 1.75 % vs. 22.32
+ 2.12 %, ****P < 0.0001; Fig. 3C). Among all tinnitus mice not allo-
cated to immunofluorescence or genetic editing, 25 were assigned to the
Tinnitus group and 26 to the PBM group for phosphoproteomics, WB,
TEM, and Golgi staining. PBM improved tinnitus-like behaviors in 21/26
mice (80.77 %) and 26/32 tinnitus frequencies (81.25 %), indicating
PBM as a potential therapeutic strategy for tinnitus.

ABR testing revealed no significant improvements in hearing
thresholds following PBM treatment (Fig. 3D-G). At 16 kHz, Control
mice exhibited thresholds of 18.13 4 2.10 dB, whereas Non-tinnitus and
Tinnitus groups showed elevated thresholds of 46.88 + 2.49 dB and
41.25 + 2.80 dB, respectively (****P < 0.0001). Similar patterns were
observed at 20 kHz (Control: 18.13 + 2.49 dB vs. Non-tinnitus: 46.88
+2.82dB vs. Tinnitus: 45.63 =4.06dB; F(4, 35)=17.72,
*#%%Pp < (0.0001), 24 kHz (Control: 21.25 + 2.46 dB vs. Non-tinnitus:
51.28 +2.63dB vs. Tinnitus: 47.50 + 2.11 dB; F(4, 35)= 32.57,
**%%p < 0.0001), and 32 kHz (Control: 23.13 & 2.66 dB vs. Non-
tinnitus: 50.00 + 2.11 dB vs. Tinnitus: 51.25 + 3.37 dB; F(4, 35)=
25.46, ****P < (0.0001). Critically, PBM induced no significant
threshold changes in Non-tinnitus or Tinnitus mice across 10-32 kHz
frequencies (P > 0.05), demonstrating that its therapeutic effects are not
mediated by hearing restoration. These findings suggest alternative
mechanisms, such as modulation of central auditory excitability or
neuroplasticity, underlie PBM’s efficacy in tinnitus alleviation.

PPI startle ratios were analyzed to exclude temporal processing
deficit (Schilling et al., 2017). No intergroup differences in PPI% were
observed across frequencies (P > 0.05), confirming tinnitus-related be-
haviors are not attributable to auditory processing impairments and
PBM does not compromise sensory-motor gating (Fig. 3H, Supplemen-
tary Figure 1 C,D).

3.3. PBM Reverses auditory cortical hyperexcitability via suppression of
tinnitus-associated GluN1 activation while preserving neuronal integrity

As a critical excitatory receptor in the auditory system, the over-
activation of NMDARs is closely associated with the pathogenesis of
tinnitus (Deng et al.,, 2020). Prolonged noise exposure or ototoxic
drug-induced auditory dysfunction often triggers excessive NMDAR
activation, which serves as a key contributor to tinnitus development.
GluN1, an essential subunit for NMDAR functionality, is required for
maintaining structural integrity and physiological activity of NMDARs.
Loss of GluN1 disrupts NMDAR assembly, leading to functional
impairment (Zhang et al., 2025). To investigate the role of NMDARs in
noise-induced tinnitus, we performed double immunofluorescence
co-staining for c-Fos and GluN1 in a tinnitus animal model induced by
1-hour 116 dB noise exposure centered at 16 kHz (Fig. 4A). In the

11

non-tinnitus group, the proportion of c-Fos and GluN1 co-expressing
neurons (59.57 + 0.84 %) showed no significant difference compared
to the control group (61.08 + 1.33 %, Fig. 4B). However, the tinnitus
group exhibited a marked increase in c-Fos/GluN1 co-expression within
the AC (****P < 0.0001).

Subsequent immunohistochemical (IHC) analyses at multiple time
points post-PBM were conducted to determine whether PBM could
reverse AC hyperexcitability and alleviate tinnitus (Fig. 4C). In tinnitus
animals treated with PBM, the percentage of c-Fos/GluN1 co-expressing
neurons at 12, 24, 48, 96, and 144 h post-intervention was 79.05
+0.63 %, 79.16 +0.71 %, 74.36 +£0.53%, 71.11 +1.06 %, and
69.18 + 0.62 %, respectively, F(4, 40)=38.29, ****P < (0.0001
(Fig. 4D). Notably, PBM significantly reversed AC hyperexcitability
commencing at 48 h post-treatment (***P < 0.001), with therapeutic
effects peaking at 96 h (****P < 0.0001). No statistically significant
difference was observed between 96 and 144 h (P > 0.05), indicating
sustained efficacy over an extended period (>144 h after a single 5-min-
ute irradiation). These results suggest that PBM exerts cumulative bio-
logical effects rather than immediate responses, with prolonged
therapeutic maintenance. Based on these findings, the 96-hour time
point was selected as the optimal window for further mechanistic
exploration of PBM. Nissl staining was performed to assess whether
noise-induced tinnitus caused auditory cortex neuronal death due to
hyperexcitability (Fig. 4E). Neuronal death was not observed (91.89
+ 2.64, 95.33 £ 2.57, 96.78 £ 2.17; F(2, 26)=1.032,
P =0.3716 > 0.05) (Fig. 4F). Furthermore, across all PBM treatment
plans (Plan A-D), neuronal counts in tinnitus mice showed no significant
change versus pre-treatment baselines (100.1 + 2.01, 105.8 + 3.10,
99.11 £ 2.28, 99.11 +£1.70; F(4, 40)=1.533, P =0.211 > 0.05)
(Figs. 4G, 4H).

To evaluate whether PBM selectively modulates AC excitability, we
analyzed c-Fos/GluN1 co-expression via immunofluorescence staining
in control and non-tinnitus groups (Fig. 5A). In the control group, no
significant difference was observed in the proportion of c-Fos/GluN1 co-
expressing neurons before (61.08 + 1.33 %) and after PBM treatment
(61.36 £ 0.70 %, P =0.8565 > 0.05; Fig. 5B). The same result was
observed in the Non-tinnitus group (P = 0.7377 > 0.05; Fig. 5C). Nissl
staining further confirmed that PBM did not alter baseline neuronal
counts in the control group (pre-PBM: 91.89 + 2.64 vs. post-PBM:
89.89 +1.21, P=0.5018 > 0.05; Fig. 5D, E) or non-tinnitus group
(pre-PBM: 137.7 + 2.98 vs. post-PBM: 129.7 £ 1.67, P =0.7453 >
0.05; Fig. 5F, G). These findings collectively demonstrate that PBM ex-
erts highly targeted neuromodulatory effects on the AC, likely reversing
hyperexcitable neurons rather than broadly altering baseline neural
activity.

We further investigated the regulatory effects of different PBM pro-
tocols (Plan-A to D) on AC excitability in tinnitus mice using c-Fos/
GluN1 co-expression analysis (Fig. 5H). All protocols significantly
reduced c-Fos/GluN1 co-expressing neurons post-PBM: Plan-A (77.00
+ 0.73 %), Plan-B (69.18 + 0.62 %), Plan-C (78.21 + 0.86 %), and
Plan-D (70.54 + 1.18 %) (F(4, 40)= 62.76, ****P < 0.0001; Fig. 5I). To
explore the relationship between AC hyperexcitability and tinnitus-like
behaviors in mice, linear regression analysis revealed a negative corre-
lation between GPIAS% and c-Fos/GluN1 co-expression (R?* = 0.5464,
P =0.0016; Fig. 5J). The upper-left quadrant of the regression plot
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Fig. 5. A Representative coronal brain sections of AC showing c-Fos/GluN1 co-expression staining in sham noise-exposed control and noise-exposed non-tinnitus
mice pre- and post-PBM. From left: sham control (Control), sham control with PBM (Control+PBM), noise-exposed non-tinnitus (Non-tinnitus), and noise-exposed
non-tinnitus with PBM (Non-tin+PBM). PBM showed no significant effects on GluN1 receptor activation in either sham or non-tinnitus mice. Right panels: high-
magnification views of AC. Scale bars: 250 pm (low) and 10 pm (high). B Quantitative analysis of c-Fos/GluN1 co-expression in AC of Control and Control+PBM
groups (n = 6). C Quantitative analysis of c-Fos/GluN1 co-expression in AC of Non-tinnitus and Non-tin+PBM groups (n = 6). D Representative Nissl-stained AC
sections from Control and Control+PBM groups. Scale bars: 250 pm (low) and 100 pm (high). E Quantification of Nissl-positive neurons in AC of Control and
Control+PBM groups (n = 6). F Representative Nissl-stained AC sections from Non-tinnitus and Non-tin+PBM groups. Scale bars: 250 pm (low) and 100 pm (high). G
Quantification of Nissl-positive neurons in AC of Non-tinnitus and Non-tin+PBM groups (n = 6). H Representative coronal sections of AC showing c-Fos/GluN1 co-
expression in tinnitus mice pre- and post-PBM with four protocols (Plan A-D). Mid-to-high dose 830 nm PBM effectively reversed AC hyperexcitability. Right panels:
high-magnification views. Scale bars: 250 pm (low) and 10 pm (high; n = 15). I Quantitative analysis of c-Fos/GluN1 co-expression in AC of Tinnitus, PBM:Plan-A,
PBM:Plan-B, PBM:Plan-C, and PBM:Plan-D groups (n = 15). J Linear correlations between c-Fos/GluN1 co-expression in AC and GPIAS% across PBM protocols
(‘n = 15). Statistical annotations: ns (P > 0.05); *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Error bars represent SEM.

represents low tinnitus-like behavior probability with reversed AC hy- 3.5. PBM mitigates neuronal structural complexity by restoring synaptic
perexcitability, while the lower-right quadrant reflects the opposite plasticity equilibrium
pattern. These results highlight Plan-B’s superior therapeutic efficacy in

tinnitus treatment. Our findings indicate that tinnitus-like behaviors are Building on our phosphoproteomic findings implicating synaptic
associated with GluN1-mediated mechanisms, and PBM effectively re- plasticity in tinnitus pathogenesis and PBM-mediated therapeutic
verses AC hyperexcitability in tinnitus mice. modulation, we further validated these observations morphologically.
Noise-induced tinnitus significantly disrupted synaptic plasticity ho-

3.4. Quantitative phosphoproteomics identifies synaptic restructuring and meostasis in the AC, characterized by aberrant synaptic proliferation,
transmembrane ion transport as PBM-mediated therapeutic targets via ultrastructural remodeling of PSD regions (increased thickness and
neuronal membrane receptors area), and elongated active zones (Fig. 8A-G). These pathological fea-
tures align with prior reports of noise-induced glutamatergic hyper-

To investigate molecular differences among control, tinnitus, and activation and neural network reorganization (Yi et al., 2018). TEM
PBM-treated mice, we performed phosphoproteomic analysis on AC revealed that tinnitus mice exhibited a 3.3-fold increase in synaptic
tissues (Fig. 6A). Each group included six mice, with pooled right AC density (F(2, 27)=104, ****P < 0.0001), alongside significantly
samples from two mice per replicate to ensure sufficient protein quan- elevated PSD thickness (48.19 +2.89nm) and area (28,732
tities. No significant differences in relative standard deviation (RSD) + 1297 nm?) (****P < 0.0001), indicative of synaptic overpotentiation
were observed between groups (Fig. 6B). A total of 10,984 modified and hyperexcitable signaling. Strikingly, PBM treatment reversed these
peptides corresponding to 3054 quantifiable proteins were identified alterations: PSD thickness and area in PBM-treated mice recovered to
(Fig. 6C). Intergroup comparisons revealed distinct global phosphory- 135 % and 115 % of control levels, respectively (****P < 0.0001, PBM

lation patterns, suggesting that PBM alleviates tinnitus by modulating vs. tinnitus), with synaptic density markedly reduced (6.00 + 0.42 vs.
protein phosphorylation (Fig. 6D). K-means clustering of differentially 15.40 £ 0.76 in tinnitus, ****P < 0.0001), demonstrating PBM’s ca-

phosphorylated proteins segregated them into four clusters (Fig. 6E). pacity to rebalance synaptic plasticity via GluN1 activity modulation.
Notably, cluster 3 exhibited tinnitus-specific phosphorylation changes Golgi staining further demonstrated that PBM selectively corrected
absent in control and PBM groups, implicating these proteins as poten- tinnitus-associated axonal branching anomalies (reduced branch num-

tial key mediators of PBM efficacy. KEGG pathway analysis of cluster 3 ber and total length, ****P < 0.0001, PBM vs. tinnitus) without
highlighted strong associations with GABAergic, glutamatergic, and affecting dendritic spine density (P = 0.9803; Fig. 8H-M). This speci-

cholinergic synaptic pathways (Fig. 6F). These findings propose a mul- ficity suggests that PBM restores neural network integrity by preferen-
titarget mechanism for PBM: rebalancing AC excitatory/inhibitory (E/I) tially regulating presynaptic architecture and PSD remodeling rather
equilibrium through a tripartite network involving enhanced inhibitory than globally suppressing synaptic plasticity. These structural insights
transmission (GABAergic), restored excitatory homeostasis (gluta- support a targeted therapeutic mechanism whereby PBM inhibits mal-
matergic), and optimized higher-order modulation (cholinergic), adaptive synaptic ultrastructural overcompensation, thereby reinstating
thereby driving adaptive synaptic remodeling. excitatory-inhibitory (E/I) equilibrium. Collectively, our findings

Statistical analysis of phosphorylation differences across groups establish PBM as a non-invasive neuromodulatory strategy that miti-
identified 29 shared phosphorylation sites among control, tinnitus, and gates tinnitus-related central auditory hyperexcitability by rectifying
PBM mice (Fig. 7B). Compared to controls, tinnitus mice showed synaptic plasticity imbalances, including PSD hypertrophy, synaptic
increased phosphorylation at 141 sites and decreased phosphorylation hyperproliferation, and aberrant axonal arborization.

at 1066 sites (Fig. 7A), including upregulated Grin2b-S1116 (NMDA
receptor subunit 2B), Rac1-T108 (Ras-related C3 botulinum toxin sub-
strate 1), and Map2-S496 (microtubule-associated protein 2), alongside
downregulated D1g4-S654 (postsynaptic density protein 95), D1g2-S406
(postsynaptic density protein 93), and Dlgapl-S421 (postsynaptic
density-associated protein 1). These alterations indicate profound syn-
aptic structural reorganization in tinnitus mice. Following PBM treat-
ment, tinnitus mice exhibited increased phosphorylation at 125 sites and
decreased phosphorylation at 81 sites (Fig. 7C), marked by upregulated
Camk2b-T287 (calcium/calmodulin-dependent protein kinase IIB),
Gap43-T172 (growth-associated protein 43), Shank1-S788, Shank3-
S$11539, and downregulated Grin2a-S1062 (NMDA receptor subunit
2 A). Gene Ontology (GO) enrichment analysis further differentiated
biological processes, cellular components, and KEGG pathways between
control vs. tinnitus and tinnitus vs. PBM groups, emphasizing synaptic
architecture and transmembrane ion transport (Fig. 7D-I).

3.6. GIuN1 contributes to tinnitus pathogenesis while maintaining
physiological auditory information processing

To validate the pivotal role of GluN1 in tinnitus development, we
utilized recombinant adeno-associated viral (rAAV) vectors encoding
GluN1-overexpressing short hairpin RNA (rAAV-Grinl) (Fig. 9A-G). Gap
startle tests in naive mice revealed tinnitus-like behaviors in 6 of 7 rAAV-
Grinl-injected animals (85.71 % incidence, detectable across 10 fre-
quencies), with pronounced GPIAS% reductions at 10, 12, and 20 kHz
and similar trends at other frequencies (Fig. 9H). No tinnitus-like be-
haviors were observed in control virus-injected mice (Fig. 91). PPI startle
tests confirmed that GluN1 overexpression did not impair auditory in-
formation processing, mirroring observations from noise-induced
tinnitus models (Supplementary Figure 1E,F).

We further mimicked PBM-mediated GluN1 suppression using rAAV
vectors encoding GluN1-targeting shRNA (rAAV-shRNA(Grinl)) to
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Fig. 7. A Volcano plot comparing phosphopeptide reporter ion intensity ratios (Tinnitus vs. Control) against p-values. Colored dots represent significantly altered
phosphopeptides (red: upregulated; blue: downregulated). B Venn diagram of differentially expressed phosphopeptides among control, tinnitus, and PBM groups. C
Volcano plot comparing phosphopeptide reporter ion intensity ratios (PBM vs. Tinnitus) against p-values. Colored dots follow the same scheme as panel A. D, E Chord
diagrams illustrating relationships between significantly enriched Biological Processes (BP) and phosphorylation sites for Tinnitus vs. Control (D) and PBM vs.
Tinnitus (E). BPs are listed on the right, with connected phosphorylation sites ordered by descending log2 fold change (Log2FC). Key BPs are marked with red/blue
horizontal lines. F, G Bubble plots of enriched Cellular Component (CC) terms for Tinnitus vs. Control (F) and PBM vs. Tinnitus (G). Y-axis: CC descriptions; X-axis:
log2-transformed fold enrichment. Bubble color indicates p-value significance (darker blue = higher significance); size reflects the number of differentially modified
proteins. Critical CC terms are highlighted with red/blue lines. H, I Heatmaps displaying functional enrichment clusters for phosphorylated proteins based on CC (H)
and KEGG pathways (I). Color intensity reflects enrichment significance (blue = high; pale blue = low). Asterisks denote statistical thresholds: *P < 0.05; **P < 0.01;

*#*P < 0.001. Key terms are outlined with green boxes.
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assess its therapeutic relevance (Supplementary Figure 2A-F). Gap
startle tests in tinnitus mice showed partial behavioral remission (4/14
frequencies improved, 28.57 %), though most frequencies exhibited
persistent deficits (8/14 frequencies worsened, 57.14 %; Supplementary
Figure 2 G). Control virus-injected tinnitus mice displayed no behavioral
changes (Supplementary Figure 2H). Notably, PPI% significantly
declined following GluN1 knockdown (**P < 0.01; Supplementary
Figure 2I, J), demonstrating GluN1’s necessity for maintaining physio-
logical auditory processing. These findings establish GluN1 as both a
driver of tinnitus pathogenesis and an essential regulator of normal
auditory function, highlighting the precision required for therapeutic
targeting.

4. Discussion

In this study, we employed a noise-induced tinnitus model to
examine the effects of PBM on auditory cortex function. Our findings
indicate that transcranial PBM at 40 mW/cm? reduced noise-induced
neuronal hyperactivity in the auditory cortex while maintaining
normal hearing thresholds. This effect appears to involve modulation of
GluN1-containing NMDA receptors and restoration of synaptic function.
Phosphoproteomic analysis further revealed changes in proteins related
to synaptic structure and ion transport. Aberrant neuronal hyperexcit-
ability plays a pivotal role in tinnitus pathogenesis (Yu et al., 2024).
Using double immunofluorescence co-staining, we monitored
noise-induced AC hyperexcitability, which arises from maladaptive
neural encoding mechanisms in this higher-order auditory integration
hub. Peripheral auditory insults trigger synaptic reorganization and
enhanced neural network synchronization in the AC, manifesting as
cross-frequency neuronal ensemble coupling anomalies and tonotopic
map distortions (Xie et al., 2025). Such pathological network remodel-
ing may drive misinterpretation of spontaneous neural signals by central
auditory circuits, ultimately generating subjective tinnitus perception.

Our findings align with prior evidence that noise exposure induces
glutamatergic synaptic potentiation, GABAergic disinhibition, and dys-
regulated NMDAR phosphorylation, collectively establishing a "disin-
hibition-hyperexcitation" circuit state (Rafe et al., 2024; Cao et al., 2024;
Zhang et al., 2021). This excitatory imbalance amplifies central gain for
spontaneous electrical activity, enabling cortical neuronal populations
to aberrantly encode subthreshold signals, thereby perpetuating tinnitus
perception. Notably, our phosphoproteomic profiling revealed that PBM
restores synaptic E/I balance by modulating phosphorylation cascades
in GABAergic, glutamatergic, and cholinergic pathways—a tripartite
mechanism that rectifies pathological network hyperactivity without
compromising baseline auditory processing.

The AC’s role as a neural integrator underscores its susceptibility to
noise-induced plasticity. Our ultrastructural analyses demonstrated that
PBM selectively reverses synaptic overpotentiation (e.g., PSD hyper-
trophy) and axonal arborization anomalies, suggesting spatiotemporal
precision in its therapeutic action. Crucially, GluN1 knockdown exper-
iments highlighted the receptor’s dual role: while its overactivation
drives tinnitus, physiological GluN1 activity remains indispensable for
normal auditory information processing. This dichotomy emphasizes the
need for targeted neuromodulation strategies like PBM, which attenuate
maladaptive plasticity while preserving essential neural functions.

16

Excessive neuronal activity promotes the overrelease of neuro-
transmitters from presynaptic membranes, leading to overactivation of
postsynaptic receptors and subsequent phosphorylation and remodeling
of postsynaptic proteins such as PSD-95. This cascade drives the for-
mation of new synaptic connections, manifesting as increased synaptic
structural complexit (De Carvalho et al., 2024). Such aberrant connec-
tivity may disrupt normal neural circuitry, contributing to
information-processing dysfunction and perpetuating tinnitus. To
explore this, we employed TEM and Golgi staining to assess synaptic
ultrastructure and dendritic/axonal morphology in tinnitus mice pre-
and post-PBM treatment. Noise-induced tinnitus mice exhibited
abnormal synaptic proliferation, enlarged PSD dimensions (thickness
and area), and elongated active zones. In contrast, AC neurons treated
with 830 nm laser-based PBM displayed reduced PSD hypertrophy and
diminished aberrant axonal connectivity. These findings underscore
PBM’s potential neuroprotective utility in mitigating noise-induced AC
hyperexcitability and associated neuronal pathologies.

Our study focuses on non-invasive neuromodulation, particularly
neuronal excitability regulation, using noise-induced tinnitus as a
model. Neuromodulatory techniques, by targeting maladaptive plas-
ticity in tinnitus-related neural circuits, offer innovative therapeutic
strategies. Prior studies demonstrate that non-invasive approaches such
as TMS and transcranial direct current stimulation (tDCS) selectively
modulate AC excitability through mechanisms involving NMDAR-
dependent long-term depression (LTD) reinstatement (Han et al.,
2025; Kweon et al., 2023; Latchoumane et al., 2018). Compared to
conventional pharmacotherapy, neuromodulation provides advantages
including superior spatiotemporal resolution, reversibility, and
controllable side effects (Yang et al., 2025). While further optimization
of stimulation parameters and personalized protocols is warranted, this
technology represents a promising avenue for unraveling tinnitus
chronicity mechanisms and advancing precision medicine interventions.

PBM offers a novel non-invasive neuromodulatory strategy by tar-
geting mitochondrial function and membrane receptor proteins in
neurons. Its mechanism involves red and near-infrared light modulation
of CCO, promoting nitric oxide (NO) synthesis, reducing cellular
inflammation, and regulating neuronal excitability via membrane
receptor-mediated ion signaling pathways (Feng et al., 2024; Hamblin,
2024). To explore these effects, we developed a non-invasive, low--
intensity optogenetic device with ultrahigh spatial resolution
(~0.5 mm) and minimal operational power (~5 mW), demonstrating
potential for cross-disease modeling and clinical translation. Using this
platform, we investigated PBM’s regulatory effects on AC excitability.
Our findings revealed that PBM’s biological efficacy depends critically
on specific IP thresholds rather than RE. Moreover, prolonged ED does
not linearly enhance therapeutic outcomes, likely due to PBM’s biphasic
dose-response relationship—a phenomenon consistent with the
Arndt-Schulz law (Stebbing, 1982). Subthreshold light doses yield
negligible effects, moderate doses induce beneficial responses until
saturation, and suprathreshold doses progressively diminish benefits,
eventually causing tissue damage. This biphasic response underscores
the necessity for precise IP-ED-RE parameterization in clinical PBM
applications to avoid adverse effects.

Notably, at our optimized IP of 40 mW/cm? PBM predominantly
exerted inhibitory neuromodulation, aligning with Hamblin et al.’s
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Fig. 8. A Representative TEM images of AC in Control, Tinnitus, and PBM groups. Top row: low-magnification views (x16,000; scale bar = 1 pm). Bottom row: high-
magnification views (x30,000; scale bar = 500 nm). Arrows indicate synapses. Pseudocolored regions: red (presynaptic structures), blue (postsynaptic structures). B
Quantification of synaptic density under low magnification across groups (n = 9). C-G Ultrastructural parameter analyses of AC synapses, including synaptic cur-
vature, PSD thickness, PSD area, synaptic cleft distance, and active zone length in Control, Tinnitus, and PBM groups. H Golgi-stained hippocampal micrographs from
Control, Tinnitus, and PBM groups. Dendritic branches were skeletonized, and complexity was quantified using ImagelJ. Scale bar = 50 pym (n = 9). I-K Represen-
tative skeletonized hippocampal neurons and Sholl analysis of dendritic complexity. Metrics include branch number, total branch length, and branching patterns
within 0-300 pm from the soma center. L, M Representative dendritic spine images and spine density measurements across groups. Scale bar = 2 pm (n = 9).

Statistical annotations: ns (P > 0.05); *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Error bars represent SEM.

findings where 25 mW/cm? PBM protected primary cortical neurons
from glutamate-induced excitotoxicity (Huang et al., 2014). Conversely,
Mohammed H. S. et al. reported that 127.4 mW/cm? PBM attenuated
monoamine depletion and oxidative stress in a reserpine-induced
depression model after two-week daily irradiation (Mohammed and
Khadrawy, 2022). While existing studies hint at single-parameter
threshold effects, the dynamic interplay among IP, RE, and ED re-
mains poorly understood. Future research should systematically map the
IP-RE-ED three-dimensional parameter space, integrating real-time
metabolic imaging and molecular dynamics simulations to quantita-
tively resolve the structure-activity relationships governing photon en-
ergy transfer and neuroplasticity modulation. Such efforts will establish
a precision framework for PBM’s clinical translation.

Noise-induced hearing loss, a major contributor to tinnitus patho-
genesis, involves not only mechanical damage to the peripheral auditory
system but also aberrant activation of central gain mechanisms via
enhanced glutamatergic synaptic transmission in the AC. This neuro-
plastic remodeling establishes a persistent cortical hyperexcitability
state, which is strongly associated with tinnitus chronicity. Furthermore,
functional decoupling of prefrontal-temporal neural networks may
mediate attentional deficits and reduced working memory capacity,
forming the pathological basis for tinnitus-cognitive comorbidity
(Rosicka et al., 2024; Du et al., 2024). Morphometric analyses in our
noise-induced tinnitus model revealed increased numbers of
GluN1-activated neurons in the AC compared to sham controls. PBM
treatment reduced the number of GluN1-activated neurons starting at
48 h post-intervention, with maximal therapeutic effects peaking
beyond 96 h and lasting at least 144 h. Critically, our study demon-
strates that PBM effectively suppresses pathological synaptic ultra-
structural overcomplexity in tinnitus mice, such as aberrant axonal
connectivity. These findings complement prior work by Zhang et al.,
who showed that 810 nm PBM (5.76 J/cm?) restored synaptic interface
curvature in a hippocampal aging model (Zhang et al., 2022a).
Together, these studies highlight the parameter-dependent modulation
of synaptic ultrastructure by PBM, suggesting its potential for bidirec-
tional regulation through optimized irradiation parameters. For
instance, while our protocol (40 mW/cm?) attenuated maladaptive
axonal sprouting in tinnitus, Zhang’s parameters enhanced synaptic
repair in neurodegeneration. This duality underscores the need for
rigorous parameterization to align PBM’s effects with specific patho-
logical contexts. The sustained suppression of GluN1 activation
observed here—lasting over 144 h after a single PBM session—implies
durable neuromodulatory effects distinct from conventional pharma-
cological interventions. Such prolonged efficacy may stem from PBM’s
ability to reset maladaptive synaptic plasticity thresholds, thereby
interrupting the positive feedback loop between central hyperexcit-
ability and tinnitus perception. Future studies should explore whether
repeated PBM sessions synergize with cognitive-behavioral therapies to
address both tinnitus and its comorbid cognitive deficits.

Our phosphoproteomic profiling revealed minimal differences in
protein phosphorylation between control and PBM-treated groups
(Fig. 6D), suggesting that PBM selectively modulates synaptic plasticity
without perturbing baseline physiology. In contrast, distinct phosphor-
ylation patterns emerged in noise-induced tinnitus mice, which were
significantly altered post-PBM. These results unequivocally demonstrate
PBM’s unique therapeutic action under pathological conditions.
Immunofluorescence staining confirmed markedly elevated GluN1
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protein levels in tinnitus mice, consistent with hyperexcitability. Beyond
GluN1, phosphorylation changes in GluN2 subtypes critically contrib-
uted to tinnitus pathogenesis and treatment. Specifically, elevated
GluN2B (NMDA receptor subunit 2B) phosphorylation in tinnitus mice
enhanced NMDA receptor-mediated calcium influx, driving neuronal
hyperexcitability.

Downstream of GluN2B, upregulated Racl phosphorylation likely
promoted aberrant axonal branching and presynaptic structural disor-
ganization by dysregulating actin dynamics in axonal growth cones
(Zhang et al., 2022b). Concurrently, heightened Map-2 phosphorylation
disrupted microtubule polarity in axonal transport, leading to abnormal
presynaptic vesicle distribution (Meng et al., 2023). Conversely, reduced
phosphorylation of PSD95 and Dlgap1 destabilized molecular anchoring
between postsynaptic densities and presynaptic active zones. PSD95,
which couples postsynaptic NMDARs to presynaptic neurexin/neur-
oligin complexes, exhibited impaired functionality that may compro-
mise trans-synaptic signaling precision (Nam and Chen, 2005).
Similarly, aberrant DIlgapl modifications exacerbated mechanical
decoupling of pre- and postsynaptic structures (Coba et al., 2018). This
cascade illustrates that GluN2B overactivation not only directly poten-
tiates presynaptic neurotransmitter release but also fosters a vicious
cycle of electrical activity-axonal remodeling via Racl/Map-2-mediated
structural distortions and PSD95/Dlgapl-dependent synaptic destabili-
zation. Such maladaptive plasticity may irreversibly entrench patho-
logical neural circuits, perpetuating tinnitus. Our findings align with
emerging evidence that PBM’s parameter-dependent modulation of
synaptic ultrastructure—evidenced here and in prior studies—offers a
tunable strategy to disrupt this cycle.

This study utilized the GPIAS paradigm to assess tinnitus-like
behavior. While this method provides valuable behavioral evidence of
tinnitus, it has limitations as it cannot fully distinguish tinnitus from
other auditory processing deficits. To further strengthen the trans-
lational potential of our findings, future studies should validate these
results using complementary behavioral models such as conditioned
suppression paradigms, combined with direct physiological measures of
neural activity (Longenecker et al., 2018).

Clinically, effective pharmacological and therapeutic interventions
for tinnitus remain scarce, with current strategies predominantly limited
to neurotrophic agents and microcirculation improvement (Sherlock
et al., 2025). However, most tinnitus patients exhibit poor responsive-
ness to these treatments. Given its non-invasive nature, PBM could offer
broad therapeutic benefits for tinnitus patients and those with comorbid
neuroexcitability disorders if its neuromodulatory efficacy on the AC is
validated. This study highlights several critical limitations. First, stan-
dardized protocols for PBM parameters—particularly the synergistic
effects of IP and ED—remain undefined, necessitating systematic
exploration of differential biological outcomes across parameter com-
binations. Second, while current efficacy assessments focus on acute
effects of single-session interventions, the cumulative benefits and po-
tential tolerance thresholds of repeated treatments require validation
through stepwise dosing protocols. Finally, the precise therapeutic
window of single PBM sessions lacks delineation, underscoring the need
to establish time-dependent dynamic models of neuroplasticity.
Addressing these gaps will refine PBM’s translational potential, enabling
personalized parameter optimization for heterogeneous patient
populations.
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Fig. 9. A Experimental timeline schematic. B, C Genetic architectures of target (rAAV-hsyn-Grinl-EGFP-WPREs) and control (PFD-rAAV-hSyn-EGFP-WPRE-hGH
polyA) viral vectors. D In vivo visualization of viral injection. E Exogenous GluN1 expression in AC via rAAV-hsyn-Grin1-EGFP-WPREs/PFD-rAAV-hSyn-EGFP-WPRE-
hGH polyA. Scale bar = 100 pm (n = 2). F Validation of GluN1 protein levels by western blot (n = 6). G Verification of GluN1 transcript levels by qPCR (n = 6). H, I
GPIAS% startle ratios in target virus-injected (H, n = 7) and control virus-injected (I, n = 7) mice pre- vs. post-injection.
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5. Conclusions

This study demonstrates that low-intensity PBM penetrates the skull
to modulate the central nervous system, with stable post-cranial optical
properties across varying IP levels, establishing a physical foundation
for non-invasive neuromodulation. At an optimized IP of 40 mW/cm?,
PBM effectively alleviated noise-induced AC hyperexcitability in a
tinnitus model while preserving hearing thresholds and auditory infor-
mation processing, underscoring its biosafety. Mechanistically, PBM
restored synaptic plasticity equilibrium by selectively inhibiting path-
ological hyperactivation of the GluN1 subunit of NMDA receptors,
thereby reversing excessive glutamatergic synaptic transmission.
Quantitative phosphoproteomic profiling further revealed that PBM
reduces neuronal structural complexity by regulating synaptic ultra-
structure (e.g., PSD thickness, axonal branching patterns) and modifying
transmembrane ion transport-related proteins, ultimately restoring
neural network functional integration. Notably, GluN1 exhibits dual
roles in tinnitus pathogenesis: its overactivation drives pathological
hyperexcitability, while its physiological expression is essential for
maintaining normal auditory processing. PBM achieves a therapeutic
balance by precisely modulating GIuN1 activity, enabling selective
suppression of maladaptive plasticity without compromising baseline
neural function. These findings highlight PBM’s bidirectional regulatory
mode—inhibiting aberrant synaptic remodeling while preserving
fundamental neural activity—as a novel strategy for tinnitus treatment
that combines precision and clinical feasibility. Given its non-
invasiveness, tunable parameters, and sustained efficacy (>144 h post-
intervention), PBM emerges as a promising candidate for clinical
translation in subjective tinnitus. Future studies should focus on
parameter optimization and validation of long-term therapeutic dura-
bility to accelerate its application in addressing unmet clinical needs.
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