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Introduction: Cochlin is the most abundant protein in the inner ear. The cleaved 
N-terminal domain of cochlin, known as LCCL and referred to as CTP (cochlin 
tomoprotein) in clinical biomarker usage, is a perilymph-specific protein and is 
widely used as a biomarker to detect perilymph leakage. However, little is known 
about the secretion or presence of LCCL in the middle ear, even though it can 
result in false positives when using LCCL as a biomarker for perilymph leakage.

Methods: We conducted translational research in humans and mice. A 
retrospective observational study was conducted on human patients who 
underwent multiple CTP tests after tympanostomy. In parallel, an experimental 
study on cochlin and its cleaved product, LCCL, was performed in mice.

Results: We found the exceptionally elevated level of CTP within 10 days after 
tympanostomy in humans regardless of the presence of definite perilymph 
leakage. In addition, we identified LCCL in the middle ear after tympanostomy 
in mice. The concentration of LCCL peaked at three days post-tympanic injury. 
Importantly, the origin of LCCL in the middle ear lavage was not from the inner 
ear but is secreted from the middle ear space especially the annular ligament, 
suggesting it functions as an innate immune response in the middle ear.

Conclusion: Tympanostomy for the CTP test results in a false positive when the 
sampling is delayed. While LCCL is a reliable biomarker for clinically detecting 
perilymph fistula, the timing of its application should be carefully considered to 
avoid false-positive results.
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Background

Cochlin, encoded by the COCH gene, is implicated in autosomal dominant nonsyndromic 
hearing loss, particularly in the DFNA9 subtype (1–4). The Limulus factor C, Cochlin, and 
Lgl1 (LCCL) domain, located at the N-terminus of cochlin, regulates innate immunity across 
various organ systems, including the inner ear (5–10). During inflammatory processes, 
aggrecanase-1–an enzyme upregulated in these conditions–cleaves the LCCL peptide from 
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cochlin, facilitating its release from the spleen to targeted tissues (7, 
9, 11). Cochlin is the predominant protein in the inner ear, where the 
blood-labyrinth barrier limits the infiltration of immune cells from 
systemic circulation (5, 6). It plays a crucial role in modulating 
immune responses in the inner ear by releasing the LCCL peptide 
into intra-cochlear compartments, such as the spiral ligament and 
spiral limbus (2, 3, 5). Previous studies have consistently detected 
LCCL in the perilymph under physiological conditions (5, 6, 12), with 
significant upregulation in response to inflammatory insults such as 
bacterial labyrinthitis and noise-induced cochlear injury in animal 
models (5, 6, 13).

Additionally, the LCCL peptide is an established biomarker for 
diagnosing perilymphatic fistula (PLF)–an aberrant communication 
between the inner ear’s fluid-filled compartments and air-filled 
structures of the middle ear, mastoid, or intracranial cavities in 
humans (12, 14, 15). We previously identified the cochlin-tomoprotein 
(CTP) isoform of LCCL as a perilymph-specific protein, with no 
detectable presence in blood, cerebrospinal fluid, or saliva (16). 
Furthermore, we  characterized the diagnostic sensitivity and 
specificity of CTP using enzyme-linked immunosorbent assay (CTP–
ELISA) of the middle ear lavage (MEL), elucidating its clinical utility 
and relevance in PLF (17–21). This assay received regulatory approval 
from the Japanese Food and Drug Administration and became eligible 
for national insurance coverage in Japan by 2022. The CTP diagnostic 
marker has been utilized, and a prospective study demonstrated that 
20% of sudden deafness cases were CTP-positive, particularly among 
elderly patients and those with severe hearing loss. Notably, PLF was 
identified as one of the most significant causes of acute hearing loss 
(22). Furthermore, PLF repair surgery was shown to be effective in 
alleviating vestibular symptoms when appropriately diagnosed with 
CTP test (23). Thus, the perilymph leakage biomarker CTP has been 
demonstrated to be  clinically useful, providing new insights into 
neurotology. However, since CTP is a newly discovered protein 
biomarker, we  should exercise caution regarding its diagnostic 
accuracy. Cochlin expression is also observed in middle ear structures 
such as the ossicular joints and annular ligaments (24, 25). Therefore, 
it is essential to exclude potential LCCL secretion from the middle ear 
when interpreting CTP–ELISA results, in the context of PLF diagnosis. 
Consequently, this study aimed to investigate the presence and 
implications of the LCCL peptide in the middle ear following 
tympanostomy and evaluate its potential impact on the accuracy of 
CTP–ELISA as a diagnostic tool for PLF.

Our findings demonstrated a marked elevation in CTP levels 
within 10 days post-tympanostomy in humans. Similarly, murine 
models revealed LCCL secretion into the middle ear following acute 
tympanic membrane (TM) perforation, which may explain false-
positive CTP results in clinical settings. Immunohistochemical 
analysis confirmed that the CTP detected in MEL likely originates 
from cochlin within middle ear structures, such as the annulus. To our 
knowledge, this is the first study to document increased LCCL levels 
in the middle ear following tympanostomy in both humans and 
murine models, underscoring the importance of cautious 
interpretation of CTP–ELISA results in suspected PLF cases.

Methods

Human subjects

This retrospective observational study included a review of the 
medical records of patients who visited the Department of 
Otorhinolaryngology, Saitama Medical University Hospital between 
May 2014 and June 2016. Inclusion criteria were (1) patients aged 
≥13 years (2), suspected PLF cases subjected to CTP testing via MEL, 
and (3) patients with an initial negative CTP test who subsequently 
underwent two or more additional tests, regardless of the intervals 
between them. The study protocol was approved by the Institutional 
Ethical Review Board of Saitama Medical University (approval 
#13–086; Principal Investigator: Tetsuo Ikezono) and was conducted 
in accordance with the principles outlined in the Declaration 
of Helsinki.

CTP detection ELISA test

The middle ear was irrigated with 0.3 mL saline using the MEL 
technique for CTP detection (26). Following CO2 laser-assisted 
myringotomy, lavage samples were centrifuged at 1250 g for 1 min, 
and the supernatants were stored at −80°C. Samples were subsequently 
sent to SRL, Inc. (Tokyo) for CTP quantification using a standardized 
human CTP (hCTP) ELISA protocol (17). Repeat myringotomy was 
performed for patients with healed TMs at the time of subsequent 
testing. The lower limit of detection for the ELISA was 0.2 ng/mL, 
with undetectable levels recorded as 0.2 ng/mL. CTP levels ≥0.8 ng/
mL were considered positive, as previously described (17).

Indication for CTP testing

We have determined the diagnostic accuracy of the test in the clinical 
setting using surgically created PLF, i.e., cochlea implantation surgery 
(17). We defined the diagnostic criteria as 0.8≦CTP (ng/ml) positive in 
the clinical usage of the CTP-ELISA, and sensitivity and specificity were 
86.4 and 100%, respectively. We tested the expression specificity of the 
CTP by testing blood and CSF samples. The concentration was below the 
detection limit (0.2 ng/mL) in 38 of the 40 blood, and 14 of the 19 CSF 
samples. The CTP test may yield a negative result if the perilymph 
leakage is too small in volume, intermittent, or has naturally ceased.

The indication for CTP testing in PLF-suspected cases was based 
on the Japanese diagnostic criteria (27). In brief, perilymphatic fistula 
(PLF) should be  suspected in patients presenting with hearing 
impairment, tinnitus, aural fullness, or vestibular symptoms, particularly 
when preceded by specific events. These include pre-existing middle or 
inner ear diseases, surgeries, head trauma (Category 1), or barotrauma—
either external (Category 2; e.g., blast exposure, diving, flying) or 
internal (Category 3; e.g., nose-blowing, sneezing, straining). In 
idiopathic cases (Category 4), where no identifiable trauma or 
barotrauma can be recalled, diagnosis is particularly challenging. This 
category is currently under investigation by the Japanese PLF Study 
Group to establish clinically reasonable criteria for suspecting PLF. In 
this study period, PLF is suspected in cases where vertigo persists 
following sudden sensorineural hearing loss or when hearing loss 
fluctuates over time and gradually worsens. We excluded middle ear 

Abbreviations: CTP, cochlin tomoprotein; ELISA, enzyme-linked immunosorbent 

assay; MEL, middle ear lavage; PLF, perilymphatic fistula; TM, tympanic membrane.
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inflammatory conditions that could potentially affect CTP 
measurements, such as viral or bacterial infections. The CTP test was 
not indicated for cases with inner ear diseases of known etiology, such 
as genetic disorders, vestibular schwannoma, tumors, ototoxic drug 
exposure, or accompanying systemic autoimmune diseases.

Sequential CTP testing

The percentage of positive CTP results from the first, second, and 
third MEL tests was calculated from patient records. Given that ELISA 
results from the external laboratory (SRL Inc.) had a turnaround time 
of 3–6 weeks, subsequent tests were conducted without knowledge of 
prior outcomes. Multiple tests were performed to capture intermittent 
or subclinical perilymph leakage, necessitating repeated evaluations 
for accurate diagnosis. The percentage of positive second CTP tests in 
patients with an initial negative test and the percentage of positive 
third CTP tests in patients with consecutive negative tests were 
determined. From the data obtained, 46.3% of second CTP tests 
yielded positive results following an initial negative test. The 
correlation between the CTP ratio (second to first test) and time (in 
days) between tests was analyzed using Spearman’s rank correlation, 
with statistical significance set at p < 0.05.

Animal models

Cochlin knockout mice (C57B6 background) were obtained from 
Jackson Laboratory (strain: B6.129S1(Cg)-Cochtm1.1Stw/YuanJ), 
while wild-type C57B6 mice were sourced from Central Laboratory 
Animals Inc. (Seoul, Korea). Mice were housed under specific 
pathogen-free conditions at the animal facility in Yonsei University. 
All experimental protocols were approved by the Animal Ethics 
Committee of Yonsei University College of Medicine (approval 
#2023–0027). Mice aged 5–12 weeks were used in this study, with all 
experiments conducted under general anesthesia using intraperitoneal 
zolazepam (100 mg/kg) and xylazine (50 mg/kg).

Tympanic membrane perforation and MEL 
in mice

A TM perforation was created under general anesthesia at the 
anterior malleus umbo of the pars tensa using a 26-gauge needle. MEL 
was performed at 0, 1, 3, and 7 days post-injury. If no perforation was 
present at day 0, one was induced prior to MEL. MEL was performed 
on the perforated side in cases of pre-existing perforation. A 30-gauge 
Hamilton syringe (Hamilton, Nevada, USA) was used to instill 5 μL 
phosphate-buffered saline (PBS) into the middle ear, followed by 
immediate aspiration, repeated three times to collect 15 μL of lavage 
fluid. The mice were euthanized after MEL. A total of 16 mice (seven 
ears) were used per time point.

Western blot analysis

Western blot analyses were performed using MEL, perilymph, and 
annular tissue lysates, as previously described (28). Normalization 

with housekeeping proteins was not feasible due to the absence of 
cellular components in MEL and perilymph. Each MEL sample 
(10 μL) was mixed with the sample buffer, while 0.2 μL of perilymph 
was aspirated via round window puncture using a glass pipette and 
diluted in 10 μL of PBS before adding sample buffer. Annular lysates 
were prepared by carefully isolating the bulla, preserving the TM, and 
removing the surrounding tissues, including the auditory canal skin, 
ossicles, and bone components of the bulla. Lysates were processed in 
sodium dodecyl sulfate (SDS) lysis buffer, separated via polyacrylamide 
gel electrophoresis (PAGE), and transferred to a nitrocellulose 
membrane. The membrane was incubated with primary antibodies 
against the N-terminal cochlin (Millipore, #9A10D2) and C-terminal 
cochlin (custom-designed by Dr. Matsumura, Nippon Medical School, 
Japan), using antigen peptide sequences from human cochlin residues 
527–544 (TGLEPIVSDVIDVIRGICRDF), which are 100% identical 
to the mouse and rat cochlin sequence. The C-terminal was produced 
as a rabbit polyclonal antibody by Sigma-Aldrich Japan G.K. (Tokyo, 
Japan). Protein bands were detected with enhanced 
chemiluminescence (Amersham Bioscience, Little Chalfont, UK) and 
band intensities from three independent blots (nine biological 
replicates) were quantified using ImageJ software (NIH). Beta-actin 
served as a loading control for tissue lysates but not for MEL and 
perilymph samples due to the absence of cellular content. The β-actin 
antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, 
#sc-47778).

Immunofluorescence

The presence of cochlin was detected in cryosections, whereas 
macrophages were visualized in whole-mounted tissues. The bulla and 
attached labyrinth were isolated, fixed in 4% formaldehyde at 4°C 
overnight, and decalcified in 10% ethylenediaminetetraacetic acid 
(EDTA) for 24 h. Cryosections (5 μm thick) and whole-mount 
samples were prepared, blocked with 10% donkey serum, and 
incubated with anti-cochlin (Millipore, #9A10D2) or PE-conjugated 
F4/80 (BD Biosciences, #565410) antibodies overnight at 4°C. Slides 
were mounted using a fluorescent mounting medium (Sigma-Aldrich, 
St. Louis, MO, USA) and analyzed via confocal microscopy. 
Quantification of immunofluorescence was performed using ImageJ 
software (NIH) with three biological replicate experiments.

Results

Sequential CTP testing in patients with 
suspected PLF

A total of 41 ears from 35 patients (13 females, aged 13–80 years, 
mean ± SD: 48.1 ± 18.6) suspected of having PLF who underwent at 
least two CTP tests were analyzed. The cases included in this analysis 
were 11 cases belonging to Category 1, 8 cases belonging to Category 
2, 5 cases belonging to Category 3, and 11 cases belonging to Category 
4. No positive CTP results were observed in the first test (0%), while 
19 ears (46.3%) demonstrated positive results in the second test. The 
interval between the first and second tests ranged from 1 to 32 days 
(mean ± SD: 4.9 ± 7.6 days). Additionally, 20 ears from 16 patients 
(seven females, aged 23–80 years, mean ± SD: 53.0 ± 17.0 years) 
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underwent a third CTP test, with seven ears (35.0%) testing positive. 
The interval between the first and third tests ranged from 2 to 106 days 
(mean ± SD: 13.6 ± 26.3 days). The mean CTP concentrations (ng/
mL) were 0.26 ± 0.13 for the first test, 1.9 ± 3.6 for the second, and 
1.5 ± 3.4 for the third.

Figure  1A shows individual CTP concentrations for ears 
undergoing all three sequential tests, with elevated CTP levels 
observed in 14 of the 20 ears during the second test, followed by a 
reduction in the third test. Figure 1B illustrates the inverse correlation 
between the ratio of CTP concentrations (second to first test) and the 
time interval between tests (Spearman’s rank correlation coefficient, 
rs = −0.44; p < 0.01). These findings suggest that the duration post-
tympanostomy significantly influences CTP elevation after 
the procedure.

LCCL presence in the middle ear following 
TM perforation in the mouse model

Cochlin is predominantly expressed in the inner ear, with limited 
documentation of its presence in the middle ear. Therefore, 
we performed immunofluorescence staining of middle ear sections 
(Figures 2A–F). Cochlin was localized in the pars tensa of the TM, the 
ossicular joints, and the annular ligament, consistent with previous 
findings by Robertson et al. (24). However, cochlin was absent from 
the round and oval windows (Figures 2B,E).

Subsequently, serial western blot analyses were performed on 
samples collected at 0, 1, 3, and 7 days post-injury (dpi) to examine 
the secretion of the LCCL domain into the middle ear post-TM 
perforation. Significantly increased concentrations of LCCL were 
detected at 1 and 3 dpi compared to 0 dpi (Figures 2G,J). In addition, 
the noise-exposed ear (120 dB white noise, 1 h) did not show LCCL 

in MEL. LCCL concentrations at 1 dpi ranged between 0.4 and 0.8 μg/
mL, as quantified by western blot using serially diluted LCCL peptides 
as a reference standard (Figures 2H,K). No LCCL band was observed 
in the negative control at 1 dpi, although it was present in cochlin 
knockout mice (Figure 2I).

LCCL secretion from the TM annulus in the 
mouse model

We hypothesized that the cochlin in the middle ear undergoes 
cleavage, leading to LCCL secretion into the middle ear space 
following TM injury. Therefore, we  collected perilymph samples 
post-TM perforation and performed immunoblotting for LCCL to test 
whether the increased LCCL originated from the inner ear. No 
significant changes were observed in LCCL concentrations in 
perilymph samples (Figures 3A,C). Subsequently, we quantified full-
length cochlin concentrations in the TM annulus before and after 
perforation, as this structure is known to express cochlin endogenously 
(24). Full-length cochlin levels were significantly decreased at 3 and 7 
dpi, with both full-length and cleaved LCCL domains detected via 
N-terminal cochlin antibodies (Figures 3B,D). Furthermore, the von 
Willebrand factor A (vWFA)-like domain (~40 Da) was measured 
using a C-terminal cochlin antibody, revealing a significant reduction 
at 7 dpi compared to 0 dpi (Figure 3E).

Immunofluorescence further confirmed the reduction in full-
length cochlin levels in the annulus at 3 dpi compared to controls 
(Figures 3F–K), without significant changes in the lateral wall of the 
inner ear. These data suggest that the cochlin in the TM annulus is 
cleaved into LCCL, which is subsequently secreted into the middle ear 
space. The residual cochlin, represented by the vWFA-like domain, 
appears to be degraded until 7 dpi.

FIGURE 1

Cochlin-tomoprotein (CTP) concentration in middle ear lavage fluid from patients with suspected perilymphatic fistula (PLF). (A) CTP concentrations 
from middle ear lavage fluid in 20 ears undergoing three sequential CTP tests. The x-axis represents the time interval (days) between the first and either 
the second or third CTP test. The y-axis shows CTP concentrations (ng/mL). Dots connected by lines indicate sequential CTP measurements for each 
ear. CTP concentrations in the second test were higher than those in the first test in 14 of 20 ears, with levels returning to lower values in the third test. 
(B) Inverse correlation between the CTP concentration ratios (second/first test) and the time interval (days) between the first and second CTP tests in 
41 ears. The x-axis shows the duration between the first and second CTP tests (days), and the y-axis shows the ratio of CTP concentrations. The 
correlation coefficient (rs = −0.44, Spearman’s rank) indicates a significant inverse relationship (p < 0.01).
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FIGURE 2

Detection of LCCL peptide in the middle ear post-tympanic membrane perforation. (A) Immunohistochemical localization of cochlin in the middle and 
inner ear structures. Cochlin is absent in the oval window (yellow box) but present in the pars tensa and incudomalleolar joint (green box). Scale bar: 
500 μm. (B) Cochlin is absent in the magnified view of the oval window (arrowhead) in the yellow box from panel (A). Scale bar: 50 μm. (C) Cochlin is 
detected in the magnified view of the incudomalleolar joint (arrowhead) in the green box from panel (A). (D) Cochlin is absent in the round window 
(yellow box), but is present in the pars tensa, annulus, and tympanic membrane surrounding the malleus (green box). (E) Cochlin is not detected in the 

(Continued)
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Inflammation of middle ear mucosa 
induced by tympanic membrane injury

Cochlin cleavage into LCCL requires inflammation to activate the 
aggrecanase (5, 7); however, the inflammatory response following TM 
injury has not been extensively studied. Therefore, we investigated the 
presence of resident macrophages in the middle ear mucosa by 
immunostaining for F4/80-positive, a macrophage marker. Activated 
macrophages were observed in the mucosal layers of the middle ear 
bulla and TM (Figure 4). In wild-type mice, macrophages exhibited 
significantly increased cell size (solidity) at 3 dpi, indicative of 
activation in response to inflammation. Knockout mice showed a 
tendency but not statistically significant. In addition, the macrophage 
count was not increased. In contrast, the TM showed an increased 
number of macrophages near the perforation site after perforation, 
whereas fewer macrophages were present in the control samples 
(Figures  4F–J). In addition, these macrophages exhibited the 
morphology of immature macrophages transitioning from monocytes, 
characterized by small, circular cells. No significant differences were 
observed in macrophage responses between wild-type and cochlin 
knockout mice. These findings suggest that even minor TM injury 
triggers a robust inflammatory response in the middle ear mucosa, 
promoting cochlin cleavage and LCCL secretion into the middle ear 
space, paralleling observations in human tympanostomy cases.

Discussion

Our prior identification of CTP via proteomic profiling of bovine 
inner ear proteins as a diagnostic marker for PLF highlights its 
translational clinical significance (12, 16, 17, 19–21, 26). Building on 
this finding, in this study, we validated the finding that LCCL–the 
human homolog of CTP present in perilymph–plays a pivotal role in 
innate immune responses within the cochlea (5, 6). Previous 
investigations have demonstrated that LCCL, generated through 
proteolytic cleavage of full-length cochlin during inflammatory 
cascades, augments immune activation (3, 7–9). Specifically, our data 
show that TM perforation induces middle ear inflammation, leading 
to the cochlin cleavage within the annular ligament and subsequent 
LCCL accumulation in MEL fluid within 1–3 dpi, followed by a 
gradual decline.

Clinically, perilymphatic leakage may transiently resolve following 
initial extravasation into the middle ear (14). However, some patients 
experience episodic leaks, manifesting as fluctuating auditory deficits 
and vertigo. These clinical observations prompted us to conduct 
sequential CTP assays, wherein human MEL samples demonstrated 

that 46% of initially CTP-negative ears in the first laser tympanostomy 
tested positive in the second assay. Additionally, several cases that 
tested positive in the second assay reverted to negative in the third 
assay conducted after a prolonged interval. These findings suggest that 
shorter inter-assay intervals, particularly those under 10 days, were 
associated with elevated CTP levels in the second assay.

Notably, previous studies have not detected CTP in the middle ear 
of patients with chronic otitis media (22, 26), indicating that CTP may 
be a biomarker relevant only to the early inflammatory phases of TM 
trauma. Thus, the role of CTP in the progression from acute to chronic 
middle ear inflammation warrants further investigation. In the present 
study, cochlin was localized to the pars tensa of the TM, annular 
ligament, and ossicular chain, with LCCL levels in MEL peaking 
1–3 days post-TM perforation. Notably, LCCL concentrations in the 
perilymph remained unchanged, implying that the observed increase 
in MEL LCCL originated from middle ear structures. Additionally, 
western blot and immunohistochemical analyses revealed a reduction 
in full-length cochlin isoforms in the annular ligament post-
perforation, suggesting that LCCL detected in MEL results from 
proteolytic cleavage of these isoforms. These data further indicate that 
positive CTP results in second MEL samples collected within 10 days 
of the first lavage likely reflect the TM perforation induced by the 
initial procedure, consistent with findings from the murine model. 
This phenomenon, first documented in our study, represents a 
biologically intriguing response, highlighting the multilayered defense 
and immune mechanisms mammals possess to protect auditory 
function. From the perspective of CTP as a diagnostic marker for 
perilymphatic leakage, this reaction constitutes a potential source of 
false-positive results. Therefore, careful interpretation of CTP–ELISA 
results for MEL samples collected within 10 days of tympanostomy is 
warranted. False-negative results in CTP testing are theoretically 
plausible. Even if a case is attributed to PLF, the CTP test may yield a 
false-negative result if the perilymph leakage is too small in volume, 
intermittent, or has spontaneously ceased. Such research on diagnostic 
biomarkers enhances scientific rigor by continuously identifying 
potential factors contributing to false-positive and false-negative 
results and refining their limitations accordingly.

Cochlin plays an integral role in cochlear innate immunity. 
Inflammatory insults, such as acoustic trauma or pathogen invasion, 
promote the release of pro-inflammatory cytokines (e.g., tumor 
necrosis factor-α, interleukin-1β, and interleukin-6), which 
subsequently drive the synthesis of aggrecanase-1 (29–31). 
Aggrecanase-1 cleaves cochlin, a key extracellular matrix component 
of the inner ear, releasing the LCCL domain (9, 32–34). Acute 
tympanic injury triggers the secretion of LCCL into the middle ear 
from localized sites. TM perforation also potentiates macrophage 

magnified view of the round window (arrowhead) from the yellow box in panel (D). (F) Cochlin is present in the magnified view of the tympanic 
membrane and malleus (arrowhead) from the green box in panel (D). Red: Cochlin; Blue: DAPI nuclear stain. (G) Western blot analysis of middle ear 
lavage fluid showing LCCL detected at 1 and 3 days post-perforation. Two samples (left and right ears) were analyzed for each time point. The vertical 
axis indicates molecular weight in kilodaltons (kDa). Dpi = days post-injury. (H) Quantification of LCCL concentration in middle ear lavage at 1 dpi (four 
lanes) using serial dilutions of commercial LCCL peptide as a standard. The numbers above the lanes indicate LCCL concentrations (μg/mL). The slight 
discrepancy in band position is due to species variation (human LCCL peptide was used as the standard). (I) LCCL is absent in Coch knockout mouse 
samples at 1 dpi. KO = Coch knockout, WT: wild-type. (J) Densitometric quantification of panel (G) shows a significant increase in LCCL concentration 
at 1 and 3 dpi compared to 0 dpi (seven replicates in each time point). Noise exposure data were obtained from MEL of three mice, one day after a 
two-hour exposure to 120 dB white-band noise. The band intensity was normalized to the 1 dpi sample. ***p < 0.001, ns: not significant. 
(K) Densitometric quantification of panel (H) indicates LCCL concentrations at 1 dpi ranging from 0.4 to 0.8 μg/mL. The band intensity was normalized 
to the 1.6 μg/mL control.

FIGURE 2 (Continued)
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FIGURE 3

LCCL cleavage from cochlin in the annulus following tympanic membrane perforation. (A) LCCL is present in all perilymph samples, regardless of 
tympanic membrane injury, as detected by the N-terminal cochlin antibody. (B) Full-length cochlin in annular ligament and tympanic membrane 
lysates progressively decreases following tympanic membrane perforation, as detected by N-terminal cochlin antibody. Two samples (right and left) 

(Continued)
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activation, as evidenced by morphological transformation of 
macrophages in the vicinity of the TM and bulla mucosa. However, 
no significant difference in macrophage activation was observed 
between wild-type and cochlin knockout mice. This suggests that 
although inflammation following TM injury elevates LCCL levels in 

the middle ear, LCCL does not directly modulate macrophage 
activation. Thus, the exact role of LCCL in middle ear pathology 
remains unclear, although we hypothesized that it may facilitate TM 
repair. Therefore, additional studies are required to elucidate this 
potential function.

are in each time point. (C) Densitometric quantification of panel (A), with no significant differences between groups (n = 4 for each time point). 
(D) Densitometric quantification of panel (B), normalized to beta-actin. Full-length cochlin is significantly reduced at 3 and 7 dpi compared to 0 dpi. 
(E) Densitometric analysis of the vWFA-like domain (~40 kDa) from western analysis of bulla lysates, detected by C-terminal cochlin antibody. A 
significant reduction in the vWFA-like domain is observed at 7 dpi compared to 0 dpi. **p < 0.01, ***p < 0.001. (F) Immunofluorescence staining of 
cochlin using the N-terminal antibody in control inner and middle ear tissues. Strong cochlin signals are observed in the spiral ligament (yellow box) 
and annulus (green box). TM, tympanic membrane; EAC, external auditory canal. Scale bar: 500 μm. (G) A high cochlin signal is detected in the spiral 
ligament (arrowhead) in a magnified view of the yellow box from panel (F). Scale bar: 50 μm. (H) Cochlin signal is similarly high in the annulus 
(arrowhead) in a magnified view of the green box from panel (F). (I) Cochlin N-terminal signal decreases in the annulus (green box) but remains similar 
in the spiral ligament (yellow box) at 3 dpi compared to the control. (J) Cochlin signal remains high in the spiral ligament (arrowhead) at 3 dpi, as seen 
in panel (G). (K) Cochlin signal is reduced in the annulus (arrowhead) at 3 dpi compared to panel (H).

FIGURE 3 (Continued)

FIGURE 4

Inflammation response in the bulla mucosa and tympanic membrane following tympanic injury. (A) Macrophages (F4/80-positive cells, red) in the bulla 
mucosa of a wild-type control mouse. Scale bar: 500 μm. The right panel is a magnified view of the white box. Scale bar: 100 μm. (B) Macrophages in the 
bulla mucosa of a wild-type mouse at 3 dpi. The right panel is a magnified view of the white box, showing morphologic change of macrophage. 
(C) Macrophages in the bulla mucosa of a Coch knockout control mouse and a magnified view of the white box in the right panel. (D) Macrophages in the 
bulla mucosa of a Coch knockout mouse at 3 dpi and a magnified view of the white box in the right panel. (E) Quantitative analysis of panels (A–D) 
showed no change in macrophage count but an increase in cell size and solidity (higher solidity indicating a more compact cell shape). (F) Macrophages 
surrounding the tympanic membrane in a wild-type control mouse, and a magnified view of the white box in the right panel. M: malleus, U: umbo. (G) A 
tympanic membrane of a wild-type mouse at 3 dpi, showing a perforation (P) and round-shaped macrophages (white arrow head) clustering around the 
perforation site. A magnified view of the white box in the right panel. (H) A tympanic membrane of a Coch knockout control mouse, and a magnified view 
of the white box in the right panel. (I) A tympanic membrane of a Coch knockout mouse at 3 dpi, and a magnified view of the white box in the right panel, 
showing round-shaped macrophages around the perforation site. (J) Quantitative analysis of panels (F–I) showed significant changes in macrophage 
count and properties but no significant differences between wild-type and knockout mice. *P < 0.05, **P < 0.01, ***P < 0.001.
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In conclusion, cochlin is critically involved in the innate immune 
response of both the inner and middle ear. Following TM injury, the 
cleavage and subsequent release of LCCL from full-length cochlin may 
confound PLF diagnosis due to false-positive CTP ELISA results. 
Thus, caution should be exercised when interpreting CTP levels in the 
context of acute middle ear inflammation. Special attention should 
also be given to cases where traumatic PLF coincides with the middle 
ear or mechanical injury, such as TM perforation. Sampling for LCCL 
is recommended immediately after TM perforation or after at least 
10 days.

Data availability statement

The original contributions presented in the study are included in 
the article/supplementary material, further inquiries can be directed 
to the corresponding authors.

Ethics statement

The studies involving humans were approved by the Institutional 
Ethical Review Board of Saitama Medical University. The studies were 
conducted in accordance with the local legislation and institutional 
requirements. The ethics committee/institutional review board waived 
the requirement of written informed consent for participation from 
the participants or the participants’ legal guardians/next of kin due to 
the retrospective nature of the study.

Author contributions

SB: Investigation, Methodology, Project administration, Writing – 
original draft, Writing – review & editing. TI: Conceptualization, Data 
curation, Investigation, Methodology, Writing  – original draft, 
Writing – review & editing. HP: Data curation, Writing – original 
draft. HK: Data curation, Writing – original draft. TM: Data curation, 
Formal analysis, Methodology, Writing – original draft. SS: Formal 
analysis, Investigation, Methodology, Writing – original draft. YM: 
Formal analysis, Investigation, Methodology, Writing – original draft. 

HM: Formal analysis, Investigation, Methodology, Writing – original 
draft. JJ: Supervision, Writing – original draft, Writing – review & 
editing.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This research was supported 
by National Research Foundation of Korea grants funded by the 
Korean government (MSIT) (RS-2024-00346485 to JJ). This research 
was supported by the Korea Health Technology R&D Project through 
the Korea Health Industry Development Institute (KHIDI), funded by 
the Ministry of Health & Welfare, Republic of Korea (RS-2024-
00404555 to JJ). This research was supported by Basic Science 
Research Program through the National Research Foundation of 
Korea (NRF) funded by the Ministry of Education (RS-2023-
00237634 to SB).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Robertson NG, Cremers CW, Huygen PL, Ikezono T, Krastins B, Kremer H, et al. Cochlin 

immunostaining of inner ear pathologic deposits and proteomic analysis in DFNA9 deafness 
and vestibular dysfunction. Hum Mol Genet. (2006) 15:1071–85. doi: 10.1093/hmg/ddl022

 2. Robertson NG, Resendes BL, Lin JS, Lee C, Aster JC, Adams JC, et al. Inner ear 
localization of mRNA and protein products of COCH, mutated in the sensorineural 
deafness and vestibular disorder, DFNA9. Hum Mol Genet. (2001) 10:2493–500. doi: 
10.1093/hmg/10.22.2493

 3. Rhyu HJ, Bae SH, Jung J, Hyun YM. Cochlin-cleaved LCCL is a dual-armed 
regulator of the innate immune response in the cochlea during inflammation. BMB Rep. 
(2020) 53:449–52. doi: 10.5483/BMBRep.2020.53.9.104

 4. Song MH, Jung J, Rim JH, Choi HJ, Lee HJ, Noh B, et al. Genetic inheritance of 
late-onset, down-sloping hearing loss and its implications for auditory rehabilitation. 
Ear Hear. (2020) 41:114–24. doi: 10.1097/AUD.0000000000000734

 5. Jung J, Yoo JE, Choe YH, Park SC, Lee HJ, Lee HJ, et al. Cleaved Cochlin sequesters 
Pseudomonas aeruginosa and activates innate immunity in the inner ear. Cell Host 
Microbe. (2019) 25:513–525.e6. doi: 10.1016/j.chom.2019.02.001

 6. Bae SH, Yoo JE, Hong JW, Park HR, Noh B, Kim H, et al. LCCL peptide cleavage 
after noise exposure exacerbates hearing loss and is associated with the monocyte 
infiltration in the cochlea. Hear Res. (2021) 412:108378. doi: 10.1016/j.heares.2021.108378

 7. Py BF, Gonzalez SF, Long K, Kim MS, Kim YA, Zhu H, et al. Cochlin produced by 
follicular dendritic cells promotes antibacterial innate immunity. Immunity. (2013) 
38:1063–72. doi: 10.1016/j.immuni.2013.01.015

 8. Bennink S, Pradel G. The multiple roles of LCCL domain-containing proteins 
for malaria parasite transmission. Microorganisms. (2024) 12:279. doi: 10.3390/ 
microorganisms12020279

 9. Nyström A, Bornert O, Kühl T, Gretzmeier C, Thriene K, Dengjel J, et al. Impaired 
lymphoid extracellular matrix impedes antibacterial immunity in epidermolysis bullosa. 
Proc Natl Acad Sci U S A. (2018) 115:E705–14. doi: 10.1073/pnas.1709111115

 10. Rim JH, Noh B, Koh YI, Joo SY, Oh KS, Kim K, et al. Differential genetic diagnoses 
of adult post-lingual hearing loss according to the audiogram pattern and novel candidate 
gene evaluation. Hum Genet. (2022) 141:915–27. doi: 10.1007/s00439-021-02367-z

 11. Jung J, Kim HS, Lee MG, Yang EJ, Choi JY. Novel COCH p. V123E mutation, causative 
of DFNA9 sensorineural hearing loss and vestibular disorder, shows impaired cochlin post-
translational cleavage and secretion. Hum Mutat. (2015) 36:1168–75. doi: 10.1002/humu.22855

 12. Ikezono T, Shindo S, Li L, Omori A, Ichinose S, Watanabe A, et al. Identification 
of a novel Cochlin isoform in the perilymph: insights to Cochlin function and the 
pathogenesis of DFNA9. Biochem Biophys Res Commun. (2004) 314:440–6. doi: 
10.1016/j.bbrc.2003.12.106

https://doi.org/10.3389/fneur.2025.1527311
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1093/hmg/ddl022
https://doi.org/10.1093/hmg/10.22.2493
https://doi.org/10.5483/BMBRep.2020.53.9.104
https://doi.org/10.1097/AUD.0000000000000734
https://doi.org/10.1016/j.chom.2019.02.001
https://doi.org/10.1016/j.heares.2021.108378
https://doi.org/10.1016/j.immuni.2013.01.015
https://doi.org/10.3390/microorganisms12020279
https://doi.org/10.3390/microorganisms12020279
https://doi.org/10.1073/pnas.1709111115
https://doi.org/10.1007/s00439-021-02367-z
https://doi.org/10.1002/humu.22855
https://doi.org/10.1016/j.bbrc.2003.12.106


Bae et al. 10.3389/fneur.2025.1527311

Frontiers in Neurology 10 frontiersin.org

 13. Seist R, Landegger LD, Robertson NG, Vasilijic S, Morton CC, Stankovic KM. 
Cochlin deficiency protects against noise-induced hearing loss. Front Mol Neurosci. 
(2021) 14:670013. doi: 10.3389/fnmol.2021.670013

 14. Sarna B, Abouzari M, Merna C, Jamshidi S, Saber T, Djalilian HR. Perilymphatic 
fistula: a review of classification, etiology, diagnosis, and treatment. Front Neurol. (2020) 
11:1046. doi: 10.3389/fneur.2020.01046

 15. Deveze A, Matsuda H, Elziere M, Ikezono T. Diagnosis and treatment of 
Perilymphatic fistula. Adv Otorhinolaryngol. (2018) 81:133–45. doi: 10.1159/000485579

 16. Ikezono T, Shindo S, Sekiguchi S, Hanprasertpong C, Li L, Pawankar R, et al. 
Cochlin-tomoprotein: a novel perilymph-specific protein and a potential marker for the 
diagnosis of perilymphatic fistula. Audiol Neurootol. (2009) 14:338–44. doi: 
10.1159/000212113

 17. Ikezono T, Matsumura T, Matsuda H, Shikaze S, Saitoh S, Shindo S, et al. The 
diagnostic performance of a novel ELISA for human CTP (Cochlin-tomoprotein) to detect 
perilymph leakage. PLoS One. (2018) 13:e0191498. doi: 10.1371/journal.pone.0191498

 18. Fujita T, Kobayashi T, Saito K, Seo T, Ikezono T, Doi K. Vestibule-middle ear 
dehiscence tested with perilymph-specific protein Cochlin-Tomoprotein (CTP) 
detection test. Front Neurol. (2019) 10:47. doi: 10.3389/fneur.2019.00047

 19. Kataoka Y, Ikezono T, Fukushima K, Yuen K, Maeda Y, Sugaya A, et al. Cochlin-
tomoprotein (CTP) detection test identified perilymph leakage preoperatively in 
revision stapes surgery. Auris Nasus Larynx. (2013) 40:422–4. doi: 
10.1016/j.anl.2012.08.001

 20. Ikezono T, Sugizaki K, Shindo S, Sekiguchi S, Pawankar R, Baba S, et al. CTP 
(Cochlin-tomoprotein) detection in the profuse fluid leakage (gusher) from 
cochleostomy. Acta Otolaryngol. (2010) 130:881–7. doi: 10.3109/00016480903508910

 21. Matsuda H, Sakamoto K, Matsumura T, Saito S, Shindo S, Fukushima K, et al. A 
nationwide multicenter study of the Cochlin Tomo-protein detection test: clinical 
characteristics of perilymphatic fistula cases. Acta Otolaryngol. (2017) 137:S53–9. doi: 
10.1080/00016489.2017.1300940

 22. Sasaki A, Ikezono T, Matsuda H, Araki R, Matsumura T, Saitoh S, et al. Prevalence 
of perilymphatic fistula in patients with sudden-onset sensorineural hearing loss as 
diagnosed by Cochlin-tomoprotein (CTP) biomarker detection: its association with age, 
hearing severity, and treatment outcomes. Eur Arch Otorrinolaringol. (2024) 
281:2373–81. doi: 10.1007/s00405-023-08368-0

 23. Matsuda H, Hornibrook J, Ikezono T. Assessing the efficacy of perilymphatic 
fistula repair surgery in alleviating vestibular symptoms and associated auditory 
impairments. Front Neurol. (2023) 14:14. doi: 10.3389/fneur.2023.1269298

 24. Robertson NG, O'Malley JT, Ong CA, Giersch AB, Shen J, Stankovic KM, et al. 
Cochlin in normal middle ear and abnormal middle ear deposits in DFNA9 and Coch 
(G88E/G88E) mice. J Assoc Res Otolaryngol. (2014) 15:961–74. doi: 
10.1007/s10162-014-0481-9

 25. McCall AA, Linthicum FH, O'Malley JT, Adams JC, Merchant SN, Bassim MK, 
et al. Extralabyrinthine manifestations of DFNA9. J Assoc Res Otolaryngol. (2011) 
12:141–9. doi: 10.1007/s10162-010-0245-0

 26. Ikezono T, Shindo S, Sekiguchi S, Morizane T, Pawankar R, Watanabe A, et al. The 
performance of Cochlin-tomoprotein detection test in the diagnosis of perilymphatic 
fistula. Audiol. Neurotol. (2010) 15:168–74. doi: 10.1159/000241097

 27. Kitoh R, Nishio SY, Sato H, Ikezono T, Morita S, Wada T, et al. Clinical practice 
guidelines for the diagnosis and management of acute sensorineural hearing loss. Auris 
Nasus Larynx. (2024) 51:811–21. doi: 10.1016/j.anl.2024.06.004

 28. Bae SH, Yoo JE, Choe YH, Kwak SH, Choi JY, Jung J, et al. Neutrophils infiltrate 
into the spiral ligament but not the stria vascularis in the cochlea during 
lipopolysaccharide-induced inflammation. Theranostics. (2021) 11:2522–33. doi: 
10.7150/thno.49121

 29. Mimata Y, Kamataki A, Oikawa S, Murakami K, Uzuki M, Shimamura T, et al. 
Interleukin-6 upregulates expression of ADAMTS-4 in fibroblast-like synoviocytes from 
patients with rheumatoid arthritis. Int J Rheum Dis. (2012) 15:36–44. doi: 
10.1111/j.1756-185X.2011.01656.x

 30. Uchida K, Takano S, Matsumoto T, Nagura N, Inoue G, Itakura M, et al. 
Transforming growth factor activating kinase 1 regulates extracellular matrix degrading 
enzymes and pain-related molecule expression following tumor necrosis factor-alpha 
stimulation of synovial cells: an in vitro study. BMC Musculoskelet Disord. (2017) 18:283. 
doi: 10.1186/s12891-017-1648-4

 31. Rose KWJ, Taye N, Karoulias SZ, Hubmacher D. Regulation of ADAMTS 
proteases. Front Mol Biosci. (2021) 8:701959. doi: 10.3389/fmolb.2021.701959

 32. Tang BL. ADAMTS: a novel family of extracellular matrix proteases. Int J Biochem 
Cell Biol. (2001) 33:33–44. doi: 10.1016/s1357-2725(00)00061-3

 33. Tortorella MD, Malfait AM, Deccico C, Arner E. The role of ADAM-TS4 
(aggrecanase-1) and ADAM-TS5 (aggrecanase-2) in a model of cartilage degradation. 
Osteoarthr Cartil. (2001) 9:539–52. doi: 10.1053/joca.2001.0427

 34. Robertson NG, Skvorak AB, Yin Y, Weremowicz S, Johnson KR, Kovatch KA, et al. 
Mapping and characterization of a novel cochlear gene in human and in mouse: a 
positional candidate gene for a deafness disorder, DFNA9. Genomics. (1997) 46:345–54. 
doi: 10.1006/geno.1997.5067

https://doi.org/10.3389/fneur.2025.1527311
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.3389/fnmol.2021.670013
https://doi.org/10.3389/fneur.2020.01046
https://doi.org/10.1159/000485579
https://doi.org/10.1159/000212113
https://doi.org/10.1371/journal.pone.0191498
https://doi.org/10.3389/fneur.2019.00047
https://doi.org/10.1016/j.anl.2012.08.001
https://doi.org/10.3109/00016480903508910
https://doi.org/10.1080/00016489.2017.1300940
https://doi.org/10.1007/s00405-023-08368-0
https://doi.org/10.3389/fneur.2023.1269298
https://doi.org/10.1007/s10162-014-0481-9
https://doi.org/10.1007/s10162-010-0245-0
https://doi.org/10.1159/000241097
https://doi.org/10.1016/j.anl.2024.06.004
https://doi.org/10.7150/thno.49121
https://doi.org/10.1111/j.1756-185X.2011.01656.x
https://doi.org/10.1186/s12891-017-1648-4
https://doi.org/10.3389/fmolb.2021.701959
https://doi.org/10.1016/s1357-2725(00)00061-3
https://doi.org/10.1053/joca.2001.0427
https://doi.org/10.1006/geno.1997.5067

	Secretion of cochlin-tomoprotein (LCCL) in the middle ear following acute tympanic injury: implications for perilymph fistula diagnosis
	Background
	Methods
	Human subjects
	CTP detection ELISA test
	Indication for CTP testing
	Sequential CTP testing
	Animal models
	Tympanic membrane perforation and MEL in mice
	Western blot analysis
	Immunofluorescence

	Results
	Sequential CTP testing in patients with suspected PLF
	LCCL presence in the middle ear following TM perforation in the mouse model
	LCCL secretion from the TM annulus in the mouse model
	Inflammation of middle ear mucosa induced by tympanic membrane injury

	Discussion

	References

