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The role of microtubule-associated proteins (MAPs) in neuronal morphogenesis is well-investigated; however, their specific contribution to the sensory nervous system remains largely unexplored. In this study, we examined the role of MAP2 in auditory sensing, which critically depends on the cytoskeletal structure. Four-week-old Map2 homozygous knockout (Map2−/−) mice exhibited auditory sensitivity equivalent to that of wild-type mice. However, auditory brainstem responses (ABRs) revealed that 16-week-old Map2−/− mice exhibited a 30-dB reduction in hearing sensitivity, with a more pronounced effect at higher frequencies. The ABR wave V peak latency pattern showed a loss of non-linearity in 16-week-old Map2−/− mice. The latency of the ABR wave V further suggested that this reduction was not due to conductive hearing loss. Whole-mount cochlear immunostaining indicated that MAP2 was expressed in the cell bodies of cochlear inner hair cells (IHCs) and outer hair cells (OHCs) in wildtype mice. Notably, MAP2 expression in cochlear hair cells was higher in the basal region, Map2−/− mice had fewer OHCs in the base region, corresponding to high-frequency hearing aligned with ABR measurements. Furthermore, the density and morphology of spiral ganglion neurons were not affected by the loss of MAP2. These findings suggest that MAP2 contributes to the maintenance of hearing sensitivity and plays an important role in cochlear hair cells, particularly in the high-frequency range.
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1 Introduction

Hearing loss is the most common sensory disorder, affecting 5% of the global population (Sheffield and Smith, 2019; Wilson et al., 2017). It is influenced by both genetic and environmental factors, each of which is significant for the development and progression of the condition (Zheng et al., 2005; Xuan et al., 2020; Esfahani et al., 2017; Natarajan et al., 2017). Hearing loss caused by genetic mutations accounts for half of all cases of non-syndromic hearing loss. Recent advances in genome sequencing have led to the identification of more than 100 causative genes (Herediary Hearing Loss Homepage, 2024). Genes responsible for hearing loss are mainly involved in functions such as the development and physiology of the inner ear, the hair cell cytoskeleton, hair cell adhesion, intracellular transport, ion hemostasis, the extracellular matrix, and transcription factors (Zhou et al., 2023; Liu et al., 2021; Ingham et al., 2021; Zheng et al., 2009; Robles and Ruggero, 2001). Despite these advances, the causes of 20% of genetic hearing-loss cases remain unidentified, highlighting the need to identify the unknown contributing genetic factors.

The auditory system receives sounds as mechanical vibrations and converts them into electrophysiological responses in cochlear hair cells, which have unique cytoskeletal structures. Inner ear hair cells are highly differentiated, polarized epithelial cells with stereocilial bundles at the apical surface. The stereocilia involve arranged filamentous actin (F-actin) with associated proteins. Furthermore, these are inserted into and supported by a dense mesh of crosslinked F-actin known as the cuticular plate and are also supported by the microtubule network. Because normal hearing necessitates the sensing of nanoscale mechanical motion, which is much smaller than the stereocilial diameter, the cytoarchitectural integrity of hair cells is highly critical. Thus, mutations in genes encoding such cytoskeletal proteins cause deafness.

Mutations in the γ-actin (Actg1) gene, encoding a major isoform of actin in stereocilia, cause autosomal dominant progressive hearing defects in humans (Rendtorff et al., 2006). Trio and F-actin binding protein (TRIOBP) is a protein that organizes the root structures of stereocilia, and its deficiency causes non-syndromic recessive deafness due to decreased stiffness and the degeneration of stereocilia (Kitajiri et al., 2010). Recently, genetic mutations in the Tubb4b gene, encoding an isotype of beta-tubulin, have been found to be associated with early-onset deafness (Maasz et al., 2022). Such tubulinopathies imply that the structures or functions of microtubules are also essential for hearing functions (Bodenbender et al., 2024). Microtubules are tubule-like polymers composed of alpha/beta-tubulin, and they have structural flexibility called dynamic instability that is associated with cellular functions (Conde and Cáceres, 2009; Kaverina and Straube, 2011; Huang et al., 2022). Microtubule stability is regulated by many binding factors, including microtubule associated proteins (MAPs). Thus, it is plausible that MAP dysfunctions can affect hearing ability.

Among the key MAPs involved in microtubule dynamics, MAP2 is a prominent phosphoprotein. MAP2 is localized in the cell bodies and dendrites of mature neurons, with minimal expression in axons (Bernhardt and Matus, 1984; Camilli De et al., 1984). It is a widely used marker for neuronal dendrites. MAP2 binds to microtubules and contributes to their polymerization and stabilization (Itoh and Hotani, 1994; Gamblin et al., 1996). In neuronal dendrites, MAP2 binds to various protein kinases, including protein kinase (PKA), and localizes them to dendrites, thereby regulating microtubule dynamics and contributing to neuronal morphological changes (Obar et al., 1989; Rubino et al., 1989; Slepecky and Ulfendahl, 1992). Consequently, the expression and proper function of MAP2 are essential for normal neuronal development, synaptic plasticity, and the overall stability of neural circuits. The MAP2 gene homolog has been conserved throughout evolution, from invertebrates to mammals. Although the deletion of this gene in mice induces decreased dendrite outgrowth and abnormal PKA localization, it does not result in any lethal phenotypic abnormalities, unless these mice are crossed with Map1b-knockout mice (Teng et al., 2001). Thus, the significance of this protein in individual organisms remains largely unclear.

In addition to the soma and dendrites of neurons, MAP2 is expressed in cochlear hair cells (in both humans Anniko and Arnold, 1995 and rats Ladrech and Lenoir, 2002). Furthermore, several recent studies have reported that MAP2 can interact with actin, which forms the core structure of the stereocilia in cochlear hair cells (Roger et al., 2004). Based on this evidence, we hypothesized that MAP2 functions in hearing and evaluated auditory functions in Map2-knockout mice.



2 Materials and methods


2.1 Animals

Male C57BL/6J wildtype (Map2+/+) mice (4 weeks: N = 7, 16 weeks: N = 10) and male Map2 homozygous knockout (Map2−/−) mice (4 weeks: N = 7, 16 weeks: N = 13) were used in the auditory brainstem response (ABR) recording experiment, while male Map2+/+ mice (16 weeks: N = 5) and male Map2−/− mice (16 weeks: N = 5) were used in the immunostaining experiment. Williamson et al. (2019) observed a sex difference in susceptibility to hearing loss (with greater susceptibility in males); accordingly, only males were used in this study. All animals were housed in groups of 2–5 per cage (25.5 × 15 × 13.5 cm) in an animal facility at the University of Doshisha under a 12-h light/dark (8:00 AM to 8:00 PM light) cycle in a temperature-controlled room (23.0 ± 1 °C). The animals were allowed ad libitum access to standard chow and water. The animal experiments were conducted according to the protocol reviewed and approved by the Institutional Animal Care and Use Committee of DOSHISHA University (Permit No. D23039).



2.2 ABRs measurement

ABR measurements were performed in a sound-proofed room. Animals were anesthetized using three types of mixed anesthetic agents (medetomidine: 0.3 mg/0.3 mL/Kg, midazolam: 4 mg/0.8 mL/kg, butorphanol: 5 mg/1 mL/kg). Body temperature was maintained at approximately 37 °C with a disposable heating pad during anesthesia. Sound stimuli were generated using MATLAB (R2019a; MathWorks Inc., Natick, MA, USA) at a sampling frequency of 192 kHz. Ten frequencies (2, 4, 8, 16, 32, 50, 60, 64, 68, and 72 kHz) were used for ABR measurements. The duration of the sound stimuli was 5 ms (rising and falling: 1 ms), and the inter-stimulus interval was 60 ms. Each frequency was presented 100 times in succession. All the acoustic stimuli were presented using a loudspeaker (ES1, Tucker–Davis Tech. Inc., Alachua, FL, USA) and speaker driver (ED1, Tucker–Davis Tech. Inc., Alachua, FL, USA) through a sound card (UA-101, Roland Corp., Hamamatsu, Japan) and an amplifier (SRP-P2400, SONY Corp., Tokyo, Japan) with a programmable attenuator (PA5, Tucker-Davis Tech. Inc.). The sound pressure levels of the stimuli were calibrated with a microphone (TYPE 7016, ACO CO., LTD., Chiba, Japan) and acoustimeter (TYPE 5935, Brüel & Kjær, Nærum, Denmark) placed 10 cm in front of the animal's head. ABRs were recorded using three electrodes placed on the surfaces of the inferior colliculus (recording electrode), motor cortex (reference electrode), and right head skin (ground electrode). Both recording and reference electrodes were connected to a bioamplifier (RHD2000 Interface; Intan Tech. Inc., Los Angeles, CA, USA), and the raw signals were filtered (0.3–3 kHz) and averaged over 100 repetitions at each frequency and intensity using a custom program coded in MATLAB. The sound level of the stimulus started at 80 dB SPL (re: 20 μPa) and decreased in 5-dB steps until it reached 0 dB SPL. The baseline was defined as the maximum amplitude during the 5-ms period before the onset of the sound stimulus. The wave V of the ABR was visually confirmed between 5.4 and 9.6 ms after stimulus onset, and the maximum amplitude of the wave V was extracted. In addition, the minimum sound pressure level capable of evoking a wave V greater than the baseline was identified as the ABR threshold. ABR audiograms were determined. The ABR wave V peak latency (PL) was measured and calculated offline.



2.3 Whole-mount immunostaining of cochlea

Whole-mount immunostaining of the cochleae was performed according to the established protocol (Montgomery and Cox, 2016). In brief, after being anesthetized with a mixture of medetomidine (0.3 mg/kg), midazolam (4 mg/kg), and butorphanol (5 mg/kg), animals were transcardially perfused with phosphate-buffered saline (PBS), followed by perfusion with a 4% paraformaldehyde (PFA) in PBS. After 2 days of fixation, the left and right temporal bones containing the cochlear bullae were removed. Samples were immersed in a decalcification solution (120 mM ethylenediaminetetraacetic acid, 2.5% formic acid in aq.) at room temperature for at least 3 days. Then, the cochleae were divided into three turns (apex, middle, and base). Based on the place-frequency map (Müller et al., 2005), we estimated the frequency ranges corresponding to each turn and found that the apical, middle, and basal turns corresponded to 4.8–14.8, 14.8–34.1, and 34.1–78.8 kHz.

For immunostaining, tissues were immersed in a blocking buffer (PBS with 5% normal goat serum and 1% Triton-X100) for 1 h at room temperature and were then incubated with the primary antibody solution (5% goat serum, 1% bovine serum albumin (BSA), and 0.1% Triton-X100 in PBS containing the following primary antibodies: rabbit polyclonal anti-myosin VIIa (1:500; Proteus Biosciences, #25-6790) and chicken polyclonal anti-MAP2 (1:5,000; biosensis, #C-1382-50) for 2 days at room temperature. After the primary reaction, the samples were washed four times for 1 h with PBS and were then incubated with the secondary antibody solution (Alexa Fluor 555-conjugated anti-rabbit IgG (1:500; Thermo Fisher Scientific, #A_21429) and Alexa Fluor 488-conjugated anti-chicken IgY (1:500; Thermo Fisher Scientific, #A_11039) in PBS, with 1% BSA, 5% goat serum, and 0.1% Triton-X100, for 2 days at room temperature. After washing with PBS, all tissues were mounted on glass slides and coverslipped with a mounting agent (ProlongTM Diamond Antifade Mountant, Thermo Fisher Scientific, #P36961). Fluorescence images were captured using a LSM 700 Zeiss confocal microscope (Carl Zeiss, Oberkochen, Germany) using 10 × /0.3 Plan-Apochromat and 40 × /0.95 Korr Plan-Apochromat ∞/0.13–0.21 objectives, and fluorescence data were analyzed using Zeiss Zen software. Five to six images were acquired for each cochlear turn at equally spaced intervals along the spiral. The presence or absence of hair cells was determined based on the fluorescence intensity of the myosin VIIa antibody. Fifteen hair cells were randomly selected at each turn, and the average MAP2 fluorescence intensity in the region of interest was measured. To avoid signal saturation, imaging was performed with sensitivity adjusted such that SGNs in the field of view, which exhibit stronger signal intensity than that of hair cells, did not become saturated. The laser fluorescence sensitivity and imaging settings adopted in the initial observations were used for all samples to ensure consistency among different preparations. For each turn, the numbers of OHCs and IHCs were quantified by counting and averaging the number of cells per 100 μm using ImageJ software to facilitate the counting process by placing markers on counted cells to produce a permanent data record. To identify MAP2 localization in cochlea hair cells, samples were blocked with 2% BSA in PBS and incubated with a rabbit anti-MAP2N polyclonal antibody (1:1,000, raised in-house Kubo et al., 2019), followed by Alexa Flour 555–conjugated anti-rabbit IgG (1:1,000, Invitrogen, A31572) and Alexa Flour 633–conjugated Phalloidin (1:200, Invitrogen, A22284). Samples were counterstained with DAPI (Vector Laboratories, H-1200). Fluorescence images were captured using a LSM 710 Zeiss confocal microscope (Carl Zeiss), and fluorescence data were analyzed using Zeiss Zen software.



2.4 Hematoxylin/eosin (HE) staining for the spiral ganglion neurons (SGNs)

Animal euthanasia and perfusion were performed using the same protocol as for whole-mount staining. For HE staining, the entire head of the mouse was decalcified for 7 days using 22.5% formic acid, 10% citric acid, and 2% NaOH in aq. The specimens were dehydrated with ethanol, cleared with xylene, and embedded in paraffin (3 h × 2 times in 100% paraffin, followed by overnight immersion). The embedded samples were sectioned at 6 μm thickness using a microtome and stained with HE. Imaging of these sectioned specimens was performed using an optical microscope (BX53, Olympus, Tokyo, Japan).



2.5 Statistical analysis

Statistical analyses were conducted using the standard analysis software SigmaPlot 10.0 (Systat Software Inc., San Jose, CA, USA) and R (version 2.7-1, R Foundation for Statistical Computing, Vienna, Austria) with the EZR plugin (version 1.55) (Kanda, 2013). All values are presented as the mean ± standard error of the mean. Averaged data were compared using unpaired Student's t-test (as indicated) for two categories. Statistical significance was set at P < 0.05.




3 Results


3.1 Loss of MAP2 causes reduced hearing sensitivity

Auditory brainstem responses (ABRs) were measured in wild-type (Map2+/+) and Map2 homozygous knockout (Map2−/−) mice. Audiograms of the ABR threshold were measured to evaluate the effect of MAP2-deficiency on auditory sensitivity, and the latency-intensity function of the ABR was evaluated to gain physiological insights into sensitivity changes. When tone bursts of 2, 4, 8, 16, 32, 50, 60, 64, 68, and 72 kHz were used to record ABRs in 4 and 16-week-old male mice, the ABRs of 16-week-old Map2−/− mice showed response-threshold elevations with frequency characteristics distinct from those of 16-week-old Map2 +/+ mice (Figures 1A, 2). The ABR thresholds of Map2−/− mice were higher than those of Map2+/+ mice from 4 to 32 kHz, with a maximum increase of 30 dB at 16 kHz (Figure 2). No ABR above 50 kHz was observed in Map2−/− mice, even with the loudest stimulus (90 dB SPL). At 4 weeks old, there were no significant differences in the hearing threshold between the two groups. The peak latency of wave V in Map2−/− mice increased quasi-linearly as the sound pressure level decreased, while that in Map2+/+ mice began to plateau below 65 dB SPL, revealing a loss of non-linearity of the wave V latency to weak sound in Map2−/− mice (Figure 1B). These results indicate that the Map2−/− mice showed progressive high-frequency hearing loss, a characteristic of sensorineural hearing loss.


[image: Graphs illustrating auditory brainstem responses (ABR) in Map2 +/+ (red) and Map2 -/- (blue) mice. Panel A shows waveform responses at 8 kHz and 16 kHz across different sound pressure levels. Panel B presents ABR wave V peak latency versus sound pressure level, highlighting differences between the groups with marked annotations for significant findings.]
FIGURE 1
 Hearing loss phenotype of Map2−/− mice. (A) Representative auditory brainstem response (ABR) waveforms evoked by a tone burst (8, 16 kHz) in 16 weeks Map2+/+ (red) and Map2−/− (blue) mice. (B) ABR wave V peak latency of 8 and 16 kHz sound stimuli. Map2−/− mice showed a significantly longer ABR wave V peak latency than that of Map2+/+ mice and loss of non-linearity. Data are expressed as the mean ± standard error of the mean (SEM). †P < 0.1; *P < 0.05 by unpaired Student's t-tests with Bonferroni's correction (16 weeks Map2+/+: N = 7, 16 weeks Map2−/−: N = 9).



[image: Graphs showing auditory brainstem response (ABR) thresholds in decibels sound pressure level (dB SPL) across frequencies from 2 to 60 kilohertz (kHz) for Map2+/+ and Map2-/- mice at 4 and 16 weeks. At 4 weeks, both genotypes have similar thresholds. At 16 weeks, Map2-/- mice show higher thresholds, indicating hearing loss. Error bars represent standard deviations.]
FIGURE 2
 Map2−/− mice exhibited a decline in hearing sensitivity earlier. Audiograms of Map2+/+ and Map2−/− mice. Map2−/− mice had a significantly higher ABR threshold (dB SPL) than that of age-matched Map2+/+ mice. Data are the mean ± SEM. *P < 0.05; ***P < 0.001 by unpaired Student's t-test with Bonferroni's correction (4 weeks: Map2+/+: N = 7, Map2−/−: N = 7, 16 weeks: Map2+/+: N = 10, Map2−/−: N = 13).




3.2 MAP2 localizes to OHCs and IHCs

ABRs analyze indicated the loss of non-linearity in response latency and the significant decrease in auditory sensitivity, both of which suggest abnormalities in the cochlear outer hair cells. To elucidate the responsible site for the hearing impairment induced by MAP2 deficiency, MAP2 localization in the cochlear hair cells was determined using whole-mount cochlear immunofluorescent staining. Anti-MAP2 antibodies labeled neurons in the cochlear ganglion as well as hair cells at the apex, middle, and base of the cochlea (Figure 3). The MAP2 fluorescence intensity in wild-type mice varied depending on the turn, with the highest intensity in the basal turn and the lowest in the apical turn (Figure 3E). High magnification view indicates that both inner and outer hair cells express MAP2 as reported previously. These fluorescence signals were abolished in the cochleae of Map2−/− mice. MAP2 appeared to be expressed throughout the whole cell bodies of both OHCs and IHCs. Phalloidin, an F-actin marker, strongly labeled the stereocilia and cuticular plates but simultaneously labeled cell junctions and weakly labeled the cytoplasm (Figure 4).


[image: Confocal microscopy images and box plots. Panels A and B show cochlear cross-sections labeled with Myosin VIIa MYO7A (red) and MAP2 (green), demonstrating structural differences. Panels C and D provide magnified views of the cochlear hair cell regions. Panel E consists of box plots showing mean intensity levels for outer hair cells (OHC) and inner hair cells (IHC) at apex, middle, and base regions, comparing different genetic conditions.]
FIGURE 3
 Expression of MAP2 in Map2+/+ and Map2−/− mouse cochlea. Immunofluorescence staining shows the expression of MAP2 (green) and myosin VIIa (red) in the cochlear outer hair cells (OHCs: 3 rows) and inner hair cells (IHCs: 1 row) and spiral ganglion (center of the sample) of the (A, C) Map2+/+ and (B, D) Map2−/− mice. Myosin VIIa was used as a hair cell marker. (A, B) Scale bar = 200 μm. (C, D) Scale bar = 50 μm. (E) Distribution of MAP2 fluorescence intensity of OHCs and IHCs. The boxes and the middle line represent the first (25%), second (50%), and third quartiles (75%). The whiskers represent 10% and 90%. Outliers indicate 1% and 99%.



[image: Fluorescent microscopy images showing the expression of MAP2, DAPI, and Phalloidin in inner hair cells (IHC) and outer hair cells (OHC) for Map2 wild type (Map2+/+) and knockout (Map2-/-) mice. In Map2+/+ IHC and OHC, red MAP2 staining is prominent, while it is absent in Map2-/- samples. DAPI stains nuclei in blue, and Phalloidin labels actin in white. Scale bars are present for reference.]
FIGURE 4
 MAP2 expression in the (A) inner hair cells (IHCs) and (B) outer hair cells (OHCs) in Map2+/+ and Map2−/− mice. Representative images of inner ear hair cells in cochleae from Map2+/+ mice and Map2−/− mice aged 16 weeks. MAP2 labeled the entire cell body of the OHCs and IHCs (red). Stereocilia, cuticular plates, cell junctions and cytoplasm were labeled with phalloidin (white). Nuclei were stained with DAPI (light blue). Scale bar = 10 μm.




3.3 Loss of MAP2 reduces the number of OHCs in the inner ear, corresponding to the high frequency band

To probe whether the hearing loss in MAP2 deficiency are caused by the reduced viability of hair cell, the number of hair cells per turn in the cochlea was determined by immunostaining with myosin VIIa, a marker of hair cells. Map2−/− mice had approximately 35% lower number of OHCs in the base of cochlea. No difference was seen in that of OHCs in regions other than in the base of the cochlea or in the inner hair cells (IHCs) of any region of the cochlea between Map2+/+ and Map2−/− mice (Figure 5).


[image: Panel A shows fluorescent microscopy images of cochlear hair cells labeled with MYO7A in Map2+/+ and Map2-/- mice across base, middle, and apex regions. The Map2-/- image at the base shows disrupted outer hair cells (OHC) with arrow indicators. Inner hair cells (IHC) are also visible. Panel B presents bar graphs showing outer and inner hair cell counts per 100 micrometers for both genotypes, with a significant difference marked by an asterisk for OHC at the base. Red bars represent Map2+/+ and blue bars represent Map2-/-.]
FIGURE 5
 Comparison of the number of live hair cells between Map2+/+ and Map2−/− mice. (A) MYO7A distribution in OHCs and IHCs in base, middle, and apical turns of the cochlea in Map2+/+ (top panels) and Map2−/− mice (bottom panels). White arrows show the loss of OHCs. Scale bar = 50 μm. (B) Comparison of the numbers of OHCs (top panel) and IHCs (bottom panel) between Map2+/+ and Map2−/− mice. The number of OHCs in the basal turn of Map2−/− mice was significantly lower than that of Map2+/+ mice (unpaired t-test: *P < 0.05). The number of OHCs in both the middle and basal turns did not differ between Map2+/+ and Map2−/− mice. Similarly, the number IHCs did not differ between Map2+/+ and Map2−/− mice across the entire cochlea. The red bar represents Map2+/+ mice (N = 5), and the blue bar represents Map2−/− mice (N = 5). Bars represent the mean ± standard error of the mean (SEM).




3.4 Loss of MAP2 did not affect the forms and density of SGNs

We investigated whether a MAP2 deficiency affects the morphology of SGNs. The SGNs of Map2−/− mice maintained the same cell density and morphology observed in wild-type mice at 16 weeks old, and no infiltration by non-neuronal cells, such as microglia, was observed (Figure 6).


[image: Histological images showing a comparison between Map2+/+ and Map2-/- samples. The left panels display low magnification views with highlighted regions that are magnified on the right. The Map2+/+ sample shows comparable cellular structures and density to those of the Map2-/- sample. Both images are stained, displaying cellular details in pink with scale bars included.]
FIGURE 6
 Density and morphology of SGN in Map2+/+ and Map2−/− mice. The left images show cross sections of Map2+/+ (upper) and Map2−/− mice (lower) cochlea, stained with HE, and cut along its vertical axis. Magnification = 10×. Scale bar = 100 μm. The right images show zoomed-in view of the SGNs. Magnification = 20×. Scale bar = 100 μm.





4 Discussion

Here we showed that loss of MAP2 causes hearing disorder by in vivo experiment. Specifically, audiograms generated by recording ABRs showed that 16-week-old Map2−/− mice had reduced hearing sensitivity compared to that in 16-week-old Map2+/+ mice, particularly in the high-frequency range. As the frequency of stimulus decreased, the difference decreased and became statistically insignificant at a frequency of 2 kHz. C57BL/6 mice are known to develop age-related hearing loss from around 12-week-old in the wild type. Under the conditions of this study, no increase in high-frequency ABR thresholds was observed in Map2+/+ mice, but significant hearing loss was observed in Map2−/− mice, suggesting that MAP2 deficiency may increase vulnerability in the high-frequency range. This interpretation accords with the observation that 4-week-old Map2−/− mice do not exhibit clear hearing loss. It is plausible that factors affecting the vulnerability of sensory hair cells determine the onset of it. Thus, a detailed understanding of the role of MAP2 in the auditory system may contribute to the establishment of strategies to prevent the progression of hearing loss.

Sensorineural hearing loss caused by damage to the inner ear or a more central part of the auditory pathway, shows a frequency dependent or acoustic feature dependent decrease in hearing sensitivity. The frequency dependent hearing loss observed in Map2−/− mice falls under the category of sensorineural hearing loss. Additionally, in typical conductive hearing loss, the latency-intensity function of the hearing impairment is expected to shift upward from normal hearing in proportion to the degree of hearing loss (Qin et al., 2010). However, the latency-intensity function of the wave V shows that the difference in latency between Map2+/+ and Map2−/− mice increased as the stimulus intensity decreased. Overall, the ABR response of Map2−/− mice does not contradict the symptoms of sensorineural hearing loss and suggests that loss of MAP2 disrupts cochlear function and/or the central auditory pathway.

Hair cells in the basal turn of the cochlea exhibit a greater intrinsic vulnerability to damage compared with that of their apical counterparts, a phenomenon observed across various insults, including ototoxic agents (Kamimura et al., 1999; Forge and Schacht, 2000), acoustic overstimulation (Chan and Fechter, 2003), and age-related degeneration (Mahendrasingam et al., 2011). This tonotopic gradient of susceptibility is recapitulated in organotypic culture models, where basal hair cells consistently demonstrate higher sensitivity to a range of stressors (Sha et al., 2001). Several genes have been reported to display tonotopically graded patterns that correlate with this gradient of vulnerability (Yoshimura et al., 2004). A notable example is PKHD1L1, localized to the tips of cochlear hair cells and enriched in the high-frequency region, which is most frequently exposed to mechanical stress from sound. The loss of the Pkhd1l1 gene results in progressive hearing loss (Wu et al., 2019), suggesting that its expression protects against damage. In our study, the fluorescence intensity of MAP2 in hair cells also exhibited a clear tonotopic gradient, with the highest values in the basal turn and the lowest values in the apical turn. Although the functional significance of this pattern remains unclear, it is possible that MAP2, similar to PKHD1L1, contributes to resilience against damage. Given that MAP2 is involved in cytoskeletal organization, its higher expression in the basal region could support structural integrity and resistance to mechanical stress.

Furthermore, staining of cochlear revealed that MAP2 expression was observed in both IHCs and OHCs. A previous study reported that MAP2c, one of the isoforms of MAP2, was expressed in both IHCs and OHCs and was distributed more densely in OHCs than in IHCs, specifically at the border between the cell bodies (near the root of the stereocilia) of OHCs (Ladrech and Lenoir, 2002), but no significant difference in fluorescence intensity was observed in the cytoplasm. The antibody we used reacts with all MAP2 isoforms, so it is not possible to distinguish between isoforms, but it is likely to be the MAP2c fluorescence. Co-staining with MAP2 and phalloidin revealed that MAP2 fluorescence was present in the cytoplasm of both OHCs and IHCs. MAP2c is known to cross-link and bundle with actin (Roger et al., 2004), the main component of stereocilia and cuticular plates. Although the precise role of MAP2 in hair cell function has not yet been defined, its selective expression in hair cells suggests that MAP2 plays a critical role in the maintenance and/or function of these cells, which can explain the hearing loss in Map2−/− mice.

The loss of MAP2 reduced the number of OHCs in the basal turn of the cochlea, suggesting that MAP2 is an important protein in the maintenance of OHCs. As the outer OHCs in the basal turn are considered the most susceptible to mechanical stress from sound stimuli (Cody and Russell, 1987), the selective decrease in OHCs in the basal turn suggests that MAP2 may play a role in mechanical stress resistance. This hypothesis is partially supported by our observation of MAP2 expression in the cuticular plates, which are among the main cellular structures affected by acoustic trauma. However, the hearing sensitivity of Map2−/− mice was significantly reduced not only in the high-frequency range (ca. 34.1–78.8 kHz), corresponding to the basal turn, but also in the relatively low-frequency range (below 34.1 kHz), corresponding to the middle and basal turns, where no difference in cell number was observed. This discrepancy suggests that hearing insensitivity caused by MAP2 deficiency cannot be solely attributed to hair cell loss. Because of the technical limitation, we have not addressed whether the survived MAP2-deficient hair cells have normal physiological functions. However, if MAP2 in hair cells contributes to the mechanical property of stereocilia, such as stiffness, possibly through interaction with F-actin, the loss of MAP2 could simultaneously impact mechanotransduction (i.e., ABR sensitivity) and vulnerability to mechanical stress (i.e., reduction in OHCs). This hypothesis is consistent with several findings that genetic mutations affecting the mechanical properties of stereocilia can lead to hearing loss (Shi et al., 2022; Moon et al., 2020). Thus, hair cells (in particular OHCs) are specifically vulnerable to MAP2 deficiency, and loss of these cells may be one of the causes of frequency dependent hearing impairment in Map2−/− mice.

Cochlear hair cells exhibit unique structural specializations, including stereocilia. MAP2 may be involved in these structural features. For example, ribbon synapses of IHC are unique architectural features, and losses and dynamic changes due to noise exposure cause hearing impairment (referred to as hidden hearing loss) (Ismail Mohamad et al., 2024). MAP2 binds to and supports the function of F-actin and microtubules, which play crucial roles in cell movement, axon growth, and the transport of organelles/proteins to the growth cone (Arnette et al., 2016). At the presynaptic terminal, F-actin and microtubules are involved in the rapid/slow replenishment of synaptic vesicles (Piriya Ananda Babu et al., 2020). Although a MAP2 deficiency did not reduce the number of IHCs, it may impair these systems, thereby hindering the proper functioning of ribbon synapses. It is also possible that loss of MAP2 disrupts the synaptic output of IHCs. Tubulin expression has been observed in both IHCs and OHCs, with microtubule bundles running parallel to the longitudinal axis of the cell (Slepecky and Ulfendahl, 1992; Steyger et al., 1989). Given that MAP2 regulates microtubule stability and dynamics, its genetic loss would be expected to disrupt the microtubule network and hinder intracellular vesicular transport toward the basal synaptic pole of hair cells, thereby attenuating their output. Overall, the role of MAP2 in hair cells other than stereocilia was not sufficiently considered in this study and should be a focus of future research.

It is also important to consider that MAP2 deficiency may affect the proximal auditory neuronal pathway more than it does the cochlea. MAP2 and its paralog bind to microtubules and regulate their length, thereby contributing to the cellular morphology and transport of substances (Harada et al., 2002). Its potential contribution to normal neural functions, including neurodevelopment, remains poorly understood. However, it is reasonable to consider that MAP2 slightly but definitively affects the function of the auditory neuronal pathway, and thereby produces the hearing loss phenotype involving the ABR wave V in Map2−/− mice. Indeed, a reduction in ABR wave V amplitude following acoustic exposure reflects synaptic dysfunction in mice (Mehraei et al., 2016), and a defect in Map1b, which encodes a protein closely related to MAP2 and plays a complementary role to that of MAP2, has been reported to cause hearing loss due to spiral ganglion neurons dysfunction (Cui et al., 2020). We also found that Map2−/− mice do not show alterations in SGN morphology; however, the neural function of the SGNs and other auditory pathways up to the inferior colliculus, which are the main wave V sources, warrant investigation.

(Sloan-Heggen et al. 2016) reported that pathogenic variants in 49 different genes were identified in 39% of patients with hearing loss, indicating that much of the genetic basis of hearing impairment remains unclear. According to a recent review (Feng et al., 2023), 120 genes are known to be associated with hearing impairment, and a significant number of these genes are involved in cytoskeletal changes in inner ear hair cells. Numerous Map2 variants are present in humans (Kalcheva et al., 1995) and could potentially contribute to the genetic basis of hearing impairment. Further investigation in future studies must be needed how mutations in Map2 impact on clinical deaf cases.

In conclusion, our study demonstrates that a deficiency in Map2, which encodes a microtubule-associated protein, causes OHC loss, resulting in high-frequency hearing loss. Our findings provide insights into the pathophysiology of hearing loss caused by hair cell damage and are expected to contribute to the development of therapeutic interventions.
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