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Abstract

Vestibular sensation is essential for gaze stabilization, balance, and perception of gravity. The
vestibular receptors in mammals, Type | and Type Il hair cells, are located in five small organs in
the inner ear. Damage to hair cells and their innervating neurons can cause crippling symptoms
such as vertigo, visual field oscillation, and imbalance. In adult rodents, some Type Il hair cells are
regenerated and become re-innervated after damage, presenting opportunities for restoring
vestibular function after hair cell damage. This article reviews features of vestibular sensory cells
in mammals, including their basic properties, how they develop, and how they are replaced after
damage. We discuss molecules that control vestibular hair cell regeneration and highlight areas in
which our understanding of development and regeneration needs to be deepened.
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1. Introduction

Vestibular hair cells are sensory receptors in the inner ear that detect head motion and
thereby enable animals to orient their bodies and coordinate movements. In mammals,
vestibular hair cells and their innervating neurons degenerate with age [1-3], and they can be
destroyed by therapeutic drugs such as aminoglycoside antibiotics [4, 5]. Extensive loss of
vestibular sensory cells is highly debilitating and can elicit nauseating bouts of dizziness,
imbalance, and incapacitation. Vestibular deficits are prevalent in the human population.
They are estimated to affect 35% of the U.S. population >40 years old, and they increase
significantly with age [6]. Although mammals compensate after vestibular hair cell loss by
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invoking visual and proprioceptive senses, functional deficits can persist and affect balance
throughout life.

The pathology of vestibular aging and toxicity is complex, affecting various cell types and
structures in the sensory organs, neurons of the vestibular ganglion, and the central pathways
to which the neurons project [1-4, 7]. Indeed, the degree to which losses of vestibular hair
cells and neurons contribute to vestibular dysfunction in humans is not well understood.
Regeneration of vestibular hair cells is one treatment strategy being explored for some forms
of vestibular dysfunction. The majority of hair cells in mammalian vestibular organs are
formed during embryogenesis. However, adult mammals can regenerate a subpopulation of
these cells after damage, increasing the likelihood that cellular repair or replacement could
potentially benefit millions of people suffering from vestibular deficits. This review
summarizes the current state of knowledge on development, damage, and regeneration of
sensory cell types in the mammalian vestibular system and highlights critical information
gaps that must be addressed before new therapies for vestibular dysfunction can be defined.

2. The mammalian vestibular organs contain a diverse array of cell types

The sense of balance is achieved by integrating vestibular, visual, and somatosensory inputs.
Five vestibular organs located in the inner ear sense head position and movements in
different directions (Fig. 1). Mechanosensitive hair cells are receptor cells located in the
sensory epithelium of each vestibular organ. Hair cells and their innervating neurons detect
head velocity and acceleration when a specialized bundle of stiff finger-like projections
(stereocilia) located at their apical surface is deflected in response to head movement. There
are two types of vestibular sensory epithelia. Maculae are found in the utricle and the
saccule. The stereocilia of macular hair cells are weighted by small stones (otoconia),
enabling the cells to sense linear head acceleration and gravity. Cristae (lateral, anterior, and
posterior) lie at the end of the three semicircular canals and sense head rotations.

Each vestibular sensory epithelium is composed of hair cells and supporting cells (Fig. 1,
bottom right), which share similarities with epithelial and glial cells. Each macula has two
anatomical zones: a central strio/ain which specialized afferent terminals are located and a
surrounding extrastriola. In or around the striola, hair cells are divided along a line of
polarity reversal in which the vector of maximum sensitivity of their stereocilia reverses
direction. Polarity reversal allows for detection of linear acceleration in opposing directions.
Each crista is also divided into central and peripheral zones, but in contrast to the maculae,
all hair bundles in the crista share a common orientation.

Vestibular hair cells are divided into two subtypes, Type | and Type Il [8-14]. Type | and
Type |1 hair cells are found in both central and peripheral zones of all five vestibular organs,
usually in almost equal ratios, of all mammals that have been examined, including humans.
This has sometimes been confused with findings from birds and reptiles, in which Type |
hair cells are only found in central zones [15, 16]. The functional differences between hair
cell subtypes and regions are still being elucidated, although accumulating evidence
indicates that Type | hair cells, particularly those located centrally within the sensory
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epithelium, may be better suited for detecting acceleration during high frequency head
movements compared to Type Il hair cells [17, 18].

Type | hair cells are unique to amniotes. They are classically defined by the presence of cup-
shaped, calyceal afferent innervation, whereas Type 11 hair cells synapse upon discrete
bouton afferent terminals [10]. Distinct morphological differences such as cell shape and
stereocilia width and length have also been linked to each subtype [11, 19-21]. Relatively
little is known about what separates vestibular hair cell subtypes at the molecular level, but
differences in Sox2 transcription factor expression [22] and calcium binding protein
expression [9, 23] can be reliable indicators. Rapid progress on this front will likely soon be
made as high throughput profiling methods like single-cell RNA-sequencing should allow
for characterization of differences at the whole transcriptome level [24]. A growing list of
electrophysiological differences also distinguish Type I and Type Il hair cells [25-34], and
regional differences in physiological recordings confirm that Type | and Type Il hair cells
may be further subdivided based on central versus peripheral location [25, 26, 35-41].

Diversity amongst the afferent vestibular ganglion neurons that innervate hair cells is
somewhat more complex. Morphologically, terminals of the neurons can be broken into two
types: calyces and boutons. Each neuron usually branches multiple times and innervates
several hair cells [42, 43]. Neurons whose arbors exclusively form bouton endings are least
common and only found in peripheral zones, whereas neurons whose arbors exclusively
form calyceal endings are only found in central zones. The vast majority of afferent neurons
are dimorphic; they branch to form both calyceal and bouton endings. Dimorphs are found
in both central and peripheral zones, but individual neurons do not cross zones. Finally,
some central calyces are complex, meaning that one calyx from the same branch can extend
to innervate multiple neighboring hair cells, whereas the peripheral calyces that originate
from dimorphs only innervate a single hair cell.

In mature mice, peripheral afferents that innervate the maculae project centrally to distinct
regions of the brain, depending on the zone from which they arise. Afferent nerves from the
medial half of the utricle project almost exclusively to vestibular nuclei, while afferents in
the lateral half travel primarily to the cerebellum [44]. The converse is true in the saccule.
These zones have been termed “cerebellar macula” and “vestibular macula”. The functional
significance of this segregation of projections is not known. However, since a given stimulus
activates one macular zone and not the other, it has been proposed that this would result in
facilitation of one nucleus and defacilitation of the other. Given the central circuitry, this
could result in enhanced vestibular tuning [44].

Another major feature distinguishing individual vestibular ganglion neurons is their
background firing pattern [45-47]. The calyx-only and dimorphic neurons in the central
zones exhibit irregular discharge of action potentials, whereas the bouton-only afferents and
dimorphs in peripheral zones are more regular. Irregular afferents show larger gain at higher
frequency stimuli than do regular afferents, suggesting central afferents are better at
detecting the onset of rapid movements [48, 49]. A clear connection between hair cell
subtype, afferent terminal type, and discharge regularity is obscured, however, by the fact
that Type 1/Type Il hair cells and calyces/boutons are found in both central and peripheral
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zones. Therefore, mechanisms by which each cell type in each region encodes head
movements must be elucidated before we learn how to reconstruct injured vestibular organs
such that function is restored. Experiments showing that low and mid frequency components
of the vestibulo-ocular reflex remain intact after silencing irregular afferents suggest that
these inputs to the central nervous system may be dispensable for some forms of vestibular
function [50]. However, the full impact of removing and replacing distinct neural and hair
cell subtypes on vestibular function is still actively under investigation.

While sensory hair cells and neurons might be the most essential cell types for vestibular
function, there are other cell types present within vestibular organs that have key roles.
Supporting cells anchor hair cells into the sensory epithelium, generate material for the
overlying structures that are essential for stereocilia displacement, clear dead hair cells and
debris, and help maintain ion homeostasis (supporting cell features and functions are
reviewed in [51, 52]). Supporting cells also play the key role of serving as precursors to new
hair cells in adulthood (discussed in detail below). Clear evidence exists that, at least during
development, there are two subtypes of vestibular supporting-cell-like progenitors separated
by the central and peripheral regions, particularly within the maculae [24, 53-55]. Whether
these differences persist in mature supporting cells at adulthood remains to be determined.

Surrounding the sensory epithelium is a transitional region, followed by a thinner epithelium
that arches up to form a roof and enclose the lumen. Dark cells in this thinner epithelium,
and to a lesser extent cells from the transitional region, are essential for secreting potassium
(K) and maintaining the high K concentration of the endolymph in utricles and cristae. In
addition, macrophages send processes or migrate periodically into the sensory epithelium
[56]. Finally, the sensory epithelium sits on a bed of stromal mesenchyme, which contains
poorly characterized cell types including, but likely not limited to, Schwann cells,
fibroblasts, immune cells, and capillaries. Since less is known about many of these cell types
and their importance in regeneration, they will not be covered further here.

3. Development

The sensory epithelia of the vestibular organs derive from the otic placode, a patch of head
ectoderm that forms during early development. The placode grows in size and invaginates
into the mesoderm, forming a fluid-filled ball called the otocyst.

The first signs of sensorineural cell fate decisions become apparent when neuroblasts
delaminate from the ventral region of the otocyst (E9.5 in mouse) and migrate to the ventro-
medial location, where they will eventually differentiate into neurons of the vestibular
ganglion. Shortly thereafter (E11.5-E12.5 in mouse), the hair cells within the maculae and
cristae begin to emerge from separate patches of neuroepithelial progenitors located more
dorsally in the ventral otocyst. Interestingly, many of the non-sensory epithelial cells that
separate the vestibular organs appear to derive from the same lineage as their sensory
counterparts [57]. Two pouches of cells evaginate from the otocyst near the equator of the
ventral and dorsal hemispheres to form the anterior/posterior and lateral canals, respectively
(E12.5-E13.5 in mouse). During this process, these pouches increase in size, and then form
fusion plates that resorb to produce the tube-like canals. For a more in-depth discussion of
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these early stages of inner ear development and the molecular cues that control them, the
reader is referred to a chapter by Alsina and Whitfield in this issue and to two other reviews
[58, 59].

In mice and rats, mitotic tracing experiments have shown that cell cycle exit in the sensory
epithelia of the utricle and cristae begins around E13.5/E14.5 and occurs in a pronounced
central-to-peripheral pattern [60-62]. Because these studies collected specimens at adult
ages after labeling during embryogenesis, they did not determine whether cell cycle exit is
temporally coupled to hair cell differentiation in vestibular organs. However, one study
correlated the locations of terminal mitoses and the onset of hair cell markers in cristae,
suggesting that unlike the cochlea, hair cell differentiation might occur in conjunction or
soon after cell cycle exit in those organs [62].

Production of hair cells and supporting cells in the mouse utricle is a protracted process,
extending into the postnatal period [60, 63] (Fig. 1). At E13.5, the utricular macula is
comprised mostly of the region that will lie medial to the line of polarity reversal, and it is
not until late in embryonic development that the lateral region expands. During the 2-week
period following birth, approximately half of the hair cell population is formed [63].
Although studies suggest hair cells differentiate in a central-to-peripheral pattern, mirroring
cell cycle exit [61, 62], definitive evidence remains to be presented. During embryonic and
postnatal development, hair cells in any particular region display various states of
morphological and electrophysiological maturation, suggesting that maturation might not be
regionally synchronized [26, 30, 64]. It should be noted that hair cell formation appears to
be restricted to embryogenesis in humans [65], in contrast to rats and mice.

In mice, newly formed vestibular hair cells are first identified by expression of cell-specific
molecular markers such as Atohl mRNA as early as E11.5 [57] and Pou4f3 protein shortly
thereafter at E12.5 [66]. Hair bundles are first detected around E13.5 in utricles [64, 67] and
E15 in cristae [68]. Physiological properties of hair cells, including mechanotransduction-
gated and voltage-gated ion currents, develop during the late embryonic and neonatal
periods [25, 26, 30, 41].

The lineages of hair cell subtypes within developing vestibular epithelia have not been
elucidated. Morphological and electrophysiological evidence indicates that the two subtypes
differentiate in parallel, beginning around E18 in mice [25, 26, 69]. While these data suggest
the two subtypes diverge from a common immature hair cell, it has also been posited that
Type | hair cells transit through a Type 1l stage on the way to becoming a “super-
differentiated” hair cell [70-72]. For example, Kirkegaard and Jgrgensen [71] noted in
normal adult bat utricles that some hair cells resembled Type I hair cells in morphology and
possessed partial calyceal afferent contacts, suggesting Type | hair cells derive from Type Il
hair cells. Further, during hair cell regeneration in chickens, Weisleder et al. [70] observed
that in the striola, Type Il hair cell replacement precedes that of Type | hair cell replacement,
suggesting Type I’s pass through a Type |l stage. Alternatively, mitotic tracing experiments
in developing rats show that the progenitors that give rise to Type I’s exit the cell cycle prior
to Type Il progenitors, suggesting that Type I’s might differentiate first [61]. Since these
questions have not been resolved, it remains possible that each hair cell subtype develops
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independently, even perhaps through different progenitor populations. Elucidation of
markers that distinguish different cell types, as well as cell fate-mapping studies, will help to
clarify the mechanisms and dynamics of hair cell genesis.

Synaptogenesis occurs concurrent with hair cell differentiation (Fig. 1). In the mouse utricle,
sporadic bouton synaptic contacts and partial calyces are detected by E15 and E18,
respectively; however, boutons do not become widespread until E18 and full calyces are not
apparent until several days after birth [25, 73-75]. In mouse cristae, the first synapses are
seen at E20, and innervation appears mature by P10 [76]. Vestibular neural processing, as
assessed by the vestibulo-ocular reflex, is also mature around this time [77]. Importantly,
some cell-type-specific morphological and physiological features of hair cells develop when
innervation is interrupted [25, 78, 79], which indicates hair cell specification does not
necessarily rely on continual input from neurons.

When hair cells first differentiate, the actin-rich stereocilia of the hair bundle extend around
a centrally positioned cilium. As the stereocilia elongate, the cilium moves to one side of the
apical surface, marking the first signs of planar cell polarity (PCP) within the epithelium
[80]. In the utricle and saccule, PCP is essential for the establishment of the line of polarity
reversal. PCP appears to be independent of subtype identity, since Type | and Type Il hair
cells are evenly distributed on both sides of this line. An in-depth review of the molecules
that establish and maintain PCP is provided by Perrin in this issue.

4. Vestibular cell types and subtypes might exhibit differential susceptibility

to damage

Age-related degeneration of Type | and Type |1 hair cells has been observed in surface
preparations and sections of human maculae and cristae [1, 2, 13, 81-84]. Similar declines
have been observed in mouse and guinea pig [85, 86]. In several of the aforementioned
studies, aged maculae showed less hair cell loss than the cristae, suggesting the utricle and
saccule might be less susceptible. Concomitant with loss of sensory hair cells, numbers of
vestibular ganglion neurons appear to decrease with age as well [13, 84, 87-90], and losses
of both sensory hair cells and neurons correlate with deterioration of vestibular organ
function, as measured by multiple tests [6, 91-94]. It remains to be determined whether
different regions of the peripheral organs show varying rates of age-associated hair cell loss,
or whether there are subtler forms of degeneration that could impact function, such as the
synaptopathy that has been carefully documented within the cochlea [95].

In addition to age-related degeneration, more acute traumatic events such as exposure to
ototoxins can also harm vestibular cells and function. Hair cells appear to be one of the more
susceptible vestibular cell types; however, loss of vestibular ganglion neurons and damage to
supporting cells has also been observed [52, 96, 97]. For example, chronic exposure to 3,3’ -
iminodipropionitrile can lead to transient disassembly of calyceal synapses in the absence of
any overt hair cell or ganglion damage [98]. Finally, several studies have found differential
susceptibility of hair cell subtypes — Type | versus Type Il, macular versus ampullary, and
central versus peripheral — to various ototoxins [4, 49, 99-104].
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5. Spontaneous regeneration of vestibular hair cells after damage declines
with age but persists into adulthood

Remarkably, many adult non-mammalian vertebrates respond to vestibular hair cell death by
generating replacements that become innervated and restore sensory function within days or
weeks (for a review on cross-species comparisons, see [105]). In birds, which have been
most well studied, many replacement hair cells arise as a result of neighboring supporting
cells reentering the cell cycle and dividing [106-111]. Post-mitotic cells then differentiate
into new hair cells or supporting cells. Studies in amphibians and birds suggest new hair
cells may arise via a non-mitotic process, called direct transdifferentiation, during which
supporting cells phenotypically convert into hair cells [112-117]. In birds, regenerated Type
I and Type Il hair cells acquire many normal physiological properties [72, 118], reconnect
with afferent nerve fibers [119, 120], and substantially restore vestibular function [121, 122].
However, some limitations exist. For instance, in pigeons, some features of innervation, such
as terminal field structure, are not fully restored in the crista after hair cell damage, and
deficiencies in gaze stability persist. In order for full functional recovery to occur, organs
will likely have to reestablish appropriate numbers and patterning of Type I and Il hair cells,
as well as precise innervation of the new sensory cells.

Supporting cells in vestibular organs of embryonic and newborn mice are also naturally
capable of proliferative hair cell regeneration [54, 123] (Fig. 2). However, most vestibular
supporting cells lose the ability to divide during the first week after birth [60, 63, 123-126].
Very few vestibular supporting cells in adult rodents undergo mitosis after complete or near-
complete destruction of hair cells (Fig. 2) [127-136]. Nonetheless, adult rodents regenerate
some vestibular hair cells, the vast majority of which presumably arise via phenotypic
conversion of supporting cells into hair cells [100, 101, 131-134] (Fig. 3). Golub et al. [133]
estimated that 17% of hair cells were replaced in utricles of adult mice. Further, there is
morphological evidence that humans, even those who are very old, have the capacity to form
new utricular hair cells [137]. This is in stark contrast to the nearby cochlea, in which no
hair cells are replaced after damage in adulthood [101] (Fig. 3).

Cell fate-mapping studies have demonstrated new hair cells in adult rodents arise from
supporting cells [132]. Oddly, however, morphological analysis indicates that all new hair
cells possess short, thin stereocilia and basolateral processes, and they lack calyceal afferent
endings, indicating only Type Il hair cells are replaced, even after long recovery periods
[100, 101, 131, 133]. It is not known at this time why Type | hair cells are not regenerated in
mammals or if this partial replacement of new Type I hair cells results in significant
functional improvement. In birds, for comparison, the full complement of Type I and Type II
hair cells is regenerated after damage [70, 138].

As discussed above, very little supporting cell division accompanies vestibular hair cell
replacement in adult mammals. This indicates a non-mitotic form of regeneration must
occur. In this case, supporting cells act as post-mitotic hair cell precursors. As expected, in
the absence of sufficient supporting cell renewal, supporting cell numbers are reduced
during hair cell regeneration in rodents [101, 133]. These observations raise the question of
whether stem-like cells exist to replace supporting cells once they convert into hair cells.
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One hallmark of stem cells is self-renewal, which enables clonal growth of dissociated cells
in culture and repeated regeneration of specialized cells in vivo. Cells with the capacity for
self-renewal and formation of hair cell-like cells have been isolated from utricles of young
mice [139], but numbers of these cells appear to wane significantly after the first postnatal
week [140]. Consistent with the findings in neonates, striolar supporting cells in P3 mice
selectively upregulate the well-characterized stem cell marker Lgr5 in response to hair cell
damage and show enhanced capacity for proliferative hair cell regeneration [54]. However,
the finding that extrastriolar supporting cells also regenerate hair cells in neonates and adults
indicates that Lgr5-expressing cells are not the only cells with regenerative capacity in the
vestibular epithelium.

Mature birds and fish regenerate hair cells in auditory or lateral line organs after repeated
injuries separated by recovery periods [141, 142], which is consistent with persistence of
stem cells in mature hair-cell epithelia of non-mammals. Furthermore, under normal
physiological conditions, supporting cells in birds divide and replace vestibular hair cells
that have undergone programmed cell death [143-146]. A recent unpublished study from the
laboratories of Jennifer Stone and Brandon Cox used fate-mapping to demonstrate that small
numbers of utricular hair cells die and are replaced in adult mice under normal physiological
conditions, confirming anatomical observations from earlier studies [100, 127, 147]. While
these observations do not confirm the presence of a stem-like cell in vestibular epithelia of
adult mammals, they demonstrate that hair cell replacement is a natural innate process in
mammals and provide opportunity for investigators to identify signals that restrict this
process to Type Il hair cells.

6. Lessons from development: molecular level control of proliferation and

differentiation in adult vestibular epithelia

A possible explanation for distinct regenerative capacities across animals is that mammalian
supporting cells execute a more specialized differentiation program than non-mammalian
supporting cells, creating more barriers to de-differentiation after damage. Consistent with
this hypothesis, mammalian supporting cells develop extensive cytoskeletal and junctional
specializations around the same time their capacity for proliferative regeneration wanes,
whereas such specializations are absent in many species of regenerating non-mammals [125,
148, 149]. However, these differences are not fully understood, which poses an obstacle to
scientists trying to stimulate hair cell regeneration in humans as a treatment for balance
disorders. To circumvent this, one strategy under investigation is to overcome restrictions on
proliferation and differentiation in adult vestibular epithelia by awakening molecular
programs that promote hair cell and supporting cell formation during development.

Enhancing the number of supporting cells that convert into hair cells could be the simplest
and safest route, since it only involves one step and poses less oncogenic risk. The basic
helix-loop-helix transcription factor Atohl is the earliest known determinant of a hair cell
fate [150-152]. Atohl expression is re-activated after hair cell loss in adult mouse utricles as
new hair cells form and differentiate [132, 153]. Forced expression of Atohl in supporting
cells using viral vectors appears to augment hair cell regeneration in damaged vestibular
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organs from adult rodents [154-158]. However, functional recovery was small or absent, and
electrophysiological properties of new hair cells were not carefully examined. In contrast
with results from adenoviral vectors, evidence from transgenic mice with inducible Atohl
expression indicates utricular supporting cells become refractory to Atohl-mediated hair cell
conversion within a month after birth [159]. One aspect that has yet to be addressed is
whether the means of Atohl overexpression (i.e., viral delivery to the ear or activation in
transgenic mice) is a factor that contributes to different outcomes.

The Notch pathway is critical for both hair cell and supporting cell differentiation during
development (reviewed in [160, 161]). Ligands expressed on the surfaces of differentiating
hair cells bind the Notch receptor on adjacent undifferentiated cells. As a result, the cleaved
Notch receptor represses Atoh1l transcription, blocking new cells from acquiring the hair cell
fate. In neonatal mice, blockade of Notch receptor cleavage results in massive supporting-
cell-to-hair-cell conversion [55]. A smaller but significant effect of Notch receptor
inactivation upon hair cell regeneration is observed in adult vestibular organs after killing
hair cells [132, 134].

Another potent regulator of vestibular hair cell regeneration is canonical Wnt signaling. In
neonatal mice, forced expression of the Wnt signaling effector, p-catenin, promotes mitotic
hair cell replacement, particularly in the striola [54]. However, Wu et al. [162] found that
pharmacological inhibition of Notch or activation of p-catenin alone failed to trigger
supporting cell division in adult mouse utricles. Nevertheless, simultaneous inactivation of
Notch and activation of p-catenin led to a small but significant increase in supporting cell
division.

Many of the aforementioned studies measured hair cell regeneration using markers of young
hair cells. Accordingly, it remains unclear whether initiating the earliest stages of hair cell
differentiation is sufficient for creating a functional hair cell or if additional factors will be
necessary to induce replacement of both Type I and Il hair cells in adults, with proper hair
bundle maturation, PCP, and innervation. Most likely, multiple manipulations will be
required to achieve significant recovery of vestibular function after hair cell damage has
occurred.

By its very nature, conversion of supporting cells into hair cells will result in supporting cell
depletion, unless supporting cells are replaced by cell division. Extracellular stimulation of
proliferative regeneration with exogenous factors like growth factors would be ideal, and a
number of studies have shown that select fibroblast growth factors, transforming growth
factors, insulin-like growth factors, epidermal growth factors, and Wnt agonists can elicit
cell cycle reentry of vestibular supporting cells in vitroand in vivo [162-167].
Unfortunately, responsiveness to growth factors and Wnt agonists declines sharply with age
despite continued expression of these ligands’ receptors, which has led researchers to seek
alternative means of stimulating proliferation in adults.

Cyclin dependent kinase inhibitors (CDKIs) such as p19!"k4d p21CiP1 n27Kipl and pocket
proteins such as Rb1, Rbl1/p107, and RbI2/p130 have vital roles in turning off the
proliferation machinery as the cells in eukaryotes stop DNA replication and cell division.
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Deletion experiments have shown that p19'nk4d p21Cipl n27KiPl Rb1, and Rbl2/p130
contribute to cell cycle exit in cochlear progenitor cells [168-176], and some of these
findings have been extended to the vestibular organs. Rb1 deletion in embryonic and
neonatal mice can lead to cell cycle entry of pre-existing, differentiated hair cells and
supporting cells in the utricle [169, 170], and it appears that some dividing hair cells may
survive [171]. Interestingly, unlike in the cochlea, co-deletion of p19!"k4d and p21CiP1 has no
effect on proliferation in the vestibular organs, indicating that the postmitotic state is at least
partly regulated by distinct CDKIs in different regions of the inner ear [168]. The influence
of p27KiPl and Rbl2/p130 is not well characterized in the vestibular system.

Overexpressing positive regulators of the cell cycle might bypass repressive signals like
pocket proteins and CDKIs. CyclinD1 expression declines as hair cells and supporting cells
exit the cell cycle, and forced expression of cyclin D1 in neonatal and adult mouse utricles
triggers cell cycle reentry of hair cells and/or supporting cells [177, 178]. Conditional
deletion of N-Myc in the embryonic ear reduces growth of the sensory epithelium by
inhibiting proliferation [179, 180], and overexpression of N-Myc (J. Burns, unpublished
results) or c-Myc, a closely related family member, results in robust proliferation of
supporting cells in the adult mouse utricle /n vitro [181]. Neither cyclin D1 nor c-Myc
overexpression is able to induce re-growth of the sensory epithelium, as proliferating cells
either become arrested in G2 or undergo apoptosis after passing through M phase,
apparently due to accumulation of DNA damage [182]. Alternatively, reprogramming
mature supporting cells to a progenitor-like state might make supporting cells more
amenable to cell cycle reentry. The pioneer transcription factors Sox4 and Sox11 are
downregulated in utricular supporting cells in the neonatal period, and overexpression of
these genes in juvenile mice restores sufficient plasticity to induce supporting cell
proliferation and the formation of a limited number of new hair cells in vitro [183].

7. Future outlook

In contrast to the cochlea, the cellular plasticity that persists into adulthood within
mammalian vestibular organs could make restoration of vestibular function more feasible in
the near-term than overcoming the many challenges associated with hearing loss.
Morphology, patterning, and physiology of vestibular cells also appear to be less complex
than their cochlear counterparts. However, the vestibular organs are still relatively intricate
structures that contain a diverse array of cell types and subtypes. Important outstanding work
in the field includes elucidating the molecular mechanisms that control cell type diversity,
understanding how cellular maturation limits plasticity in mammals but not non-mammals,
physiological testing of the extent to which spontaneous regeneration restores function, and
further characterization of the cell types and structures that are most susceptible to damage
and/or most necessary for proper vestibular sensation. Studies on regeneration of vestibular
ganglion neurites are particularly lacking.

Emerging technological breakthroughs position the field to move ahead at a quicker pace. A
number of high throughput methods are being used to profile the transcriptome and
proteome during processes like hair cell differentiation [24, 184-186], growth of the hair
bundle [187, 188], the cellular response to ototoxic insult [189], and hair cell regeneration in
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non-mammals [190-192]. As applied to differentiation and regeneration, single-cell
transcriptional profiling is particularly powerful, since it characterizes these processes for
distinct cell types and subtypes in an unbiased manner. For example, single-cell RNA-Seq
was recently used to reconstruct the early stages of hair cell differentiation in the neonatal
mouse utricle [24], and work is underway to extend this trajectory to include branching into
Type | and Type |1 subtypes as well as maturation of supporting cells. Molecular
characterization of cells appears to be less of a hurdle now more than ever; thus the biggest
bottleneck moving forward is the throughput of the perturbation methods used to validate the
function of candidate genes and proteins. This bottleneck may be opened by in vitro systems
like organoids and improvements in genetic manipulation like CRISPR/Cas9. Thousands of
miniature vestibular sensory epithelia can now be generated in a dish from embryonic stem
cells, and the epithelia contain mechanotransducing Type | and Type Il hair cells [193, 194].

In summary, there are many outstanding questions that remain to be explored in vestibular
development and regeneration. More attention appears to be focused on the vestibular organs
in recent years as the debilitating effects of balance disorders become increasingly apparent.
Equipped with higher throughput tools, researchers are set to solve the riddle of how to
regenerate different vestibular cell types and restore sensory function.
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Figure 1. The sensory organs of the mouse inner ear
The structure of the inner ear sensory organs is shown (left column), as well as the

development of the utricular macula in surface (middle column) and cross-sectional (right
column) views. The most mature epithelia are shown at the bottom. Left column, Detection
of sound or acceleration occurs in the sensory epithelia (green), which are ordered patches
comprised of mechanosensitive hair cells and supporting cells. The lateral, posterior, and
anterior cristae detect rotational acceleration, the utricle and saccule detect linear
acceleration, and the cochlea detects sound. In mammals, each sensory epithelium (green)
contains a specialized set of hair cells (tan) that enhance range or sensitivity. In the
vestibular organs, these specialized cells are located centrally within the epithelium. Middle
and right columns, Surface views and cross-sections depicting development of the mouse
utricular macula. By E12.5, a pseudostratified layer of neuroepithelial cells within the
otocyst differentiates to form a prosensory domain (green), the precursor to the utricular
macula. Neuroepithelial cells surrounding the prosensory domain form the non-sensory
transitional epithelium (TE, blue). Prosensory cells exit the cell cycle and begin to
differentiate into the first hair cells at E13.5. By birth (P1), progenitors are completing final
rounds of cell division. The crescent-shaped striola (tan) has distinguished itself from the
surrounding extrastriolar zones (green). Many hair cells display the morphological and
electrophysiological characteristics of Type | and 1l hair cells and have formed connections
with vestibular nerve endings. By P12, maturation of the sensory epithelium is nearly
complete.
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Figure 2. The capacity for mitotic regeneration in the utricle becomes limited during the first
postnatal week in mice
Confocal images of utricles from newborn (P0) or adult (P80) mice that were explanted and

cultured for 24 h with or without 3mM Neomycin. After Neomycin treatment, utricles were
cultured in the presence of BrdU for an additional 72 h, at which point the organs were fixed
an immunolabeled for BrdU and the hair cell marker Myo7a. A significant number of
supporting cells in PO mice reentered the cell cycle in response to damage, whereas few if
any supporting cells incorporated BrdU in adults. Note that equivalent Neomycin treatment
kills many more hair cells in adults than in neonates. One hypothesis for this difference is
that many hair cells in the neonatal epithelium are immature and lack mechanotransduction,
the route by which aminoglycosides preferentially enter hair cells [195]. Neonatal mouse
images reproduced from [123].
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Figure 3. A subpopulation of vestibular hair cells is regenerated after near-complete ablation
a. Schematic showing the utricular macula under normal conditions, after damage, and after

regeneration. b. Confocal images of the mid-apical region of the organ of Corti in the
cochlea (top) and the extrastriolar region of the utricle (bottom) in normal conditions, at 2
weeks post-damage (induced by diphtheria toxin in Pou4f3°TR mice, see [133], and at 4-6
weeks post-damage. In both sensory organs, hair cells (green) were killed by diphtheria
toxin, and replacement hair cells were detected in the utricle but not the cochlea.

Cochlea

Utricle
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