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Abstract

Sensory hair cells of the inner ear are exposed to continuous mechanical stress, causing damage 

over time. The maintenance of hair cells is further challenged by damage from a variety of other 

ototoxic factors, including loud noise, aging, genetic defects, and ototoxic drugs. This damage can 

manifest in many forms, from dysfunction of the hair cell mechanotransduction complex to loss of 

specialized ribbon synapses, and may even result in hair cell death. Because mammalian hair cells 

do not regenerate, the repair of hair cell damage is important for continued auditory function 

throughout life. Here we discuss how several key hair cell structures can be damaged, and what is 

known about how they are repaired.
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Hair Cell Maintenance and Repair

Hearing loss is the third most common health defect in adults, after heart disease and 

arthritis, affecting almost half of individuals over the age of 75 [1]. Damage from a variety 

of intrinsic and extrinsic sources can lead to a buildup of damage over time, leading to 

decreased hearing ability in the elderly (Figure 1, Key Figure). This review will discuss 

various types of hair cell injury, including tip link breakage, stereocilia core damage, and 

synapse loss, and what is known about their repair.

Mechanical sound stimuli are transduced into an electrochemical signal by hair cells in the 

cochlea. The signal is further transmitted to afferent neurons, which carry the signal to the 

brain, allowing for its perception [2,3]. A specialized mechanosensitive organelle at the 

Correspondence to: Jung-Bum Shin.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Competing interests
The authors declare no competing interests.

HHS Public Access
Author manuscript
Trends Neurosci. Author manuscript; available in PMC 2020 June 01.

Published in final edited form as:
Trends Neurosci. 2019 June ; 42(6): 414–424. doi:10.1016/j.tins.2019.03.006.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



apical surface of hair cells, known as the hair bundle (Glossary), is deflected in response to 

these auditory and vestibular stimuli. The hair bundle is composed of actin-based protrusions 

called stereocilia arranged into a staircase-like array [4,5]. The F-actin cores of the 

stereocilia taper at their base, where they insert into an actin mesh structure known as the 

cuticular plate [6]. The stereocilia are connected by a series of extracellular links along their 

length. The tip link is mechanically coupled to the mechanoelectrical transduction (MET) 
channel at the tip of a shorter row stereocilium and extends to the side of the stereocilium in 

the next tallest row [7–9]. Deflection of the hair bundle increases tension on tip links, 

opening MET channels and depolarizing the hair cell, leading to rapid neurotransmitter 

release from the ribbon synapses at the hair cell base. Hair cells are sensitive to a variety of 

genetic and environmental insults, e.g. mutations in genes encoding hair bundle proteins and 

noise trauma, respectively. In humans and other mammals, any damage that results in hair 

cell death can lead to irreparable hearing loss due to the inability of mature mammalian hair 

cells to regenerate [10]. In contrast, the hair cells of many non-mammalian vertebrates, such 

as birds and amphibians, have a significant regenerative capacity [11]. In these species, 

within days of severe acoustic trauma, the majority of hair cells can be mitotically replaced 

by supporting cells. It has been speculated that mammals lost the ability to regenerate hair 

cells as a consequence of adaptations of the organ of Corti to sense higher frequency stimuli, 

including the rise of distinct subtypes of supporting cells. Additionally, there was likely 

minimal negative selection against age-related hair cell loss, as most of this loss occurs after 

mammals have reached reproductive age [12]. The inability of mammals to replace dead and 

dying hair cells necessitates mechanisms to preserve the function of hair cells throughout the 

life of the organism and repair minor damages that build up over time.

To date, our understanding of the repair and maintenance mechanisms in hair cells is limited. 

When considering these mechanisms, it might be helpful to draw an analogy to facilities 

management. To ensure smooth operations of facilities and buildings, the ideal maintenance 

plan must be built on four pillars: Robustness of build, system redundancies, reactive 

maintenance, and preventive maintenance. With regard to hair cells, robust subcellular 

structures would obviously contribute to longevity of the cells, but hair cell MET, in its 

essence, depends on gracile mechanical parts to sense displacements that approach the scale 

of Brownian motion. The need for system redundancies might have given rise to the 

multitude of stereocilia in a hair bundle, and on the molecular and genetic level, to 

paralogous genes with overlapping functions. In a previous study, we showed for example 

that 31 of 56 actin and actin-binding proteins have paralogs present in the hair bundle [13]. 

Reactive maintenance, operating on a run-to-failure strategy, enjoys the benefit of low 

energetic cost, but has the potential of increased downtime, even catastrophic failure, unless 

redundancies are provided. Finally, a preventive mode of maintenance will most likely 

involve a continuous turnover of the functionally important proteins and structures, 

especially those sensitive to wear-and-tear. The turnover would need to be executed in a 

manner that does not disrupt MET function, possibly achieved by redundancy. With this 

analogy in mind, this review addresses the molecules and mechanisms involved in hair cell 

repair, and discusses implications for understanding mechanisms of hearing loss and for 

developing therapies.
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Breakage and Repair of Tip Links

Tip link breakage

One of the best-characterized nonlethal forms of hair cell damage is the breakage of tip 

links. The tip link, composed of a heterotetramer of protocadherin 15 (PCDH15) and 

cadherin 23 (CDH23) [14–16], is vital for coupling mechanical stimuli to the opening of the 

MET channel [17]. PCDH15, at the lower end of the tip link, associates with the MET 

channel complex and interacts in a calcium-dependent manner with CDH23 at the upper end 

of the tip link, which is connected with the actin stereocilia core. A myosin motor at the 

upper tip link insertion, suggested to be either Myosin Ic [18] or Myosin VIIa [19], provides 

resting tension on the MET channel, making hair cells exquisitely sensitive to small 

deflections of the bundle [18,19]. Intense hair bundle stimulation, such as from exposure to 

prolonged or intense noise, can increase the force on tip links and cause their disruption 

[20]. Tip links can also be broken in vitro by overstimulation with a fluid jet or stiff probe or 

by the disruption of cadherin associations with a calcium chelator [17]. Tip link ablation 

uncouples the MET channel complex from mechanical stimuli, leading to the loss of 

mechanotransduction [17].

Tip link regeneration

In both avian [21] and mammalian species [22,23], tip links can be regenerated within 24 

hours after in vitro breakage, accompanied by a restoration of mechanotransduction. 

Additionally, tip link numbers were shown to increase in vivo in chick hair cells over several 

time points after noise exposure [24,25]. In chickens, in vitro tip link recovery was 

unaffected by the presence of inhibitors of transcription and translation, suggesting that 

repair occurs without the production of new tip link components. The regeneration of tip 

links is suggested to be stimulated by decreased Ca++ influx through the MET channel, but 

direct evidence for this is lacking [21].

A more recent study in mammalian hair cells found that tip link regeneration occurs in a 

two-step process in which a temporary tip link, consisting of only PCDH15, is formed, 

followed by subsequent replacement of the upper half of the tip link by CDH23 (Figure 2). 

The MET current amplitude is fully restored in 12 hours by the temporary PCDH15-

PCDH15 tip link, but adaptation of the MET current was still impaired for up to 36 hours, 

suggesting that the temporary tip link is not fully functional [23]. While considerable work 

remains to be done to characterize tip link regeneration, especially in in vivo models, it has 

been suggested that the breakage of tip links and their repair could contribute to the 

temporary threshold shift (TTS) observed after noise trauma [21].

One remaining question is whether tip link replacement is purely a mode of reactive 

maintenance or if tip links are turned over on a continual basis for preventative maintenance. 

For the latter option to work without downtime, each stereocilium (or sets of mechanically-

connected stereocilia) must be able to execute the recovery by itself. One can speculate that 

this requirement for stereocilia-autonomous recovery is the reason that stereociliar tip link 

recovery evolved to be independent from a cellular transcriptional or translational response, 

as shown for chick basilar papilla hair cells [21]. The tip link components must therefore be 
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recycled or derived from a pool of replacement proteins nearby, but direct evidence for such 

a mechanism is still lacking.

Stereocilia core damage and remodeling

Reversible MET current-dependent stereocilia F-actin core remodeling

The length of the F-actin cores of shorter row stereocilia has been shown to be regulated by 

the MET current [26,27]. Regression of shorter row stereocilia is seen in mutant mice in 

which tip links are lost postnatally. The specific localization of MET channel complexes at 

the tips of shorter row stereocilia implicated the MET current, which is absent when tip links 

are broken [17], in the regulation of their length. Two possible explanations were given to 

explain the phenomenon. The first explanation suggested that decreases in the local Ca++ 

concentration due to MET channel closure could alter the activity of actin regulatory 

proteins and lead to changes in stereocilia length. For example, the activity of myosin IIIa, 

which transports espin to the stereocilia tips, is likely dependent on Ca++ [28,29]. Reduced 

Ca++ concentrations, therefore, would prevent the elongation promoted by espin tip 

localization. The second explanation suggests that the tenting of the membrane caused by 

the pulling of the tip link reduces the resisting membrane tension at the stereocilia tip, 

allowing for elongation through a Brownian ratchet mechanism [30]. When tip links are 

broken and the membrane becomes rounded, this effect would be reversed.

The suggested role of the MET current in regulating the length of mechanotransducing 

shorter row stereocilia was tested experimentally by Velez-Ortega and colleagues [27]. 

Chemically blocking MET channels led to a specific and reversible shortening of the 

transducing stereocilia, without significantly changing the length of the tallest row. MET 

channel blockage also caused thinning of transducing row stereocilia tips, which they 

claimed was due to Ca++-dependent actin remodeling, rather than changes in membrane 

tension. This dynamic regulation of stereocilia actin polymerization by the MET current 

could be important for the regulation of stereocilia length and recovery of hair bundles after 

damage. For example, it is possible that this localized F-actin remodeling at stereocilia tips 

is necessary for the reestablishment of the MET channel complex after tip link breakage.

Mechanical damage to stereocilia F-actin core

Mechanical overstimulation in vitro has been shown to decrease the stiffness of the hair 

bundle [31,32] The decrease was shown to be reversible and independent of tip link 

breakage and it was suggested to be caused by damage to the stereocilia F-actin core or 

rootlet [32]. However, the relevance of in vitro stimulation with a fluid jet for studying 

noise-induced bundle damage is unclear. Many other changes in stereocilia F-actin cores 

have been observed using transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM) following traumatic noise exposure including actin depolymerization, 

loss of F-actin crosslinkers, rootlet breakage, and stereocilia fusion [33–36]. A reduction in 

stereocilia number, variability in stereocilia height and width, and gaps in fluorescent 

phalloidin signal in the F-actin stereocilia core have also been shown following noise 

exposure [37]. The physiological relevance of these gaps is not known, but they likely 

represent areas of F-actin depolymerization or disorganization, which would decrease bundle 
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stiffness and sensitivity. One caveat in the interpretation of this data is that the noise 

exposure protocols varied widely in severity between studies, and multiple animal models 

were used, including both mammalian and non-mammalian species. A pair of studies 

partially addressed this by comparing stereocilia damage in feline hair cells following either 

a mild, TTS-inducing [36] or a severe, permanent threshold shift (PTS)-inducing noise 

exposure. Following the TTS-inducing noise exposure, only minor changes were observed in 

the stereocilia core, including a shortening of stereocilia rootlets [36]. After PTS-inducing 

noise trauma, more severe damage was observed in the rootlets, along with stereocilia 

fusion, and holes in the stereocilia actin matrix [35].

Repair of stereocilia F-actin damage: Preventative turnover or reactive repair?

Until recently, stereocilia F-actin cores were thought to turn over through treadmilling 

within 48–72 hours, similar to, although somewhat slower than, filopodia and microvilli 

[38–40]. Fast turnover would presumably make the active repair of stereocilia cores 

unnecessary, as newly polymerized actin could quickly replace damaged structures. 

However, more recent studies have concluded that, in contrast, stereocilia core actin is 

extremely stable [41–43].

The original studies reporting fast turnover relied on imaging of fixed hair cells after 

transfection of β-actin-GFP, observing hair bundles labeled along their length with GFP 

within 48 hours of the transfection. Additionally they observed stereocilia with GFP labeling 

extending from stereocilia tips to partially down the core, as would be expected if the 

stereocilia actin were treadmilling [38,39].

In 2012, the treadmilling hypothesis was challenged by Zhang et al. [41], who presented 

several lines of evidence demonstrating that actin turnover in the stereocilia is restricted to 

the tips. First, they observed that stereocilia incorporated newly synthesized protein much 

more slowly than in the rest of cell, except at their very tips, which is inconsistent with an 

actin turnover rate of 2–3 days. They also showed that a bleached fiducial line in β-actin-

GFP expressing hair bundles did not move closer to the rootlet over several days in culture, 

as would be expected if treadmilling were occurring. Finally, they showed that β- and γ- 

actin remained in stereocilia, except for a small region at tips, for at least 18 weeks after 

inducible knockout of either isoform [41]. The slow stereocilia actin turnover model was 

further supported by two additional reports in 2015 [42,43]. The first report demonstrated 

that newly synthesized GFP-β-actin localized to stereocilia tips, with minimal incorporation 

in the stereocilia core over 40 weeks [44]. The second report used live imaging of hair cells 

transfected with GFP-β-actin to demonstrate tip localization of new actin incorporation. 

Using this technique, the authors were able to explain the seemingly contradictory 

conclusion of fast turnover, determining that the hair cells with GFP-β-actin extending 

partially down the stereocilia core were immature. The labeled upper portion of the 

stereocilia represented growth of the F-actin core that occurred after transfection [42].

The stability of stereocilia F-actin over months implies that any structural damage must be 

repaired to preserve the integrity and rigidity of hair bundles. Little is known about such 

repair mechanisms, but Belyantseva et al. [45] suggested that γ-actin might be involved. 

Phalloidin-negative gaps were observed in stereocilia after noise trauma, and the authors saw 
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an enrichment of γ-actin immunostaining in these gaps. Similar gaps were observed in γ-

actin knockout mice without exposure to damaging noise, further supporting a role for γ-

actin in their repair. This study also reported an enrichment of DNaseI staining, as well as 

espin, cofilin, and β-actin immunostaining in the gaps. The enrichment of DNaseI staining, 

which labels monomeric actin [46], along with β- and γ-actin suggests that globular actin is 

present at higher levels at these sites, whether due to depolymerization of the previously 

existing F-actin core or due to recruitment to the site for repolymerization. The presence of 

cofilin, which has both F-actin nucleating and severing roles [47], and espin, which has actin 

bundling activity [48], suggests that localized F-actin remodeling is occurring at the 

phalloidin-negative gaps to repair noise-induced damage to the paracrystalline F-actin 

stereocilia core [45] (Figure 3). Recent data suggest that despite the stability of actin 

filaments in cores, stereocilia F-actin crosslinkers are continuously turned over. The 

transience of crosslinkers might allow for the localized F-actin depolymerization and 

repolymerization necessary for repair [49]. Repair of these sites could contribute to recovery 

from temporary hearing threshold shifts (TTS), similar to tip link regeneration. However, it 

is still unclear whether these sites are being repaired structurally and/or functionally.

Repair of F-actin structures in other cell types has been described. Strain sites in stress 

fibers, indicated by decreased signal of fluorescently labeled actin, are repaired through the 

recruitment of zyxin and paxillin. Zyxin and paxillin subsequently recruit the F-actin 

nucleator VASP and the F-actin crosslinker α-actinin to repair the strained site with 

localized F-actin polymerization to prevent a catastrophic breakage of the fiber [50,51]. It 

remains to be investigated whether analogous mechanism may be occurring in damaged 

stereocilia F-actin cores.

Can entire hair bundles be replaced?

Hair cells in regenerative species, such as frogs and chickens, can replace the entire hair 

bundle after nonlethal insults. For example, low doses of ototoxic aminoglycosides caused 

hair bundle loss in the bullfrog saccule. The bundleless hair cells were able to survive for at 

least a week and produce new hair bundles [52]. Evidence for such radical makeover in 

mammals is limited. After hair bundle ablation, hair cells in mammalian organs of Corti 

survived in culture for up to two weeks, but the bundles were not regenerated, despite 

evidence of functional maturation of the surviving cells [22]. A follow-up study suggested 

that virus-mediated expression of Atoh1, a transcription factor that regulates hair cell 

differentiation, can improve hearing preservation in noise-exposed guinea pigs, but since 

Atoh1 expression was limited to supporting cells, the underlying mechanism is unclear, and 

further characterization is needed [53].

Noise-Induced Synapse Damage and Repair

Ribbon synapse reduction and hidden hearing loss

Inner hair cell synapses with type I auditory spiral ganglion neurons (SGNs) are 

characterized by presynaptic structures called ribbons [54]. Neurotransmitter-filled vesicles 

are clustered around scaffolding proteins [55,56], which are linked to the presynaptic 

membrane [57]. The clustering of vesicles promotes rapid neurotransmitter release and 
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allows for a graded response to stimuli [58]. Intense hair cell stimulation can cause damage 

to these presynaptic ribbons, as well as to postsynaptic terminals [59]. Glutamate-mediated 

excitotoxicity contributes to the postsynaptic damage [60,61], but the mechanism of 

presynaptic ribbon damage is not clearly understood. Potential causes include the loss of 

contact between pre- and post-synaptic densities and disassembly of ribbon subunits in 

response to intense stimulation [62]. Incomplete recovery of SGNs and ribbon synapses after 

damage is associated with a phenomenon known as hidden hearing loss [59,63,64]. While 

there is no PTS in these patients detected by auditory brainstem response (ABR), a decrease 

in amplitude of the signal from the auditory nerve is observed. This is likely due to a 

selective loss of low spontaneous rate auditory nerve fibers, which would cause difficulty in 

hearing in noisy environments [59,65,66].

Repair of synapses

Controversy exists on whether SGNs are able to repair damaged synapses. Kujawa and 

Liberman [59] observed no significant recovery of lost synapses between inner hair cell 

ribbons and SGNs within 8 weeks of noise exposure in mice. They also describe late onset 

SGN loss, corresponding to the degree of synapse loss. However, in guinea pigs, other 

groups have observed partial or complete recovery of synapse numbers after noise exposure 

[67,68], in agreement with older ultrastructural data, which used both a glutamate 

excitotoxicity model and noise exposure model to damage synapses [61,69]. These 

discrepancies could be explained, in part, by differences in synapse recovery between 

species. Efforts to resolve this issue have not yet delivered a clear answer [63,70]. Despite 

the controversy regarding the ability of IHC synapses to be repaired, there is agreement that 

there is a permanent decrease in the amplitude of auditory nerve response [59,70,71]. This 

might be due to a lack of synapse recovery and subsequent neuron loss [59,63], or 

alternatively, by incomplete function of recovered synapses [70,71]. Whichever the case, the 

unrepaired or improperly repaired synapses likely contribute to hidden hearing loss.

To prevent potentially irreversible loss of synapses, it would be beneficial for hair cells to 

have an upstream mechanism to prevent further stimulation and limit the insult to the hair 

cell. One might speculate that tip link breakage may act in this manner. Tip links could be 

considered a “circuit breaker”, to prevent further damage to other cellular structures 

vulnerable to overstimulation, like the synapses. While the fragility of tip links may seem 

like an inherent flaw in hair cell design, this quality may actually serve to protect hair cells 

from extensive irreparable damage, as the tip links themselves can be repaired. However, the 

MET current would have to be quickly restored to preserve synapse function, as it’s been 

shown that cells in which the MET current is lost revert to a pre-hearing pattern of 

innervation [72]. A similar feedback mechanism involving efferent innervation of outer hair 

cells has also been reported to protect synapses. Maison and colleagues [73]demonstrated 

that ablation of efferent innervation dramatically increased synapse loss after prolonged 

noise exposure, suggesting that the increased firing rate of these neurons to suppress outer 

hair cell amplification during loud noise exposure is protective against noise-induced 

cochlear neuropathy.
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Hair cell death and wound healing

ROS-induced hair cell damage and endogenous antioxidant systems

Many factors causing hair cell death and damage have been described, including, but not 

limited to genetic abnormalities, loud or prolonged noise exposure [74,75], and ototoxic 

drugs [76] [77]. Hair cells can undergo cell death through apoptosis or necrosis, depending 

in part on the cause of cellular stress (reviewed in [78]). A common element in most causes 

of hair cell death is the production of reactive oxygen species (ROS). For example, noise 

trauma has been shown to elevate calcium levels in hair cells, which can subsequently lead 

to the stimulation of ROS production by the mitochondria [79,80]. Additionally it has also 

been suggested that higher metabolic demand in hair cells during exposure to intense 

stimulation could also lead to increased ROS levels, which can cause various forms of 

damage in the cell, including the activation of cell death pathways [81]. The endogenous 

antioxidant systems of the cochlea, including superoxide dismutase (SOD), catalase (CAT), 

glutathione peroxidase (GPX), and glutathione reductase (GR) enzymes, are capable of 

neutralizing ROS generated during normal hair cell activity. However, during noise trauma, 

these enzymes may become overwhelmed, leading to a buildup of ROS in hair cells [82]. 

Thus, antioxidants have been proposed as therapeutic agents to prevent ROS accumulation in 

hair cells after noise [83]. N-acetyl cysteine [84], as well as several other antioxidants, has 

been shown to attenuate noise-induced hearing loss when given either before or after noise 

exposure [85].

Preservation of the sensory epithelium cytoarchitecture after hair cell death

When a hair cell dies, the whole dying cell or its apical surface is extruded from the sensory 

epithelium. Remaining cell fragments are phagocytosed by supporting cells, which also seal 

the hole in the epithelium, leaving a scar and preserving the epithelial cytoarchitecture and 

organ of Corti barrier integrity [86–88]. In the avian inner ear, an actin cable assembled by 

supporting cells constricts around the hair bundle of dying hair cells, causing its excision. 

The remaining portion of the cell is then subsequently phagocytosed by surrounding 

supporting cells [89]. While repairing the epithelium is necessary for continued function, it 

may be possible to intervene before cell death occurs, preventing the extrusion of cells and 

allowing more time for repair of the damaged cells.

Concluding Remarks and Future Perspectives

Unlike many lower vertebrate species [11,90], mammals are unable to regenerate hair cells 

(reviewed in [10]) and appear to have a reduced capacity for intracellular repair of hair 

bundle damage [22]. Some mechanisms by which mammalian hair cells are maintained and 

repair minor damage have been described [22,23,27] and were discussed in this review. 

These mechanisms are likely essential for preserving hearing function in mammals, but 

much remains unknown (see Outstanding Questions). Recovery of tip links and the actin 

core provides a clear example of a possible contributing factor to the recovery from 

temporary threshold shift, while inefficient repair of hair bundle damage, such as F-actin 

core depolymerization, or the death of hair cells likely cause progressive and permanent 
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hearing loss. Characterizing these maintenance and repair mechanisms will be important for 

the development of therapies for various forms of hearing loss.
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Glossary

Hair bundle:
staircase-shaped structure at the apex of hair cells that is deflected in response to 

stimulation, leading to the opening of mechanosensitive ion channels

Hair cell mechanoelectrical transduction (MET):
conversion of sound or gravity-induced deflection of the hair bundle into an electrical signal 

in the form of an influx of cations through the MET channel

Permanent Threshold Shift (PTS):
a permanent change in hearing threshold following exposure to loud or prolonged noise

Ribbon synapse:
a specialized synapse in hair cells and other cell types in which neurotransmitter-filled 

vesicles clustered to facilitate their rapid release

Spiral ganglion neurons:
neurons innervating auditory hair cells; their axons form the auditory branch of the eighth 

cranial nerve

Stereocilia:
actin-based protrusion that arrange into a staircase-like array to build the hair bundle

Temporary Threshold Shift (TTS):
a temporary change in hearing threshold following exposure to loud or prolonged noise

Tip link:
extracellular link connecting the MET channel at the tips of shorter row stereocilia to the F-

actin core of the stereocilium in the next tallest row
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Highlights

• Hair cells acquire damage from a variety of environmental and genetic 

factors. To fully maintain auditory function, damaged hair cells must be 

repaired.

• Broken tip links are repaired in both regenerating and non-regenerating hair 

cells.

• Intense noise exposure damages the stereocilia F-actin core, which may be 

repaired by localized F-actin remodeling.

• Ribbon synapse loss, which can reduce hearing ability in noisy environments, 

may or may not be reversible.

• Holes in the sensory epithelium caused by the extrusion of dying hair cells are 

sealed by projections from nearby supporting cells to preserve barrier 

integrity.
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Figure 1, Key Figure. An Overview of Hair Cell Damage.
(Top Left) Hair cells can accumulate damage stemming from a variety of factors including 

age, noise, and genetics. (Center) Diagram of a hair cell indicating sites vulnerable to 

damage. (A) Tip link breakage. Left: Tip links can be broken by overstimulation or by in 
vitro calcium chelation, leading to a loss of tension on the MET channel complex and 

subsequent loss of the MET current. Right: Scanning electron micrograph showing an outer 

hair cell bundle. Tip links (white arrow) are visible at higher magnification below. (B) 

Stereocilia core damage. Left: Overstimulation of hair bundles causes the appearance of 

gaps in staining of the stereocilia F-actin core. These gaps likely represent sites of F-actin 

depolymerization, which would decrease bundle rigidity. Right: Phalloidin staining of a 

noise-damaged inner hair cell bundle. Gaps in the staining are visible at higher 

magnification below. (C) Ribbon synapse damage. Left: Ribbon synapses can be lost due to 

exposure to loud noise or prolonged exposure to milder noise, even in absence of permanent 

hearing threshold shift. Their loss can reduce hearing ability in noisy environments, known 

as “hidden hearing loss”. Right: Immunolabeling of CTBP2 (a component of ribbon 

synapses, green puncta) at the base of hair cells labeled by MYO7A immunostaining 

(magenta). (D) Hair cell death. Left: Auditory sensory epithelium with F-actin scars at the 

sites of missing hair cells. When hair cells die, they are extruded from the epithelium. 

Nearby supporting cells fill in the hole, leaving a cross-shaped F-actin scar. Right: 
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Phalloidin labeling of F-actin in the organ of Corti from an aged mouse. An F-actin scar is 

seen at the site of a missing hair cell (yellow arrow). All images were taken in the Shin lab.
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Figure 2. Schematic model of Tip Link Repair.
(Top) A tip link, consisting of Protocadherin 15 (blue) and Cadherin 23 (gold) connects the 

MET complex at the top of one stereocilium to the actin core of the stereocilium in the next 

tallest row. Overstimulation, such as from loud noise, can cause tip link breakage (bottom 

left). According to [23], a temporary tip link, consisting of only Protocadherin 15, is formed 

within about 12 hours of damage, partially reestablishing MET channel function (bottom 

middle). Within about 36 hours after damage, the Protocadherin 15 at the top half of the tip 

link is replaced by Cadherin 23 to allow full restoration of MET function (bottom right).
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Figure 3. A Potential Mechanism for the Repair of Stereocilia F-actin Core Damage.
Overstimulation can cause the appearance of gaps in phalloidin staining of the F-actin cores 

of cochlear hair cell stereocilia. Gaps in F-actin staining in damaged stereocilia likely 

represent areas of disorganized or depolymerized actin. Immunostaining for β- and γ-actin 

is enriched at these sites, along with cofilin and espin. DNaseI staining is also observed, 

indicating that the actin is monomeric. The presence of monomeric actin, along with cofilin, 

which can nucleate actin at high concentrations, and espin, an actin crosslinker, suggests that 

localized F-actin remodeling is occurring to repair the damage [45]. However, there is no 

definite evidence that the damage is actually repaired.
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