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Abstract 
Loss of the sensory “hair cells” (HCs) from the vestibular (balance) system of the inner ear results in 

dizziness and balance dysfunction contributing to falls. In the inner ears of non-mammalian vertebrates, 

there is spontaneous and complete replacement of lost HCs. The regenerates derive from the non-sensory 

supporting cells (SCs) that surround each HC either from the daughter cells following SC division or by 

direct, non-mitotic conversion of SCs. In mammals, there is a very limited capacity to regenerate vestibular 

HCs but only a small percentage is replaced. They arise exclusively by SC conversion. Recent work in 

mice, and some in humans, has shown possibilities for inducing SCs to convert to cells expressing some 

HC characteristics, but that differentiation to fully functional HCs is incomplete. Identification of necessary 

transcription factors, and/or epigenetic modifiers as well as targets to promote SC proliferation is ongoing.  
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Introduction 
 
Hair cells (HCs) are the mechanotransducing sensory cells of the hearing and balance (vestibular) systems 

in the inner ears of vertebrates, and in the neuromasts of the lateral lines in fish and amphibians. They 

derive their name from the organised bundle of elongated, modified microvilli known as stereocilia that 

project from their apical surfaces (Fig.1B,C). Deflection of this “hair” bundle gates mechanosensitive ion 

channels to modulate ionic current flow through the HC to initiate physiological responses (reviewed in 

[1]). Each HC is surrounded by and separated from its neighbours by intervening non-sensory, glia-like 

supporting cells (SCs) (Fig 1C,D) that maintain the physiological environment necessary for HCs to 

function [2]. HCs and SCs derive during development from a common precursor following terminal mitotic 

events (reviewed in [3]). Expression of the transcription factor Atoh1 directs precursors towards the HC 

fate. Those cells that first begin to do so exert lateral inhibition on their contacting neighbours by activation 

of the Notch-Delta signalling system [4,5], which blocks expression of Atoh1. The inhibited cells 

differentiate as SCs. 
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HC loss is the major cause of vestibular dysfunction, the consequences of which are dizziness, vertigo 

and balance disequilibrium contributing to postural instability and falling. These are serious, 

underappreciated disabilities with significant health care implications [6]. Vestibular HCs are lethally 

damaged by certain “ototoxic” chemicals including aminoglycoside antibiotics, still a mainstay of treatment 

for tuberculosis, and are lost progressively with age. Age-related vestibular dysfunction is a major 

underlying factor in falls in the elderly. While a very limited capacity for spontaneous HC regeneration in 

vivo has been demonstrated in the vestibular organs of adult mammals [7-11], possibly including humans 

[12] fewer than 20% of lost HCs are replaced over a period of several weeks [9,13*] so there is no 

significant functional recovery after HC losses. Regenerating vestibular HCs might offer the only 

therapeutic intervention to ameliorate the disabling conditions, and investigation of HC regeneration in the 

balance organs may also offer insights into the prospects and challenges for regenerative therapies for 

acquired hearing loss.  

 

Some background: hair cell regeneration in non-mammalian vertebrates 

In all vertebrates, when HCs die, the SCs that surround each one expand to close the lesion to maintain 

epithelial integrity [12,14-17]. The SCs also act as phagocytes to remove the bodies of dying hair cells [16-

18*]. In birds and all other non-mammalian vertebrates the supporting cells then spontaneously give rise 

to new replacement hair cells, which, even after extensive losses, results in almost complete recovery of 

HC number and function in a few days (reviewed in [19]).  Some regenerated HCs arise from the daughter 

cells following division of SCs stimulated to re-enter the cell cycle by HC loss; others are generated by 

direct phenotypic conversion (non-mitotic transdifferentiation) of SCs into HCs [20-22] (Fig 1E). In the 

avian basilar papilla (auditory epithelium) the two mechanisms may operate in spatially separated regions 

of the epithelium, and phenotypic conversion may precede initiation of division [20]. Asymmetric divisions 

of SCs produce HCs and replacement SCs, whereas symmetric divisions generate only SC pairs 

presumably to maintain SC numbers as some convert to HCs [23]. Transcriptomic analyses of the 

progression of HC loss-regeneration in birds [24,25], complemented by functional studies, have shown 

inactivation of the Notch signalling system underlies spontaneous SC conversion. This supports earlier 

work [4] showing pharmacological blocking of the Notch signalling pathway with gamma-secretase 

inhibitors (GSIs) such as DAPT, stimulates SC conversion to HCs after damage. Transcriptomics has also 

revealed signalling pathways, known to be active during development, that modulate proliferative 

responses during regeneration in the avian inner ear and zebrafish neuromasts [4,24-26]: activation of the 

Wnt signalling pathway promotes proliferation; FGF and BMP signalling may antagonise cell division. It 

remains to be resolved for the avian inner ear whether there are subsets of SCs - i) with the progenitor-

like capacity to convert directly to HCs; (ii) with the stem cell-like characteristic of asymmetric division; or 

(iii) which divide symmetrically – or if there is a uniform population of SCs with the capacity to activate any 

one of those programs depending on the local environment or signalling. However, single-cell RNA 

sequencing applied to regenerating zebrafish neuromasts, identified 5 different supporting cell types 

including quiescent and activated stem cells [26].   
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The mammalian vestibular sensory epithelia. 

There are two HC types in mammalian vestibular organs, Type I and Type II, (Fig. 1C) distinguished by 

morphology, innervation patterns, ion channel composition, and distinctive molecular markers [27-30**]. 

They differ in the speed of their physiological responses [31]. In utricular maculae (utricles), the most 

favoured of the 5 vestibular sensory patches for studies, HCs are distributed across an epithelial sheet 

(macula) in which there is a differentiated band in the middle, the striola, which occupies ca.10-20% of the 

macula area and is shaped to match the outline of the macula (Fig 1A). It is distinguished by various 

molecular makers as well as by the physiological properties of HCs [30,31]. Transgenic mice expressing 

a fluorescent protein reporter driven by the promoter for proteolipid protein1 (PLP1; which is expressed by 

myelin-producing cells in the nervous system) show that PLP1 is expressed by SCs in the extrastriolar 

regions, but not across the striola [18*,30**,32,33]. Conversely, SCs in reporter mice for Lgr5, a target for 

Wnt signalling that promotes cellular proliferation and is highly expressed in stem cells, are located 

exclusively across the striolar region during development [30**,34,35]. Lgr5 is then down-regulated and is 

absent from the mature vestibular sensory epithelia of adults. Explants of the mature utricular macula from 

a several species [36,37], can be maintained ex corporeally for up to 4 weeks providing the only opportunity 

for experimental studies of inner ear tissues from humans [12,38*].  

 

Regeneration of vestibular hair cells by phenotypic conversion.  

In mice, maturation of the vestibular sensory epithelia occurs postnatally, with division of progenitor cells 

continuing into the first postnatal week and the majority of precursors differentiating into HCs and SCs until 

about postnatal day (P)10 [30**,39].  When HCs are ablated in the early postnatal utricle, post-mitotic SCs 

retain an ability to re-enter the cell cycle, but this capacity is lost by ca. P5 [32]. The loss of this capacity 

coincides with the development of thick actin bands at the level of the adherens junctions around the necks 

of SCs (Fig 1B). These bands are thought to rigidify and stabilise the mature sensory epithelia, and the 

unique thickness of these bands in mammals in comparison with their counterparts in non-mammals, has 

been suggested to be one factor suppressing regenerative responses in the mature mammalian utricle 

[32]. There is no SC division following HC loss in the mature tissue. The regenerated HCs in vestibular 

sensory epithelia of adult mammals derive by direct phenotypic conversion of SCs, demonstrated most 

convincingly by Golub et al. [13*]. In a transgenic mouse in which tamoxifen induces expression of 

diphtheria toxin receptor only in hair cells (DTR mice), following injection of diphtheria toxin almost all HCs 

were ablated. The new HCs, which were generated over a period of several weeks, i) did not incorporate 

markers of entry into the S-phase of the cell cycle; ii) up-regulated Atoh1 (which is expressed in 

differentiating HCs but is down regulated when they mature); and iii) increased in number in parallel with 

decreases in SC number. Induction of SC conversion is, thus, one strategy investigated for regenerating 

vestibular HCs and two approaches have been examined: viral-mediated transduction with the gene 

encoding Atoh1; and pharmacological inhibition of the Notch pathway. Studies of adenoviral vector delivery 

of Atoh1 to utricle explants from mature mice [40**] and from humans [38*] after ablation of hair cells with 
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aminoglycoside, both showed generation of cells expressing the HC marker myosin (myo)7a. 

Transcriptomic analyses in both cases revealed up-regulation of many HC-related genes, and several 

genes characteristic of SCs were down-regulated. However, many HC genes were not expressed and 

morphological analyses indicated that organised hair bundles were not generated. Inhibition of Notch 

signalling in explants of adult mouse utricles has also been reported to induce supporting cell conversion. 

Using a GFP reporter for Atoh1 expression, Lin et al. [41] found that after extensive aminoglycoside-

induced hair cell death, disruption of the Notch pathway with GSIs led to generation of cells expressing 

the Atoh1-reporter and myo7a in the absence of any SC division. However, these cells did not produce 

mature stereociliary bundles over the period examined. In contrast, in the human vestibular tissue, 

inhibition of Notch activation did not lead to generation of cells expressing myo7a [38*]. Whether the 

apparent difference in responses between mouse and human are species inherent or a result of the 

experimental conditions used remains to be tested. 

 

Regeneration of hair cell types 

After ablating hair cells in DTR mice, cell fate mapping both in early post-natal [30] and mature (P60) [18*] 

animals has shown that PLP1-expressing SCs give rise by conversion in vivo exclusively to Type II HCs, 

identified not only by morphology and molecular markers but also by detailed electrophysiological 

assessment [30**].  This revealed that baso-lateral ion channel composition and synaptic specialisation of 

regenerated HCs appeared mature-like, but stereociliary bundles were immature or absent and 

mechanotransduction was defective. Type I HCs did not arise from Type II HCs [18*]. They may arise from 

the subset of SCs across the striola that express Lgr5. In mice, Lgr5 is normally down-regulated by P1 but 

after ablation of HCs in DTR/Lgr5 reporter mice at P3, SCs expressing GFP driven by the Lgr5 promoter 

re-appeared predominantly across the striola. These SCs divided - as shown by incorporation of mitotic 

markers - and both Type I and Type II HCs expressing GFP differentiated [34]. Detailed analyses at a 

mature stage (P30) showed they had the electrophysiological characteristics of Type I HCs, but again 

stereociliary bundles were not fully differentiated [30**].  

 

Stimulating proliferation of Lgr5+SCs by activating Wnt signalling has been proposed as a potential basis 

for HC regeneration [6,30**,34]. A cocktail of factors that appear to stimulate proliferation of Lgr5+ cells 

isolated from inner ear tissues, including those of primates and humans, and which promotes 

differentiation of daughters into HCs has been reported [42]. However, Wnt activation in explants of mature 

utricles after HC loss failed to induce SC proliferation [43]. A very small number of SCs incorporating 

mitotic markers were, however, observed when Wnt activation and inhibition of the Notch pathway were 

applied together. This combination appears to promote significant SC proliferation and regeneration of 

Type I and Type II HCs in the immature utricle [35 ] and its therapeutic potential has been discussed [6,44].  

 

Additional factors and emerging protocols 
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A common finding from these studies of induced HC regeneration is the failure to generate mature, 

functional stereociliary bundles. This suggests that additional factors are required to obtain fully functional 

hair cells. Atoh1 transduction of human tissue led to changes in the expression of a number of genes 

involved in epigenetic modulation [38*], emphasising that such modifications are also likely to be critical in 

the regulation of “HC genes” in SCs. A comprehensive analysis of chromatin accessibility in the mature 

mouse utricle [39**] identified several HC genes that remained inaccessible after Atoh1 transduction. 

Although this might indicate the potential additional factors necessary for inducing generation of fully 

differentiated HCs, the chromatin accessibility of many HC genes that were expressed after Atoh1 

transduction was no different from those that were not, This demonstrates that further work is required to 

identify those essential transcription factors and/or chromatin modifiers necessary to generate 

differentiated HCs from mature SCs.  

 

An in vitro investigation of hair cell production from embryonic stem cells identified transcription factors, 

Gfi1 and Pou4f3, in addition to Atoh1 as being necessary to induce cells with an HC-like transcriptome 

and generation of an organised hair-bundle-like structure [45]. Targets for epigenetic modifications is also 

an area of increasing interest for inducing hair cell regeneration in the mature inner ear [44,46,47]. The 

application of single-cell RNA sequencing to the development of vestibular tissues [48] should also enable 

determination of the changes in gene expression patterns as immature post-mitotic SCs that retain 

phenotypic plasticity and proliferative potential progress to maturity where these capacities are lost. This 

could identify those transcription factors and epigenetic modifiers that could enhance HC regeneration in 

the mature vestibular sensory epithelia. In addition, organoid systems derived from human pluripotent 

stem cells [49*] are likely to provide platforms for future investigations into HC regeneration. To date the 

HCs generated through such organoids show characteristics, both anatomical and physiological, 

exclusively of Type II HCs, similar to  HCs regenerated in vivo [18]. Understanding the mechanisms 

regulating the generation of sub-populations of SCs (e.g. PLP1+ and LGR5+) could be a necessary step 

in determining how to regenerate Type I HCs. HCs with Type I chararacteristics are present only in 

terrestrial vertebrates; comparisons of the developmental generation of SCs in fish or amphibia with that 

in mammals using contemporary single-cell molecular profiling will provide important insight. 
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Figure Legend. 

A. Utricular macula of guinea pig vestibular system. Hair cells, the hair (stereociliary) bundles of which are 

the white puncta, are distributed across the epithelial sheet. The approximate limit of the striola is depicted 

by the red line. 

B. Hair bundles in utricular macula of a ferret. A hair bundle is formed of rows of stereocilia that increase 

in height in one direction across the apical surface of the HC defining a morphological polarity. Supporting 

cells (SC) between each hair cell bear short microvilli at their apical surface  

C. Fluorescently-tagged phalloidin labelling of f-actin in mouse utricular macula. Stereocilia are composed 

of f-actin, and labelling of f-actin at the adherens junctions around the necks of all cells delineates the 

apical surfaces of the SCs (asterisks) revealing that SCs separate neighbouring HCs from each other. The 

actin bands associated with adherens junctions in SCs are unusually thick. 

D. Section through utricular macula of a guinea pig. Two types of HC can be distinguished by morphology 

and innervation patterns. Type I (T1) HCs are flask shaped with entire baso-lateral surface enclosed with 

a calyx nerve ending of a single afferent nerve fibre. Type II (T2) are approximately cylindrical with several 

bouton nerve- endings synapsing at the base. (Type II HCs may have numerous basally projecting 

elongations [28]). The supporting cells (SC) sit on the basement membrane and send projections between 

HCs to the luminal surface. The bodies of the SCs intervene between the base of each HC and the 

basement membrane; HCs do not contact the underlying basement membrane. 

E. Diagrammatic representation of the two modes of hair cell regeneration observed in non-mammalian 

vertebrates: SC division and differentiation of HCs from one of the daughter cells; and direct, non-mitotic 

phenotypic conversion of SCs. 
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