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Abstract 

Oncomodulin (OCM) is the most abundant Ca2+ buffering protein found in mature outer hair cells 

(OHCs). Cadherin 23 (CDH23) is a crucial component of the tip-links in hair cell stereocilia. The 

absence or dysfunction of these two proteins contributes to the early onset of age-related hearing loss 

(AHL). In this study, we investigated the effects of the Cdh23753G→A mutation on OHC function using 

new Ocm-knockout (KO) mouse models (Ocmtm1a/tm1a) with or without the Cdh23753G→A mutation. 

Despite having the same genetic background, Ocm-KO mice carrying the Cdh23753G→A mutation 

displayed significant hearing loss and a notable decline in OHC function across all measured 

frequencies as early as three months of age. In contrast, Ocm-KO mice without the Cdh23753G→A 

mutation did not exhibit comparable hearing loss until they reached twelve months of age. 

Additionally, we examined the role of OCM in preserving OHC function under ototoxic stress 

induced by HPβCD (2-hydroxypropyl-β-cyclodextrin). The administration of HPβCD resulted in a 

more pronounced decline in OHC function in Ocm-KO mice compared to wild-type (WT) mice, as 

indicated by distortion product otoacoustic emissions (DPOAE) measurements. Furthermore, 

HPβCD treatment led to greater structural deterioration and more rapid rupture events in OHCs 

from Ocm-KO mice than in those from WT mice, as demonstrated by in vitro live imaging. These 

findings suggest that the Cdh23753G→A mutation, rather than other potential strain-specific genetic 

factors associated with AHL, solely exacerbates the early onset of AHL phenotypes in Ocm-KO mice. 

Furthermore, our data indicates that OCM proteins in OHCs enhance their ability to withstand 

ototoxic stimuli. 

Keywords: oncomodulin; cadherin 23; outer hair cell stress; age-related hearing loss; HPβCD 

 

1. Introduction 

Age-related hearing loss (AHL), also known as presbycusis, is a significant global health issue 

that affects millions of people worldwide. Over 65% of Americans aged 71 and older suffer from 

hearing loss, with similar estimates worldwide [2]. In the mammalian cochlea including humans, 

sound-induced vibrations of the organ of Corti (OC) open mechanoelectrical transduction (MET) 

channels located at the stereocilia on hair cells, allowing Ca2+ and other cations to enter the hair cells 

from the endolymph. Cadherin 23 (CDH23) is a component of the tip-links in hair cell stereocilia, 

interacting with protocadherin 15 to form the tip-link filaments that are thought to gate MET channels 

[3,4]. As true sensory receptors, inner hair cells (IHCs) transmit sound information to the brain via a 

neuronal network. In outer hair cells (OHCs), sound-evoked MET currents drive electromotility that 

amplifies the motion of the OC required for high sensitivity and sharp frequency selectivity of 
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mammalian hearing [5–8]. The sites of age-related cochlear pathology include OHCs, IHCs, synapses, 

spiral ganglion neurons, and stria vascularis [9]. Human temporal bone studies indicate that AHL is 

primarily driven by the degeneration of inner ear sensory cells, particularly OHCs [10]. OHCs are 

generally the first to be damaged by common cochlear stressors, including aging, noise, and ototoxic 

drugs. Imbalance of intracellular Ca2+ homeostasis is a crucial factor contributing to the vulnerability 

of OHCs to cochlear insults [11]. Ca2+ homeostasis in OHCs is regulated by various components 

including Ca2+-binding proteins (CaBPs). There are four major CaBPs in OHCs: parvalbumin-α, 

calbindin-D28k, calretinin, and oncomodulin (OCM). OCM is a small, acidic EF-hand CaBP that 

belongs to the parvalbumin family as the mammalian parvalbumin-β [12–14]. OCM is recognized as 

a dominant Ca2+ buffer in mature OHCs with OCM at a significantly higher concentration (2-3 mM) 

than other CaBPs [15,16]. The combined absence of parvalbumin-α, calbindin-D28k, and calretinin in 

mice has little impact on hearing [17]. However, mice without OCM display early progressive hearing 

loss and degeneration of OHCs, indicating that OCM is essential for maintaining cochlear function 

with age [18–20]. 

Inbred strains of mice vary widely in the onset and progression of age-related hearing loss 

(AHL), making strain selection critical when assessing hearing in mutant mice [21–23]. A single G→A 

point mutation at coding nucleotide position 753 of the Cdh23 gene (Cdh23753G→A) causes in-frame 

skipping of the seventh coding exon of the Cdh23 gene. The Cdh23 mutation contributes to early-onset 

AHL in common inbred mouse strains [24–27]. For example, the C57BL/6 (B6) strain has the mutant 

Cdh23 genotype (Cdh23753A/753A) and exhibits high frequency hearing loss by 3-6 months of age that 

progresses to profound hearing loss by 15 months. In contrast, the CBA/CaJ (CBA) strain has the 

wild-type (WT) Cdh23 genotype (Cdh23753G/753G) and maintains normal hearing until 15 months of age 

or older [21,22,26,28]. The CBA strain is considered the “gold standard” in hearing research for 

modeling normal hearing and AHL. Climer et al. have demonstrated that deletion of Ocm (Ocm-/-) 

leads to early progressive hearing loss in mice on two different genetic backgrounds: B6 and CBA. 

They have also observed that B6 Ocm-/- mice experience hearing loss at an earlier age (3-4 months) 

than CBA Ocm-/- mice (5-7 months) [19]. However, it is not clear whether the delayed hearing loss 

observed in CBA Ocm-/- mice is solely due to the AHL-resistant Cdh23753G allele on the CBA strain or 

is a result of a combination of Cdh23753A/G and other strain-specific factors. 

In this study, we aimed to investigate the impact of the Cdh23753G→A mutation on cochlear 

function in Ocm-knockout (KO) mice on a uniform genetic background. We generated new Ocm-KO 

mouse models (Ocmtm1a/tm1a) with or without the Cdh23753G→A mutation on a sighted FVB;C57BL/6N-

Atm1Brd (FVB;B6) genetic background. As OCM is preferentially expressed in mature OHCs in the 

cochlea, we measured distortion product otoacoustic emission (DPOAE) thresholds as the mice aged, 

alongside WT (Ocm+/+) controls. We also collected their cochleae for immunofluorescence to assess 

OHC loss. These histological data were compared with physiological data from the DPOAE test, 

which measures sounds produced by healthy, functional OHCs. To further investigate the role of 

OCM in maintaining cochlear function, we stressed OHCs using an ototoxic reagent called HPβCD 

(2-hydroxypropyl-β-cyclodextrin). HPβCD is a cyclic oligosaccharide that can sequester cholesterol. 

While HPβCD shows potential as a therapeutic agent for cholesterol-associated neurodegenerative 

diseases, including Niemann-Pick disease type C [29–31] and Alzheimer’s disease [29,31], it also 

induces ototoxicity in both humans and animal models [30,32] by causing massive OHC damage. 

Using both in vivo and in vitro systems, we compared hearing and OHC response of the Ocm-KO 

mice following HPβCD treatment. Our collected data indicate that both Cdh23753A and absence of 

OCM protein contribute to the early onset of AHL. Specifically, the Cdh23753G→A mutation alone can 

further accelerate AHL in Ocm-KO mice. Furthermore, lack of OCM renders OHCs more susceptible 

to ototoxic agents, confirming the important role of OCM in maintaining OHC function. 

2. Results 

2.1. Establishment of a New Ocm-KO Mouse Model: Ocmtm1a/tm1a 
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We generated a new Ocm-KO (Ocmtm1a/tm1a) mouse model based on the ‘KO-first, conditional-

ready’ design [1,33,34]. In the Ocmtm1a allele, a gene trapping cassette containing RNA processing 

signals was inserted into the intron between exons 2 and 3 of the Ocm gene (Figure 1A). It is predicted 

that a splice acceptor (SA) in the cassette captures the RNA transcript and a polyadenylation sequence 

(pA) truncates the transcript, thereby the Ocm gene is not transcribed into the full-length mRNA 

resulting in the elimination of OCM protein synthesis. To validate this prediction, we measured the 

levels of Ocm mRNA expression by RT-qPCR in the cochleae from WT and Ocm-KO mice at 2 months 

of age. Ocm-KO mice showed a 97% decrease in Ocm mRNA expression levels in cochlear tissues 

compared to WT mice (Figure 1B). We also performed immunofluorescence to inspect OCM protein 

expression in the cochleae from 2-month-old WT and Ocm-KO mice. Cochlear whole mounts were 

stained with antibodies for OCM, a hair cell marker myosin VIIA (MYO7A), or an OHC marker 

prestin. As expected, OCM immunolabeling was present in the OHCs of WT mice (Figure 1C, E) but 

not in those of Ocm-KO mice (Figure 1D, F). These results indicate that Ocmtm1a allele leads to a highly 

efficient elimination of the OCM protein in the mouse cochlea, suggesting that Ocmtm1a/tm1a is a new 

Ocm-KO mouse model, which eliminates OCM protein synthesis without deleting the Ocm gene. 

 

Figure 1. Ocmtm1a allele leads to a highly efficient KO of the OCM protein. A. Schematic diagram of the Ocmtm1a 

allele with RNA processing signals within a gene trapping cassette inserted into the intron between exons 2 and 

3 of the Ocm gene. B. The levels of Ocm mRNA expression were measured by RT-qPCR in the cochlear tissues 

from WT and Ocm-KO mice at 2 months of age. Sample sizes: WT, n = 3; Ocm-KO, n = 3. Data are shown as means 

± SEM. The relative mRNA level of Ocm was normalized to a reference gene B2m. Unpaired two-tailed Student’s 

t-test was performed. ***, 0.0001 ≤ p < 0.001. C-F. Representative immunostaining images of the cochlear whole 

mounts within the frequency ranges of 19.1-36.5 kHz for C-D and 9.5-19.1 kHz for E-F from 2-month-old WT (C, 

E) and Ocm-KO (D, F) mice. Cochleae were stained for OCM (red), MYO7A (green), or prestin (green). Scale 

bars: 100 μm for C-D and 10 μm for E-F. WT, Cdh23753G/753G;Ocm+/+ for B and Cdh23753G/753A;Ocm+/+ for C, E, Ocm-

KO, Cdh23753G/753G;Ocmtm1a/tm1a for B and Cdh23753G/753A;Ocmtm1a/tm1a for D, F. 

2.2. Ocmtm1a/tm1a Mice Display Early Progressive Hearing Loss and OHC Degeneration 

The B6 strain has the mutant Cdh23 genotype (Cdh23753A/753A) and exhibits high frequency hearing 

loss by 3-6 months of age that progresses to profound hearing loss by 15 months [21,22,26,28]. In 

contrast, the FVB strain has the WT Cdh23 genotype (Cdh23753G/753G) and displays good hearing at 7 
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months [22,26]. The newly established Ocm-KO mice were on an FVB;B6 genetic background with or 

without a single G→A point mutation at coding nucleotide position 753 of the Cdh23 gene 

(Cdh23753G→A). To assess the OHC function of the Ocm-KO mice carrying the Cdh23753G→A mutation, 

we measured DPOAE thresholds at 8, 16, 24, and 32 kHz in AA WT (Cdh23753A/753A;Ocm+/+) and AA 

Ocm-KO (Cdh23753A/753A;Ocmtm1a/tm1a) mice at 1 and 3 months of age. At 1 month of age, there were no 

differences in DPOAE thresholds at 8-32 kHz between AA WT and AA Ocm-KO mice (data not 

shown). However, at 3 months of age, DPOAE thresholds for AA Ocm-KO mice were at or near 90 

dB SPL and 13-47 dB higher than those for AA WT mice at 8-32 kHz (Figure 2A), indicating that AA 

Ocm-KO mice display profound hearing loss at 3 months. We note that AA WT mice also had high 

frequency hearing loss at 3 months as often observed in B6 mice. We then performed 

immunofluorescence to inspect OHC loss in the cochleae from 3-month-old AA WT and AA Ocm-

KO mice. Cochlear whole mounts within the frequency range of 19.1-36.5 kHz were stained with anti-

prestin. As shown in Figure 2B-C, 3-month-old AA Ocm-KO mice showed more OHC loss compared 

to age-matched AA WT mice. This data is consistent with the DPOAE hearing test results. These 

findings are largely consistent with previous published data collected from Ocm-KO mouse models 

on the B6 background [18,20], which showed significantly higher DPOAE thresholds at 12-30 kHz 

than WT mice at 8 weeks [20] and DPOAE thresholds at or near the measurement ceiling for 5.6-45.2 

kHz at 14-26 weeks [18]. 

 

Figure 2. Ocmtm1a/tm1a mice carrying a Cdh23753G→A mutation display profound hearing loss at 3 months. A. 

DPOAE thresholds were measured at 8, 16, 24, and 32 kHz in AA WT and AA Ocm-KO mice at 3 months of age. 

Sample sizes: AA WT, n = 10; AA Ocm-KO, n = 7. Data are shown as means ± SEM. Two-way ANOVA with 

Bonferroni’s multiple comparisons test was performed. **, 0.001 ≤ p < 0.01, ****, p < 0.0001. B-C. Representative 

immunostaining images of the cochlear whole mounts within the frequency range of 19.1-36.5 kHz from 3-

month-old AA WT (B) and AA Ocm-KO (C) mice. Cochleae were stained for prestin. Scale bar: 10 μm. mo, 

month, AA WT, Cdh23753A/753A;Ocm+/+, AA Ocm-KO, Cdh23753A/753A;Ocmtm1a/tm1a. 

To assess the OHC function of the Ocm-KO mice lacking the Cdh23753G→A mutation, we also 

measured DPOAE thresholds at 8, 16, 24, and 32 kHz in GG WT (Cdh23753G/753G;Ocm+/+) and GG Ocm-

KO (Cdh23753G/753G;Ocmtm1a/tm1a) mice at 1, 3, and 7 months of age. At 1 month of age, there were no 

differences in DPOAE thresholds at 8-32 kHz between GG WT and GG Ocm-KO mice (Figure 3A), 

similar to the case of AA WT and AA Ocm-KO mice. However, at 3 months of age, GG Ocm-KO mice 

showed an 18 dB increase in DPOAE thresholds at 24 kHz compared to GG WT mice (Figure 3B), 

indicating that GG Ocm-KO mice display high frequency hearing loss at 3 months due to the lack of 

OCM in OHCs. Furthermore, at 7 months of age, DPOAE thresholds for GG Ocm-KO mice were 15-

30 dB higher than those for GG WT mice at 16-32 kHz (Figure 3C), indicating that GG Ocm-KO mice 

display middle to high frequency hearing loss at 7 months. At 12 months of age, GG Ocm-KO mice 

also showed a 16-39 dB increase in DPOAE thresholds at 8-32 kHz compared to GG WT mice (Figure 

3D), indicating that GG Ocm-KO mice display hearing loss affecting all frequencies at 12 months. 
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Figure 3. Ocmtm1a/tm1a mice lacking a Cdh23753G→A mutation display high frequency hearing loss at 3 months that 

progresses to low to high frequency hearing loss by 12 months. A-D. DPOAE thresholds were measured at 8, 16, 

24, and 32 kHz in GG WT and GG Ocm-KO mice at 1 (A), 3 (B), 7 (C), and 12 (D) months of age. Sample sizes: at 

1 mo: GG WT, n = 5, GG Ocm-KO, n = 5; at 3 mo: GG WT, n = 11, GG Ocm-KO, n = 10; at 7 mo: GG WT, n = 10, 

GG Ocm-KO, n = 10; at 12 mo: GG WT, n = 10, GG Ocm-KO, n = 9. E-J. Representative immunostaining images 

of the cochlear whole mounts within the frequency range of 19.1-36.5 kHz from 1-, 3-, and 7-month-old GG WT 

(E, G, I) and GG Ocm-KO (F, H, J) mice. Cochleae were stained for prestin. Scale bar: 10 μm. K. A histogram 

showing average OHC loss observed in immunostaining samples ranging from 1 to 7 months. Sample sizes: at 

1 mo: GG WT, n = 3, GG Ocm-KO, n = 3; at 3 mo: GG WT, n = 3, GG Ocm-KO, n = 3; at 7 mo: GG WT, n = 3, GG 

Ocm-KO, n = 4. Data are shown as means ± SEM. Two-way ANOVA with Bonferroni’s multiple comparisons 

tests were performed. *, 0.01 ≤ p < 0.05, **, 0.001 ≤ p < 0.01, ***, 0.0001 ≤ p < 0.001, ****, p < 0.0001. mo, month, GG 

WT, Cdh23753G/753G;Ocm+/+, GG Ocm-KO, Cdh23753G/753G;Ocmtm1a/tm1a. 

We also performed immunofluorescence to inspect and quantify OHC loss in the cochleae from 

1-, 3-, and 7-month-old GG WT and GG Ocm-KO mice. Cochlear whole mounts within the frequency 

range of 19.1-36.5 kHz were stained with anti-prestin. GG WT mice maintained stable OHC numbers 

with only 0-2% OHC loss from 1 to 7 months of age (Figure 3E, G, I, K). In contrast, GG Ocm-KO mice 

showed 2, 10, and 47% OHC loss at 1, 3, and 7 months of age respectively (Figure 3F, H, J, K). At 1 

and 3 months of age, there were no significant differences in OHC loss between GG WT and GG Ocm-

KO mice (Figure 3E-H, K). However, at 7 months of age, GG Ocm-KO mice showed significantly more 

OHC loss compared to age-matched GG WT mice (Figure 3I-K). Taken together, these results indicate 

that Ocm-KO mice have normal hearing at 1 month but display early progressive hearing loss and 

OHC degeneration regardless of the presence or absence of a Cdh23753G→A mutation. 

2.3. Cdh23753A Alone Further Accelerates Age-Related Hearing Loss in Ocmtm1a/tm1a Mice 

Our data confirm that OCM is not required for the development of normal hearing as previously 

reported. Despite both types of mice having the same genomic background, Ocm-KO mice carrying 

the Cdh23753G→A mutation experience profound hearing loss at 3 months (Figure 2A), whereas Ocm-

KO mice without this mutation do not exhibit comparable hearing loss until 12 months (Figure 3D). 

As shown in Figure 4A, 3-month-old AA WT mice showed a significant increase (11 dB) in DPOAE 

thresholds at 32 kHz compared to age-matched GG WT mice, indicating that a Cdh23753G→A mutation 

alone leads to a decline in high frequency OHC function in WT mice as early as 3 months. The impact 

of the Cdh23753G→A mutation on OHC function is even more pronounced when OHCs lack OCM. As 

shown in Figure 4B, 3-month-old AA Ocm-KO mice exhibited a 16-36 dB increase in DPOAE 
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thresholds at all measured frequencies compared to age-matched GG Ocm-KO mice, indicating that 

a Cdh23753G→A mutation leads to a significant decline in low to high frequency OHC function in Ocm-

KO mice at 3 months. Taken together, these results suggest that Cdh23753A alone accelerates the early 

onset of AHL in Ocm-KO mice. 

 

Figure 4. A Cdh23753G→A mutation leads to a greater decline in OHC function in Ocmtm1a/tm1a mice than in Ocm+/+ 

mice at 3 months. A-B. DPOAE thresholds were measured at 8, 16, 24, and 32 kHz in GG WT and AA WT (A) 

and GG Ocm-KO and AA Ocm-KO (B) mice at 3 months of age. Sample sizes: GG WT, n = 11; AA WT, n = 10; GG 

Ocm-KO, n = 10; AA Ocm-KO, n = 7. Data are shown as means ± SEM. Two-way ANOVA with Bonferroni’s 

multiple comparisons tests were performed. *, 0.01 ≤ p < 0.05, **, 0.001 ≤ p < 0.01, ****, p < 0.0001. mo, month, GG 

WT, Cdh23753G/753G;Ocm+/+, AA WT, Cdh23753A/753A;Ocm+/+, GG Ocm-KO, Cdh23753G/753G;Ocmtm1a/tm1a, AA Ocm-KO, 

Cdh23753A/753A;Ocmtm1a/tm1a. 

2.4. Ocmtm1a/tm1a Mice Are More Susceptible to HPβCD-Induced Hearing Loss 

A body of evidence show that HPβCD causes rapid hearing loss and massive OHC damage in a 

dose-dependent manner in mice [35–40] and rats [41–45]. We and other research groups have 

reported that mice injected with a single subcutaneous dose of 8000 mg/kg HPβCD exhibit significant 

hearing loss within 1 week [35,37–39]. Our group has also observed significant OHC loss in mice as 

early as 24 hours after 8000 mg/kg HPβCD single subcutaneous injection [40]. However, no 

significant OHC loss is observed in mice 4 hours after 8000 mg/kg HPβCD single subcutaneous 

injection but the OHCs undergo structural deterioration showing uneven prestin staining [40]. To 

investigate whether the absence of OCM in mice affects OHC’s ability to resist ototoxic stress, we 

measured DPOAE thresholds at 8, 16, 24, and 32 kHz in 2-month-old WT and Ocm-KO mice 7 days 

before and 4 hours after either saline or 8000 mg/kg HPβCD single subcutaneous injection. We used 

WT and Ocm-KO mice heterozygous for the Cdh23753G→A mutation. We confirmed that there were no 

differences in DPOAE thresholds at 8-32 kHz between WT and Ocm-KO mice heterozygous for the 

Cdh23753G→A mutation at 2 months of age (data not shown). WT mice did not show changes in DPOAE 

thresholds after either saline (Figure 5A) or HPβCD (Figure 5B) injection. However, Ocm-KO mice 

showed a 19-22 dB increase in DPOAE thresholds at 16-32 kHz after HPβCD injection (Figure 5D), 

while saline injection did not change DPOAE thresholds in Ocm-KO mice (Figure 5C), indicating that 

HPβCD treatment leads to more hearing loss in Ocm-KO mice compared to WT mice. These data 

suggest that Ocm-KO mice are more susceptible to HPβCD-induced hearing loss compared to WT 

mice. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2026 doi:10.20944/preprints202604.0047.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.0047.v1
http://creativecommons.org/licenses/by/4.0/


 7 of 16 

 

 

Figure 5. HPβCD treatment results in greater hearing loss in Ocmtm1a/tm1a mice. A-D. DPOAE thresholds were 

measured at 8, 16, 24, and 32 kHz in 2-month-old WT (A-B) and Ocm-KO (C-D) mice 7 days before (PRE) and 4 

hours after (POST) either saline (A, C) or 8000 mg/kg HPβCD (B, D) single subcutaneous injection. Sample sizes: 

WT Saline, n = 3; WT HPβCD, n = 5; Ocm-KO Saline, n = 6; Ocm-KO HPβCD, n = 6. Data are shown as means ± 

SEM. Two-way ANOVA with Bonferroni’s multiple comparisons tests were performed. *, 0.01 ≤ p < 0.05, **, 0.001 

≤ p < 0.01. WT, Cdh23753G/753A;Ocm+/+, Ocm-KO, Cdh23753G/753A;Ocmtm1a/tm1a. 

2.5. Ocmtm1a/tm1a OHCs Are More Susceptible to HPβCD-Induced Structural Deterioration In Vivo 

To investigate whether the absence of OCM in mice affects OHC viability and morphology 

under HPβCD treatment conditions in vivo, we performed immunofluorescence in the cochleae from 

WT and Ocm-KO mice 4 or 24 hours after either saline or 8000 mg/kg HPβCD single subcutaneous 

injection. Cochlear whole mounts within the frequency range of 19.1-36.5 kHz were stained with anti-

prestin. As expected, there was minimal OHC loss in WT and Ocm-KO mice injected with saline 

regardless of the time when the cochleae were collected (Figure 6A, C, E). Significant OHC loss was 

observed in both WT and Ocm-KO mice 24 hours after HPβCD injection (data not shown). No 

significant OHC loss was also observed in WT or Ocm-KO mice 4 hours after HPβCD injection (Figure 

6B, D, E). As shown in Figure 6, OHCs from WT mice showed smooth prestin staining (Figure 6A-B), 

indicating that the OHCs are structurally intact. In contrast, OHCs from HPβCD-injected Ocm-KO 

mice showed more uneven prestin staining and variations in cell diameter compared to those from 

HPβCD-injected WT mice (Figure 6B, D), indicating that Ocm-KO OHCs undergo more structural 

deterioration compared to WT OHCs under HPβCD treatment conditions in vivo. In other words, 

while OHCs from HPβCD-injected Ocm-KO mice are still present in the OC, their function is 

compromised, as indicated by the DPOAE data. These results imply that Ocm-KO OHCs are more 

susceptible to HPβCD-induced structural deterioration compared to WT OHCs in vivo. 
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Figure 6. Ocmtm1a/tm1a OHCs undergo more structural deterioration under HPβCD treatment in vivo. A-D. 

Representative immunostaining images of the cochlear whole mounts within the frequency range of 19.1-36.5 

kHz from 2-month-old WT (A-B) and Ocm-KO (C-D) mice 4 hours after either saline (A, C) or 8000 mg/kg 

HPβCD (B, D) single subcutaneous injection. Cochleae were stained for prestin. Scale bar: 10 μm. E. A histogram 

showing average OHC loss observed in immunostaining samples treated with HPβCD or saline at different time 

points. Sample sizes: WT Saline 4-24 h, n = 3; WT HPβCD 4 h, n = 3; Ocm-KO Saline 4-24 h, n = 5; Ocm-KO HPβCD 

4 h, n = 3. Data are shown as means ± SEM. One-way ANOVA with Tukey’s multiple comparisons test was 

performed. h, hour, WT, Cdh23753G/753A;Ocm+/+, Ocm-KO, Cdh23753G/753A;Ocmtm1a/tm1a. 

2.6. Ocmtm1a/tm1a OHCs Are More Susceptible to HPβCD-Induced Rupture In Vitro 

To verify whether OHCs from Ocm-KO mice are more vulnerable to ototoxic stimulation, we 

performed time-lapse recording in the isolated OC from 1-month-old WT and Ocm-KO mice in the 

presence of 1 mM HPβCD. Isolated OC within the apical region of the cochlea were labeled using a 

cell-permeant vital dye calcein AM (acetoxymethyl ester) to identify viable OHCs with intact plasma 

membranes under in vitro HPβCD treatment conditions. Calcein AM is non-fluorescent until it enters 

live cells with intact plasma membranes, where intracellular esterases cleave it into green-fluorescent 

calcein, which is then cell-impermeable and trapped in the cytoplasm [46]. Calcein AM has been used 

to assess the viability of cochlear hair cells [47,48] and to evaluate the cytotoxicity of HPβCD on cell 

lines [49–51]. WT and Ocm-KO mice without the Cdh23753G→A mutation were used for the experiment. 

Time-lapse image recording of the OC was initiated 5 minutes after exposure to HPβCD. The OC 

images were captured with a 1-second interval for 20 minutes. “OHC swelling followed by rupture” 

events were observed in the isolated OC from both WT (Supplementary Movie 1) and Ocm-KO 

(Supplementary Movie 2) mice in the presence of 1 mM HPβCD. We also counted surviving OHCs 

from both WT and Ocm-KO samples at 5, 10, 15, 20, and 25 minutes time points after exposure to 1 

mM HPβCD. The percentage of OHC survival rate was calculated based on the OHC number in the 

initial OC image for each sample. OC isolated from WT mice showed OHC survival rates of 99%, 

93%, 83%, and 69% at 10, 15, 20, and 25 minutes after exposure to HPβCD, respectively (Figure 7A, 

C, E, G, I, K). In contrast, OC isolated from Ocm-KO mice exhibited OHC survival rates of 91%, 71%, 

45%, and 29% at the same time points (Figure 7B, D, F, H, J, K). Ocm-KO samples showed a statistically 

significant reduction in OHC survival compared to WT controls 20 and 25 minutes after exposure to 

HPβCD (Figure 7G-K). Together, these data indicate that OHCs from Ocm-KO mice undergo faster 

rupture events compared to OHCs from WT mice in vitro HPβCD treatment. These results align with 

in vivo sample data (Figure 6), showing that Ocm-KO OHCs are more prone to HPβCD-induced 

rupture compared to WT OHCs in vitro. 
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Figure 7. Ocmtm1a/tm1a OHCs undergo faster rupture events under HPβCD treatment in vitro. A-J. Representative 

time-lapse images of the isolated OC within the apical region of the cochlea from 1-month-old WT (A, C, E, G, 

I) and Ocm-KO (B, D, F, H, J) mice in the presence of 1 mM HPβCD. The isolated OC was labeled with calcein. 

The OC images captured 5 (A-B, initial images), 10 (C-D), 15 (E-F), 20 (G-H), and 25 (I-J) minutes after exposure 

to HPβCD are shown. Scale bar: 20 μm. K. OHC survival curve under HPβCD treatment in vitro. OHCs were 

counted in the isolated OC within the apical region of the cochlea from 1-month-old WT and Ocm-KO mice 5, 

10, 15, 20, and 25 minutes after exposure to 1 mM HPβCD. Sample sizes: WT HPβCD, n = 7; Ocm-KO HPβCD, n 

= 8. Data are shown as means ± SEM. Two-way ANOVA with Bonferroni’s multiple comparisons test was 

performed. ***, 0.0001 ≤ p < 0.001. min, minute, WT, Cdh23753G/753G;Ocmtm1c/tm1c for WT HPβCD (n = 3) in K and 

Cdh23753G/753G;Ocm+/+ for the others, Ocm-KO, Cdh23753G/753G;Ocmtm1a/tm1a. 

3. Discussion 

In this study, we developed a new Ocm-KO mouse model (Ocmtm1a/tm1a) using the ‘KO-first, 

conditional-ready’ strategy (Figure 1A) [1,33,34]. We validated this new Ocm-KO model at mRNA 

(Figure 1B), protein (Figure 1C-F), and physiological (Figures 2-4) levels. Our data indicate that OCM 

is not necessary for establishing hearing function but is essential for maintaining normal, healthy 

OHCs. This finding aligns with conclusions from targeted gene deletion Ocm-KO mouse models 

[18,19]. More importantly, our Ocmtm1a allele contains a loxP-flanked critical exon 3 of the Ocm gene 

as well as an FRT-flanked gene trapping cassette, making it a versatile tool for generating tissue- or 

time-specific Ocm-conditional KO mice. This is particularly important to further investigate the 

function of OCM. Research has demonstrated that OCM can be expressed and secreted by activated 

macrophages and neutrophils in response to injuries in the eye [52–54] and spinal cord [55,56]. OCM 

has been recognized as a neurotrophic factor in various peripheral systems, including the retina and 

spinal cord. Conducting conditional KO studies of OCM will be vital for determining whether OCM 

secreted by different cell types can stimulate the regrowth of injured cochlear spiral ganglion 

neurons. 

CDH23 is a non-classical cadherin that is a crucial component of the tip-links in the stereocilia 

of inner ear hair cells, where it plays an essential role in gating MET channels [3,4]. In humans, CDH23 

gene mutations cause Usher syndrome type 1D and nonsyndromic deafness DFNB12 [57,58]. Both 

mouse models and human data underscore the critical role of CDH23 for hearing. In a previous study, 

Ocm-KO mice on the B6 strain experienced hearing loss at an earlier age (3-4 months) compared to 

Ocm-KO mice on the CBA strain (5-7 months) [19]. It is unclear whether the difference in AHL 

progression between CBA Ocm-KO mice (slower) and B6 Ocm-KO mice (more rapid) is solely due to 

a Cdh23753G→A mutation or is combined with other possible strain-specific genetic contributors to AHL. 

In this study, we tested the impact of Cdh23753G→A on Ocm-KO mice derived from the same genetic 

background. Our data (Figures 2-4) suggest that a Cdh23753G→A mutation, rather than other possible 

strain-specific genetic contributors to AHL, is solely responsible for exacerbating the AHL 

phenotypes of Ocm-KO mice. Our findings are in line with previous reports that Cdh23753A>G single 

nucleotide substitutions attenuate AHL in B6 mice [59–62], in the sense that the presence or absence 
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of a Cdh23753G→A mutation makes a significant difference in hearing in mice on a uniform genetic 

background. 

Dysregulated intracellular Ca2+ homeostasis is implicated in hair cell death and hearing loss 

induced by ototoxic drugs, including aminoglycosides [63–65] and cisplatin [66–68]. However, there 

is limited knowledge regarding the role of Ca2+ buffering proteins, particularly OCM, in the 

vulnerability of OHCs to ototoxic agents. Our data from both in vitro and in vivo experiments 

indicate that the absence of OCM increases the susceptibility of OHCs to the ototoxic agent HPβCD. 

This response is similar to that observed in OHCs from Ocm-KO mice following noise exposure [69]. 

As OCM is the most abundant CaBP in OHCs, its absence leads to increased expression of multiple 

CaBPs and Ca2+-regulating purinergic receptors, including parvalbumin-α, sorcin, P2RX2, P2RX3, 

and P2RX7, to compensate for the loss of OCM’s function [70,71]. However, these compensatory 

proteins may not effectively manage excess Ca2+ influx under stressful conditions, such as exposure 

to HPβCD or excess noise exposure. The disruption of intracellular Ca2+ homeostasis is likely to result 

in OHCs from Ocm-KO mice being more susceptible to stress treatment. 

We have previously shown that a prestin-dependent mechanism plays a role in HPβCD 

ototoxicity. Prestin is a cholesterol-binding protein located in the lateral membrane of OHCs and is 

the most abundant membrane protein in these cells, occupying a significant portion of the lateral 

membrane [37,38,72,73]. OCM is the most abundant cytoplasmic protein found in mature OHCs. 

Since both prestin and Ocm are downregulated by the microRNA miR-96 and the transcription factor 

Helios [74,75], the absence of OCM may alter the expression of prestin in OHCs, potentially making 

the membrane of OHCs from Ocm-KO mice more fragile. More experimental data is needed to further 

investigate the connection between OCM and prestin, two special proteins in OHCs. 

In summary, we have developed a new Ocm transgenic mouse model to further investigate the 

multiple functions of OCM. Our data confirm that without OCM, OHCs become more susceptible to 

stress conditions, resulting in the early onset of AHL. Additionally, our data suggest that a 

Cdh23753G→A mutation solely exacerbates the earlier onset of AHL in Ocm-KO mice. 

4. Materials and Methods 

4.1. Animals 

All experimental procedures were conducted in accordance with the Guide for the Care and Use 

of Laboratory Animals by NIH and approved by Northwestern University’s Institutional Animal 

Care and Use Committee. To generate a new Ocm-KO mouse model based on the ‘KO-first, 

conditional-ready’ design [1,33,34], Ocmtm1a(EUCOMM)Wtsi (Ocmtm1a, MGI: 4431716), embryonic stem cells 

(C57BL/6N-Atm1Brd-derived JM8A3.N1) that target the Ocm gene were purchased from the Wellcome 

Sanger Institute and injected into the blastocysts of C57BL/6 mice by the Transgenic and Targeted 

Mutagenesis Laboratory at Northwestern University. A chimeric male mouse was mated with 

sighted FVB female mice (JAX: 004828) to produce mice on an FVB;B6 genetic background. FVB mice 

have the WT Cdh23 genotype (Cdh23753G/753G) while B6 mice have the mutant Cdh23 genotype 

(Cdh23753A/753A) [26]. To establish the Ocmtm1a strain with or without the Cdh23753G→A mutation, F1 mice 

heterozygous for both Cdh23 and Ocm (Cdh23753G/753A;Ocmtm1a/+) were used for brother x sister matings 

to produce F2 mice. F3 to F5 mice were produced by heterozygous or homozygous cross. Most data 

were collected from the following mice: Cdh23753A/753A;Ocm+/+ (AA WT), Cdh23753A/753A;Ocmtm1a/tm1a (AA 

Ocm-KO), Cdh23753G/753G;Ocm+/+ (GG WT), Cdh23753G/753G;Ocmtm1a/tm1a (GG Ocm-KO), Cdh23753G/753A;Ocm+/+ 

(GA WT), and Cdh23753G/753A;Ocmtm1a/tm1a (GA Ocm-KO). The Ocmtm1a strain was further mated with 

ACTB:FLPe B6J mice (JAX: 005703) to generate the Ocmtm1c strain that restores Ocm gene expression 

by the FLP-FRT recombination (Supplementary Figure 1A). We confirmed that Ocmtm1c/tm1c mice 

expressed OCM protein in the OHCs of the cochlea (Supplementary Figure 1B-C) and displayed 

normal hearing at 12 months (data not shown). Data collected from 3 Cdh23753G/753G;Ocmtm1c/tm1c mice 

were added to Figure 7K. Genotyping was outsourced to Transnetyx. Both males and females were 

used in this study. 
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4.2. RT-qPCR 

Mice were euthanized with CO2 and cochleae were dissected out. Total RNA was isolated from 

cochlear tissues using the Quick-RNA Miniprep Plus Kit (Zymo Research), and cDNA was 

synthesized using the SuperScript IV VILO Master Mix (Thermo Fisher Scientific) according to the 

manufacturer’s instructions. 100 ng of total RNA was used for cDNA synthesis in a 20 μl reaction. 

qPCR was performed using the PowerTrack SYBR Green Master Mix (Thermo Fisher Scientific) on 

the QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher Scientific) according to the 

manufacturer’s instructions. The relative mRNA level of Ocm was normalized to a reference gene 

B2m (beta-2 microglobulin) [76] and calculated using the 2-ΔΔCt method [77]. Primer sequences for 

qPCR were as follows: Ocm forward 5’-ATGAGCATCACGGACATTCTGAGC-3’, Ocm reverse 5’-

CTGGCAGACATCTTGGAGAGGC-3’, B2m forward 5′-TGGTCTTTCTGGTGCTTGTC-3′, and B2m 

reverse 5′-GGGTGGAACTGTGTTACGTAG-3′ [71]. 

4.3. Immunofluorescence 

Mice were euthanized with Euthasol (200 mg/kg). Cochleae were dissected out and fixed with 

4% formaldehyde in PBS for 2 hours at room temperature or overnight at 4 °C. Cochleae were then 

decalcified with 10% EDTA (pH 7.4) for 2 days at 4 °C and micro-dissected into 5 pieces for whole 

mount processing as we previously described [40,78]. Cochlear whole mounts were blocked with 5% 

normal donkey serum, 0.2% saponin in TBS (tris-buffered saline) for 1 hour at room temperature and 

incubated overnight at 4 °C with the following primary antibodies diluted in 1% normal donkey 

serum, 0.2% saponin in TBS: goat anti-OCM (Santa Cruz Biotechnology, sc-7446, 1:500), rabbit anti-

MYO7A (myosin VIIA, Proteus BioSciences, 25-6790, 1:200), or rabbit anti-prestin (N-terminus of 

mouse prestin [79], 1:1000). Cochlear samples were then incubated for 2 hours at room temperature 

with the following secondary antibodies diluted in 1% normal donkey serum, 0.2% saponin in TBS: 

donkey anti-goat Alexa Fluor 546 (Thermo Fisher Scientific, A-11056, 1:500) or donkey anti-rabbit 

Alexa Fluor 488 (Thermo Fisher Scientific, A-21206, 1:500) and mounted with the Dako Fluorescence 

Mounting Medium (Agilent Technologies). Images were captured using a fluorescence microscope 

(Keyence, BZ-X810) or a confocal microscope (Nikon, ECLIPSE Ti) with 20X or 60X objectives 

controlled by the BZ-X800 Viewer (Keyence) or the NIS-Elements (Nikon) respectively. OHC 

counting was performed as we previously described [40,78]. The OHCs stained with anti-prestin or 

anti-MYO7A were counted using ImageJ (NIH) in the cochlear segment 3 that corresponds to the 

frequency range of 19.1-36.5 kHz. The percentage of OHC loss was then calculated based on the 

average OHC number in the cochlear segment 3 collected from 5 sighted FVB mice. 

4.4. DPOAE 

Distortion product otoacoustic emission (DPOAE) tests were performed using the RZ6 Multi I/O 

Processor (Tucker-Davis Technologies, TDT) controlled by the BioSigRZ (TDT) according to the 

manufacturer’s instructions. Mice were anesthetized with ketamine (100 mg/kg) and xylazine (10 

mg/kg) by intraperitoneal injection. During testing, body temperature was maintained using a 

heating pad. The ear tip of the ER10B+ microphone system (Etymotic Research) that was connected 

to two MF1 speakers (TDT) was positioned in the left ear canal. The level of the distortion product at 

2f1-f2 was collected by presenting two primary tones. The tone frequencies f1 and f2 had a f2/f1 ratio 

of 1.2 and were geometrically centered about 8, 16, 24, and 32 kHz. At each center frequency, the tone 

levels L1 and L2 remained equal and were reduced in 10 dB steps from 80 to 20 dB SPL. To analyze 

DPOAE data, a Fast Fourier Transform (FFT) was performed using a modified version of the 

MATLAB (MathWorks) code developed by Tan et al. [80]. The DPOAE input-output function was 

acquired, and the DPOAE threshold was defined as the level of f1 and f2 (L1=L2) required to produce 

a DPOAE of 0 dB SPL [38]. If no DPOAE response was detected at the maximum stimulus level, the 

threshold was arbitrarily assigned as a value one-step size greater than the maximum stimulus level 

[81]. 
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4.5. HPβCD Treatment In Vivo 

HPβCD (2-hydroxypropyl-β-cyclodextrin, MilliporeSigma, H107) was dissolved in saline (0.9% 

Sodium Chloride Injection, USP, ICU Medical). Both HPβCD and vehicle control solutions were filter 

sterilized. Mice were injected with a single subcutaneous dose of either 8000 mg/kg HPβCD or 

equivalent vehicle control as we previously described [37,38,40]. DPOAE tests were performed 7 days 

before and 4 hours after injection. Cochleae were collected 4 or 24 hours after injection for 

immunofluorescence. 

4.6. HPβCD Treatment In Vitro 

In vitro analysis of HPβCD-treated WT and Ocm-KO OHCs was performed by time-lapse 

recording as we previously described [37]. A cell-permeant vital dye calcein AM (acetoxymethyl 

ester) was used to identify viable OHCs with intact plasma membranes under in vitro HPβCD 

treatment conditions. HPβCD (MilliporeSigma, H107) was dissolved in HBSS (Hanks’ Balanced Salt 

Solution, Thermo Fisher Scientific, 14025). Calcein AM (Thermo Fisher Scientific, C3100) was 

dissolved in DMSO (Thermo Fisher Scientific, D12345). Mice were euthanized with CO2 and cochleae 

were dissected out. The OC within the apical region of the cochlea were carefully removed as we 

previously described [73]. The isolated OC was placed in HBSS containing 1 mM HPβCD and 1 μM 

calcein AM/0.1% DMSO. The osmolality of the solution was measured to ensure that it is 310 

mmol/kg. Imaging of OC was initiated 5 minutes after exposure to HPβCD. The OC images were 

captured with a 1-second interval for 20 minutes using an inverted fluorescence microscope (Leica, 

DM IRB) with a 40X objective controlled by the Micro-Manager [82]. The OHCs labeled with calcein 

were counted using ImageJ (NIH) in the OC images captured 5, 10, 15, 20, and 25 minutes after 

exposure to HPβCD. 

4.7. Statistics 

Two-way ANOVA (analysis of variance) with Bonferroni’s multiple comparisons tests were 

performed using Prism (GraphPad Software) to analyze DPOAE thresholds, OHC loss with age, and 

OHC survival under in vitro HPβCD treatment conditions. One-way ANOVA with Tukey’s multiple 

comparisons test was conducted using Prism (GraphPad Software) to analyze OHC loss under in 

vivo HPβCD treatment conditions. Unpaired two-tailed Student’s t-test was carried out using Prism 

(GraphPad Software) to analyze relative mRNA levels of Ocm. Values of p < 0.05 were considered to 

indicate statistical significance. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. Supplementary Figure 1. Ocmtm1c/tm1c is a pseudo-WT mouse model. A. 

Schematic diagram of the Ocmtm1c allele that restores Ocm gene expression. The Ocmtm1c strain was generated 

by mating the Ocmtm1a strain with ACTB:FLPe B6J mice. The Flp recombinase expressed in ACTB:FLPe B6J 

mice removed the FRT-flanked gene trapping cassette while leaving a critical exon 3 of the Ocm gene flanked by 

loxP sites. B-C. Ocmtm1c/tm1c mice express OCM protein in the OHCs of the cochlea. OCM immunolabeling 

was detected in the OHCs of Ocmtm1c/tm1c mice at a similar level to WT mice. Representative immunostaining 

images of the cochlear whole mounts within the frequency range of 19.1-36.5 kHz from 2-month-old WT (B) and 

Ocmtm1c/tm1c (C) mice. Cochleae were stained for OCM (red) and MYO7A (green). Scale bar: 100 μm. WT, 

Cdh23753G/753G;Ocm+/+, Ocmtm1c/tm1c, Cdh23753G/753G;Ocmtm1c/tm1c. Supplementary Movie 1. 

Representative time-lapse recording of the isolated OC within the apical region of the cochlea from a 1-month-

old WT mouse in the presence of 1 mM HPβCD. Isolated OC were labeled with calcein. Imaging of OC was 

initiated 5 minutes after exposure to HPβCD. The OC images were captured with a 1-second interval for 20 

minutes. Scale bar: 20 μm. WT, Cdh23753G/753G;Ocm+/+. Supplementary Movie 2. Representative time-lapse 

recording of the isolated OC within the apical region of the cochlea from a 1-month-old Ocm-KO mouse in the 

presence of 1 mM HPβCD. Isolated OC were labeled with calcein. Imaging of OC was initiated 5 minutes after 
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exposure to HPβCD. The OC images were captured with a 1-second interval for 20 minutes. Scale bar: 20 μm. 

Ocm-KO, Cdh23753G/753G;Ocmtm1a/tm1a. 

Author Contributions: J.Z. designed and performed some of the experiments. M.K performed most of 

experiments and analyzed the data. Y.Z. and R.J.F performed some of the experiments. M.K and J.Z. wrote the 

manuscript with input from all other authors. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data and Materials Availability: All data, including the original images, will be made available upon request 

to the corresponding author. 

Acknowledgments: We thank Dr. Homma of Northwestern University for providing training and instruments 

for in vitro experiments. This work was supported by the Hugh Knowles Leadership Fund Award, 

R56DC020542, and HT94252310730 to J.Z. Imaging was conducted at the Northwestern University Center for 

Advanced Microscopy, which is supported by NCI CCSG P30 CA060553 and NIH 1S10OD016342-01. Ocmtm1a 

mouse line was generated by the Transgenic and Targeted Mutagenesis Laboratory of Northwestern University. 

Real-Time Quantitative PCR was conducted at the NUSeq core facility of Northwestern University. 

Conflicts of Interest: No conflicts of interest for all authors. 

References 

1. Skarnes, W.C., et al., A conditional knockout resource for the genome-wide study of mouse gene function. Nature, 

2011. 474(7351): p. 337-42. 

2. Reed, N.S., K. Jiang, and J.A. Deal, Hearing Loss Among Older Adults: Epidemiology, Disparities, and Gaps in 

Research. Annu Rev Public Health, 2025. 

3. Siemens, J., et al., Cadherin 23 is a component of the tip link in hair-cell stereocilia. Nature, 2004. 428(6986): p. 

950-5. 

4. Kazmierczak, P., et al., Cadherin 23 and protocadherin 15 interact to form tip-link filaments in sensory hair cells. 

Nature, 2007. 449(7158): p. 87-91. 

5. Brownell, W.E., et al., Evoked mechanical responses of isolated cochlear outer hair cells. Science, 1985. 227(4683): 

p. 194-6. 

6. Zheng, J., et al., Prestin is the motor protein of cochlear outer hair cells. Nature, 2000. 405(6783): p. 149-55. 

7. Dallos, P., et al., Prestin-based outer hair cell motility is necessary for mammalian cochlear amplification. Neuron, 

2008. 58(3): p. 333-9. 

8. Fettiplace, R., Hair Cell Transduction, Tuning, and Synaptic Transmission in the Mammalian Cochlea. Compr 

Physiol, 2017. 7(4): p. 1197-1227. 

9. Keithley, E.M., Pathology and mechanisms of cochlear aging. J Neurosci Res, 2020. 98(9): p. 1674-1684. 

10. Wu, P.Z., et al., Age-Related Hearing Loss Is Dominated by Damage to Inner Ear Sensory Cells, Not the Cellular 

Battery That Powers Them. J Neurosci, 2020. 40(33): p. 6357-6366. 

11. Fettiplace, R. and J.H. Nam, Tonotopy in calcium homeostasis and vulnerability of cochlear hair cells. Hear Res, 

2019. 376: p. 11-21. 

12. Senarita, M., et al., Calcium-binding proteins in organ of Corti and basilar papilla: CBP-15, an unidentified calcium-

binding protein of the inner ear. Hear Res, 1995. 90(1-2): p. 169-75. 

13. Thalmann, I., et al., Detection of a beta-parvalbumin isoform in the mammalian inner ear. Biochem Biophys Res 

Commun, 1995. 215(1): p. 142-7. 

14. Henzl, M.T., et al., Oncomodulin is abundant in the organ of Corti. Hear Res, 1997. 106(1-2): p. 105-11. 

15. Sakaguchi, N., et al., Oncomodulin is expressed exclusively by outer hair cells in the organ of Corti. J Histochem 

Cytochem, 1998. 46(1): p. 29-40. 

16. Hackney, C.M., et al., The concentrations of calcium buffering proteins in mammalian cochlear hair cells. J Neurosci, 

2005. 25(34): p. 7867-75. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2026 doi:10.20944/preprints202604.0047.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.0047.v1
http://creativecommons.org/licenses/by/4.0/


 14 of 16 

 

17. Pangrsic, T., et al., EF-hand protein Ca2+ buffers regulate Ca2+ influx and exocytosis in sensory hair cells. Proc 

Natl Acad Sci U S A, 2015. 112(9): p. E1028-37. 

18. Tong, B., et al., Oncomodulin, an EF-Hand Ca2+ Buffer, Is Critical for Maintaining Cochlear Function in Mice. J 

Neurosci, 2016. 36(5): p. 1631-5. 

19. Climer, L.K., et al., Deletion of Oncomodulin Gives Rise to Early Progressive Cochlear Dysfunction in C57 and 

CBA Mice. Front Aging Neurosci, 2021. 13: p. 749729. 

20. Lachgar-Ruiz, M., et al., Two new mouse alleles of Ocm and Slc26a5. Hear Res, 2024. 452: p. 109109. 

21. Li, H.S. and E. Borg, Age-related loss of auditory sensitivity in two mouse genotypes. Acta Otolaryngol, 1991. 

111(5): p. 827-34. 

22. Zheng, Q.Y., K.R. Johnson, and L.C. Erway, Assessment of hearing in 80 inbred strains of mice by ABR threshold 

analyses. Hear Res, 1999. 130(1-2): p. 94-107. 

23. Johnson, K.R., Q.Y. Zheng, and K. Noben-Trauth, Strain background effects and genetic modifiers of hearing in 

mice. Brain Res, 2006. 1091(1): p. 79-88. 

24. Johnson, K.R., et al., A major gene affecting age-related hearing loss in C57BL/6J mice. Hear Res, 1997. 114(1-2): 

p. 83-92. 

25. Johnson, K.R., Q.Y. Zheng, and L.C. Erway, A major gene affecting age-related hearing loss is common to at least 

ten inbred strains of mice. Genomics, 2000. 70(2): p. 171-80. 

26. Noben-Trauth, K., Q.Y. Zheng, and K.R. Johnson, Association of cadherin 23 with polygenic inheritance and 

genetic modification of sensorineural hearing loss. Nat Genet, 2003. 35(1): p. 21-3. 

27. Newton, S., C. Aguilar, and M.R. Bowl, C57BL/6-derived mice and the Cdh23(ahl) allele - Background matters. 

Hear Res, 2025. 462: p. 109278. 

28. Kane, K.L., et al., Genetic background effects on age-related hearing loss associated with Cdh23 variants in mice. 

Hear Res, 2012. 283(1-2): p. 80-8. 

29. Coisne, C., et al., Cyclodextrins as Emerging Therapeutic Tools in the Treatment of Cholesterol-Associated Vascular 

and Neurodegenerative Diseases. Molecules, 2016. 21(12). 

30. Ishitsuka, Y., T. Irie, and M. Matsuo, Cyclodextrins applied to the treatment of lysosomal storage disorders. Adv 

Drug Deliv Rev, 2022. 191: p. 114617. 

31. Braga, S.S., Molecular Mind Games: The Medicinal Action of Cyclodextrins in Neurodegenerative Diseases. 

Biomolecules, 2023. 13(4). 

32. Crumling, M.A., K.A. King, and R.K. Duncan, Cyclodextrins and Iatrogenic Hearing Loss: New Drugs with 

Significant Risk. Front Cell Neurosci, 2017. 11: p. 355. 

33. Testa, G., et al., A reliable lacZ expression reporter cassette for multipurpose, knockout-first alleles. Genesis, 2004. 

38(3): p. 151-8. 

34. Coleman, J.L., et al., Rapid Knockout and Reporter Mouse Line Generation and Breeding Colony Establishment 

Using EUCOMM Conditional-Ready Embryonic Stem Cells: A Case Study. Front Endocrinol (Lausanne), 2015. 

6: p. 105. 

35. Crumling, M.A., et al., Hearing loss and hair cell death in mice given the cholesterol-chelating agent hydroxypropyl-

beta-cyclodextrin. PLoS One, 2012. 7(12): p. e53280. 

36. Cronin, S., et al., Hearing Loss and Otopathology Following Systemic and Intracerebroventricular Delivery of 2-

Hydroxypropyl-Beta-Cyclodextrin. J Assoc Res Otolaryngol, 2015. 16(5): p. 599-611. 

37. Takahashi, S., et al., Susceptibility of outer hair cells to cholesterol chelator 2-hydroxypropyl-beta-cyclodextrine is 

prestin-dependent. Sci Rep, 2016. 6: p. 21973. 

38. Zhou, Y., et al., The susceptibility of cochlear outer hair cells to cyclodextrin is not related to their electromotile 

activity. Acta Neuropathol Commun, 2018. 6(1): p. 98. 

39. Lee, M.Y., et al., ROS Scavenger, Ebselen, Has No Preventive Effect in New Hearing Loss Model Using a 

Cholesterol-Chelating Agent. J Audiol Otol, 2019. 23(2): p. 69-75. 

40. Zheng, J., et al., Verification of Outer Hair Cell Motor Protein, Prestin, as a Serological Biomarker for Mouse 

Cochlear Damage. Int J Mol Sci, 2024. 25(13). 

41. Liu, X., et al., 2-Hydroxypropyl-beta-cyclodextrin Ototoxicity in Adult Rats: Rapid Onset and Massive Destruction 

of Both Inner and Outer Hair Cells Above a Critical Dose. Neurotox Res, 2020. 38(3): p. 808-823. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2026 doi:10.20944/preprints202604.0047.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.0047.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 16 

 

42. Ding, D., et al., Hydroxypropyl-beta-cyclodextrin causes massive damage to the developing auditory and vestibular 

system. Hear Res, 2020. 396: p. 108073. 

43. Ding, D., H. Jiang, and R. Salvi, Cochlear spiral ganglion neuron degeneration following cyclodextrin-induced 

hearing loss. Hear Res, 2021. 400: p. 108125. 

44. Ding, D., et al., Spatiotemporal Developmental Upregulation of Prestin Correlates With the Severity and Location 

of Cyclodextrin-Induced Outer Hair Cell Loss and Hearing Loss. Front Cell Dev Biol, 2021. 9: p. 643709. 

45. Manohar, S., et al., Combined antioxidants and anti-inflammatory therapies fail to attenuate the early and late phases 

of cyclodextrin-induced cochlear damage and hearing loss. Hear Res, 2022. 414: p. 108409. 

46. Bratosin, D., et al., Novel fluorescence assay using calcein-AM for the determination of human erythrocyte viability 

and aging. Cytometry A, 2005. 66(1): p. 78-84. 

47. Lowenheim, H., et al., Determination of hair cell degeneration and hair cell death in neomycin treated cultures of 

the neonatal rat cochlea. Hear Res, 1999. 128(1-2): p. 16-26. 

48. Cartagena-Rivera, A.X., et al., Cochlear outer hair cell horizontal top connectors mediate mature stereocilia bundle 

mechanics. Sci Adv, 2019. 5(2): p. eaat9934. 

49. Kolarova, H., et al., In vitro toxicity testing of supramolecular sensitizers for photodynamic therapy. Toxicol In 

Vitro, 2003. 17(5-6): p. 775-8. 

50. Tanaka, Y., et al., Influence of Npc1 genotype on the toxicity of hydroxypropyl-beta-cyclodextrin, a potentially 

therapeutic agent, in Niemann-Pick Type C disease models. Mol Genet Metab Rep, 2014. 1: p. 19-30. 

51. Ignat, S.R., et al., Complexation with Random Methyl-beta-Cyclodextrin and (2-Hydroxypropyl)-beta-Cyclodextrin 

Promotes Chrysin Effect and Potential for Liver Fibrosis Therapy. Materials (Basel), 2020. 13(21). 

52. Yin, Y., et al., Oncomodulin is a macrophage-derived signal for axon regeneration in retinal ganglion cells. Nat 

Neurosci, 2006. 9(6): p. 843-52. 

53. Yin, Y., et al., Oncomodulin links inflammation to optic nerve regeneration. Proc Natl Acad Sci U S A, 2009. 

106(46): p. 19587-92. 

54. Kurimoto, T., et al., Neutrophils express oncomodulin and promote optic nerve regeneration. J Neurosci, 2013. 

33(37): p. 14816-24. 

55. Kwon, M.J., et al., Contribution of macrophages to enhanced regenerative capacity of dorsal root ganglia sensory 

neurons by conditioning injury. J Neurosci, 2013. 33(38): p. 15095-108. 

56. Kwon, M.J., et al., Nanogel-mediated delivery of oncomodulin secreted from regeneration-associated macrophages 

promotes sensory axon regeneration in the spinal cord. Theranostics, 2022. 12(13): p. 5856-5876. 

57. Bork, J.M., et al., Usher syndrome 1D and nonsyndromic autosomal recessive deafness DFNB12 are caused by allelic 

mutations of the novel cadherin-like gene CDH23. Am J Hum Genet, 2001. 68(1): p. 26-37. 

58. Astuto, L.M., et al., CDH23 mutation and phenotype heterogeneity: a profile of 107 diverse families with Usher 

syndrome and nonsyndromic deafness. Am J Hum Genet, 2002. 71(2): p. 262-75. 

59. Mianne, J., et al., Correction of the auditory phenotype in C57BL/6N mice via CRISPR/Cas9-mediated homology 

directed repair. Genome Med, 2016. 8(1): p. 16. 

60. Miyasaka, Y., et al., Heterozygous mutation of Ush1g/Sans in mice causes early-onset progressive hearing loss, 

which is recovered by reconstituting the strain-specific mutation in Cdh23. Hum Mol Genet, 2016. 25(10): p. 2045-

2059. 

61. Johnson, K.R., et al., Effects of Cdh23 single nucleotide substitutions on age-related hearing loss in C57BL/6 and 

129S1/Sv mice and comparisons with congenic strains. Sci Rep, 2017. 7: p. 44450. 

62. Yasuda, S.P., et al., c.753A>G genome editing of a Cdh23(ahl) allele delays age-related hearing loss and degeneration 

of cochlear hair cells in C57BL/6J mice. Hear Res, 2020. 389: p. 107926. 

63. Esterberg, R., et al., Disruption of intracellular calcium regulation is integral to aminoglycoside-induced hair cell 

death. J Neurosci, 2013. 33(17): p. 7513-25. 

64. Esterberg, R., et al., ER-mitochondrial calcium flow underlies vulnerability of mechanosensory hair cells to damage. 

J Neurosci, 2014. 34(29): p. 9703-19. 

65. Esterberg, R., et al., Mitochondrial calcium uptake underlies ROS generation during aminoglycoside-induced hair 

cell death. J Clin Invest, 2016. 126(9): p. 3556-66. 

66. Lu, J., et al., Cisplatin induces calcium ion accumulation and hearing loss by causing functional alterations in 

calcium channels and exocytosis. Am J Transl Res, 2019. 11(11): p. 6877-6889. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2026 doi:10.20944/preprints202604.0047.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.0047.v1
http://creativecommons.org/licenses/by/4.0/


 16 of 16 

 

67. Zhao, H., et al., Cisplatin induces damage of auditory cells: Possible relation with dynamic variation in calcium 

homeostasis and responding channels. Eur J Pharmacol, 2022. 914: p. 174662. 

68. Lee, D.S., et al., Cisplatin drives mitochondrial dysregulation in sensory hair cells. bioRxiv, 2024. 

69. Murtha, K.E., et al., Absence of oncomodulin increases susceptibility to noise-induced outer hair cell death and alters 

mitochondrial morphology. Front Neurol, 2024. 15: p. 1435749. 

70. Murtha, K.E., et al., Oncomodulin (OCM) uniquely regulates calcium signaling in neonatal cochlear outer hair cells. 

Cell Calcium, 2022. 105: p. 102613. 

71. Yang, Y., et al., Oncomodulin regulates spontaneous calcium signalling and maturation of afferent innervation in 

cochlear outer hair cells. J Physiol, 2023. 601(19): p. 4291-4308. 

72. Cheatham, M.A., et al., Prestin-Dependence of Outer Hair Cell Survival and Partial Rescue of Outer Hair Cell Loss 

in PrestinV499G/Y501H Knockin Mice. PLoS One, 2015. 10(12): p. e0145428. 

73. Takahashi, S., et al., Prestin Contributes to Membrane Compartmentalization and Is Required for Normal 

Innervation of Outer Hair Cells. Front Cell Neurosci, 2018. 12: p. 211. 

74. Lewis, M.A., et al., An ENU-induced mutation of miR-96 associated with progressive hearing loss in mice. Nat 

Genet, 2009. 41(5): p. 614-8. 

75. Chessum, L., et al., Helios is a key transcriptional regulator of outer hair cell maturation. Nature, 2018. 563(7733): 

p. 696-700. 

76. Melgar-Rojas, P., et al., Validation of Reference Genes for RT-qPCR Analysis in Noise-Induced Hearing Loss: A 

Study in Wistar Rat. PLoS One, 2015. 10(9): p. e0138027. 

77. Livak, K.J. and T.D. Schmittgen, Analysis of relative gene expression data using real-time quantitative PCR and 

the 2(-Delta Delta C(T)) Method. Methods, 2001. 25(4): p. 402-8. 

78. Tan, X., et al., Systemic application of honokiol prevents cisplatin ototoxicity without compromising its antitumor 

effect. Am J Cancer Res, 2020. 10(12): p. 4416-4434. 

79. Zheng, J., et al., The C-terminus of prestin influences nonlinear capacitance and plasma membrane targeting. J Cell 

Sci, 2005. 118(Pt 13): p. 2987-96. 

80. Tan, X., et al., Auditory Neural Activity in Congenitally Deaf Mice Induced by Infrared Neural Stimulation. Sci 

Rep, 2018. 8(1): p. 388. 

81. Chung, Y., et al., Functional, sustained recovery of hearing in Otoferlin-deficient mice using DB-OTO, a hair-cell-

specific AAV-based gene therapy. Mol Ther Methods Clin Dev, 2025. 33(4): p. 101577. 

82. Edelstein, A.D., et al., Advanced methods of microscope control using muManager software. J Biol Methods, 2014. 

1(2). 

 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2026 doi:10.20944/preprints202604.0047.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.0047.v1
http://creativecommons.org/licenses/by/4.0/

