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Aging, disease, and trauma can lead to loss of vestibular hair cells and permanent vestibular dysfunction. Previous work showed that,
following acute destruction of ;95% of vestibular hair cells in adult mice, ;20% regenerate naturally (without exogenous factors)
through supporting cell transdifferentiation. There is, however, no evidence for the recovery of vestibular function. To gain insight into
the lack of functional recovery, we assessed functional differentiation in regenerated hair cells for up to 15months, focusing on key
stages in stimulus transduction and transmission: hair bundles, voltage-gated conductances, and synaptic contacts. Regenerated hair cells
had many features of mature type II vestibular hair cells, including polarized mechanosensitive hair bundles with zone-appropriate ster-
eocilia heights, large voltage-gated potassium currents, basolateral processes, and afferent and efferent synapses. Regeneration failed,
however, to recapture the full range of properties of normal populations, and many regenerated hair cells had some properties of
immature hair cells, including small transduction currents, voltage-gated sodium currents, and small or absent HCN (hyperpolarization-
activated cyclic nucleotide-gated) currents. Furthermore, although mouse vestibular epithelia normally have slightly more type I hair
cells than type II hair cells, regenerated hair cells acquired neither the low-voltage-activated potassium channels nor the afferent synap-
tic calyces that distinguish mature type I hair cells from type II hair cells and confer distinctive physiology. Thus, natural regeneration
of vestibular hair cells in adult mice is limited in total cell number, cell type diversity, and extent of cellular differentiation, suggesting
that manipulations are needed to promote full regeneration with the potential for recovery of vestibular function.
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Significance Statement

Death of inner ear hair cells in adult mammals causes permanent loss of hearing and balance. In adult mice, the sudden death of
most vestibular hair cells stimulates the production of new hair cells but does not restore balance. We investigated whether the lack
of systems-level function reflects functional deficiencies in the regenerated hair cells. The regenerated population acquired mechano-
sensitivity, voltage-gated channels, and afferent synapses, but did not reproduce the full range of hair cell types. Notably, no regener-
ated cells acquired the distinctive properties of type I hair cells, a major functional class in amniote vestibular organs. To recover
vestibular system function in adults, we may need to solve how to regenerate the normal variety of mature hair cells.

Introduction
In most adult nonmammalian vertebrates, the death of inner ear
hair cells triggers their regeneration and integration into the sen-
sory system, restoring sensory function. In adult mammals, audi-
tory hair cells are not replaced following damage, for reasons
that remain unclear (for review, see Groves, 2010). Vestibular
organs in adult rodents and humans do regenerate some hair
cells naturally through transdifferentiation of supporting cells
(Warchol et al., 1993; Forge et al., 1993, 1998; Kawamoto et al.,
2009; Lin et al., 2011; Golub et al., 2012; Slowik and
Bermingham-McDonogh, 2013; Taylor et al., 2015; Wang et al.,
2015; Bucks et al., 2017; Taylor et al., 2018; Hicks et al., 2020).
Nevertheless, extensive bilateral loss of vestibular hair cells in
adult humans produces permanent dysfunction, including ver-
tigo, imbalance, and unstable vision (Tsuji et al., 2000; Rauch et
al., 2001; Hirvonen et al., 2007; Agrawal et al., 2009; Van Hecke
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et al., 2017). In adult rodents with bilateral loss of vestibular hair
cells, even with significant regeneration there is little recovery of
function, as shown by swim tests (Staecker et al., 2007), vesti-
bulo-ocular reflex (VOR) performance (J. Stone and J. Phillips,
unpublished observations), stimulus-evoked vestibular potentials
(Sayyid et al., 2019), and vestibular signs such as head bobbing
and body circling (Golub et al., 2012).

Why is there no recovery of vestibular function despite the
replacement of hair cells? This might reflect insufficient numbers
of new hair cells, deficiencies in such basic functions as mecha-
nosensitivity or synaptic transmission, or loss of specific types of
hair cells. There is some evidence for the latter. Mammalian ves-
tibular epithelia have two classes of hair cell, type I and type II,
which differ strikingly in morphology, molecular markers, ion
channel complements, and afferent and efferent synaptic mecha-
nisms (for review, see Eatock and Songer, 2011; Meredith and
Rennie, 2016; Burns and Stone, 2017). The hair cells that regen-
erate in adult rodents are type II like in gross morphology, lack-
ing the distinctive calyceal afferent synapses of type I cells (Forge
et al., 1993; Kawamoto et al., 2009; Golub et al., 2012; Sayyid et
al., 2019), and, like normal type II but not type I cells, express
Sox2 and calretinin (Hicks et al., 2020).

We have been investigating the potential for adult vestibular
hair cell regeneration in mice expressing the human diphtheria
toxin receptor (DTR) gene in hair cells (Erkman et al., 1996;
Xiang et al., 1997). We showed previously that diphtheria toxin
(DT) injections in adult DTRmice killed vestibular hair cells rap-
idly and in large numbers (Golub et al., 2012), inducing head
bobbing and circling. Within 60d, hair cell numbers increased
significantly, but there was no evidence for the regeneration of
type I cells and no reversal of the vestibular signs. Hair cells that
regenerate naturally in damaged cristae and saccules of adult
mice also appear to be type II (Hicks et al., 2020). In contrast,
DT treatment in neonatal DTR mice (Wang et al., 2019) pro-
duced regeneration of both type I and type II hair cells and sig-
nificant functional recovery as assessed by vestibular evoked
potentials (VsEPs). The neonatal mouse inner ear corresponds
developmentally to second-trimester human embryos (Pujol et
al., 1997). Understanding the nature of the loss of regenerative
capacity in adults is critical for restoring function to mature
human vestibular inner ears.

Here we look more closely at hair cells that regenerate in adult
DTRmice following DT treatment, extending the time for regen-
eration to .1 year. We ask whether individual regenerated hair
cells have basic functionality (mechanosensitivity, voltage-gated
currents, and synapses) and whether signs of differentiation into
hair cell types have been missed. We focus on the utricle, which
detects linear acceleration and head tilt, and is a model for
genetic, molecular, and electrophysiological studies. Control and
regenerated hair cells are compared for molecular markers, ultra-
structural features of hair bundles and synapses, and electrophys-
iological properties. We report that the regenerated hair cells
acquired key similarities to normal adult hair cells but also dif-
fered in ways that may contribute to the persistence of systems-
level dysfunction.

Materials and Methods
Animals
For most experiments, mice were Pou4f3DTR1/� (DTR) or Pou4f3DTR1/1

[wild type (WT)]. Mice were housed at the University of Washington
and the University of Chicago. In experiments on mechanotransduction
currents, the experimental mice were DTR mice, and the control mice
were WT C57BL/6J, the background strain of the DTR mice. All

procedures were conducted in accordance with approved animal proto-
cols from the Institutional Animal Care and Use Committees from the
respective university.

In the study by Golub et al. (2012), we assessed hair cell regeneration
in utricles of adult DTR mice on either C57BL/6J or mixed (C57BL/6J
plus 129SV) genetic background. For the current study, we used DTR
mice on a C57BL/6J background or a different mixed genetic back-
ground (C57BL/6J plus CBA/CaJ). We confirmed that the mice we used
here share the key results reported by Golub et al. (2012): in adult mouse
utricles, only ;5% of the total hair cell population survives DT, the
regenerated hair cells are type II like in their gross morphology and lack
of calyceal contacts, and the number of regenerated hair cells reaches a
maximum by;70d post-DT treatment.

We also looked into using DTR mice on a CBA/CaJ background but
found that the same dose of DT caused a much smaller lesion, with
higher numbers of surviving hair cells. One round of backcrossing the
CBA/CaJ mice to C57BL/6J mice restored the original sensitivity to DT
and full-sized lesions. Therefore, CBA/CaJ mice were not used in this
study.

Diphtheria toxin administration
Experimental mice (DTR mice; age, 6–9weeks) received two intramus-
cular injections of DT from Sigma-Aldrich or List Biological
Laboratories at 25ng/g, spaced 2 d apart. Control animals were as fol-
lows: (1) mice with no DTR allele that received DT injections (called
WT); and (2) mice with no DTR allele that received no DT injection
(called WT-no DT). Time after DT injection is specified as “days post-
DT.”

DT potency varied across batches and with time stored at –20°C. At
the time of delivery of each new shipment of DT and every 4–6months
thereafter, we verified DT potency relative to published effects of DT on
adult DTR mice (Golub et al., 2012) by comparing, in one to two DTR
mice from a given cohort at 14 d post-DT, the following: (1) hair cell
destruction; and (2) behavioral changes indicating vestibular dysfunction
(i.e., postural defects, head bobbing, and circling).

Morphologic studies
WT and DTR mice were killed by CO2 gas overdose at 14, 28, 42, 70,
100, 140, or 170 d post-DT. Some were WT-no DT mice and had similar
ages to mice in the other two groups. Utricles were prepared for immu-
nolabeling and confocal microscopy, or for transmission electron mi-
croscopy (TEM).

Tissue labeling for confocal microscopy. Each temporal bone was iso-
lated, and utricles were fixed by creating a small hole in the otic capsules
over the utricles and infusing 4% buffered paraformaldehyde (PFA)
through the hole into the perilymphatic space for 1min. The temporal
bone was then immersed in PFA for 2 h at room temperature, then
rinsed in PBS. Utricles were then dissected out and otoconia were
removed. Whole utricles were immunolabeled free floating using stand-
ard techniques (for details, see Bucks et al., 2017) with the following pri-
mary antibodies: rabbit anti-myosin VIIa (1:100; catalog #25–6790,
Proteus Biosciences; RRID:AB_10015251); mouse anti-Ctbp2 IgG1
(1:500; catalog #612044, BD Biosciences; RRID:AB_399431); and mouse
anti-GluA2 (GluR2) IgG2a (1:500; catalog #MAB397, Millipore; RRID:
AB_2113875). Some utricles were also labeled for filamentous actin with
10mg/ml phalloidin (Alexa Fluor 594, Thermo Fisher Scientific) dis-
solved in PBS plus 0.5% Triton X-100 (catalog #9002–93-1, Sigma-
Aldrich). All utricles were counterlabeled with the nuclear stain 49,69-
diamidino-2-phenylindole dihydrochloride (DAPI). Finally, tissue was
mounted onto glass slides using FluoroMount-G mounting media (cata-
log #F4680, Sigma-Aldrich) and coverslipped. Slides were stored at 4°C.

Confocal microscopy. Immunolabeled utricles were examined with a
confocal laser scanning microscope (model FV1000, Olympus) at 60�
or 100� (under oil) at 1–3� zoom. Images were captured as z-stacks
with 0.5 or 1 mm steps, starting apically at the stereocilia and extending
basally through the basal lamina of the sensory epithelium. Images were
processed with Fiji software (https://imagej.net/software/fiji/).

Transmission electron microscopy. We rapidly exposed the temporal
bone and introduced fixative (2.5% glutaraldehyde/0.2 M cacodylate
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buffer) through a small hole above the utricle. The temporal bone was
then removed and placed in fixative for further dissection. Isolated
utricles were immersed in fresh fixative (2 h to overnight) at 4°C, post-
fixed with 2% osmium tetroxide in cacodylate buffer for 1 h, rinsed in
the same buffer, and stored at 4°C until embedding. Utricles were then
dehydrated and embedded in plastic (Eponate; catalog #18010, Ted
Pella). Blocks were trimmed and oriented to give semi-thin (2mm) trans-
verse sections. Sections were labeled with toluidine blue (catalog #T3260,
Sigma-Aldrich), dried, and coverslipped in DPX Mounting Medium
(catalog #13412, Electron Microscopy Sciences). Ultrathin (80–90nm)
sections were collected on mesh or Formvar-coated grids. Several series
of thin sections, separated by 10–15mm, were taken throughout each
utricular sensory epithelium (macula) to allow visualization of zones: the
central strip, called the striola, and the surrounding zone, called the
extrastriola, which has a lateral subzone [lateral extrastriola (LES)] and a
medial subzone [medial extrastriola (MES)]. Cytoarchitectural differen-
ces between the striola and extrastriola correlate with differences in affer-
ent physiology (for review, see Goldberg, 2000; Eatock and Songer,
2011). Most of our TEM measurements were taken from the LES, where
the density of regenerated hair cells is highest (Golub et al., 2012).
Sections were imaged with a transmission electron microscope (model
1230, JEOL) equipped with a digital camera (model XR80, AMT).

Quantitative morphologic analyses
We performed morphologic analyses on utricles from WT and DTR
mouse groups using confocal microscopy or TEM. We noted no differ-
ences between WT mice that were injected with DT and WT-no DT
mice. Therefore, we included both kinds of WT controls and identified
which kind was used for each analysis. For qualitative analyses of hair
cells and afferent neural elements in the sensory epithelium, we exam-
ined two to four mice per group and per time point. Quantitative analy-
ses were performed as follows.

Stereocilium diameter. From high-magnification transmission elec-
tron micrographs, we measured the diameter of two to three stereocilia
per hair cell at 1–2mm from their insertion point in the cuticular plate
and computed the average diameter for the three stereocilia (see Fig. 4).
For each time point, we measured the stereocilium diameter of type II
hair cells from WT-no DT mice and DTR mice at 28, 42, 70, and 140 d
post-DT. For comparison, we also measured the diameter of type I hair
cell stereocilia and supporting cell microvilli fromWT-no DT mice.

Tallest stereocilium height. We measured the height of the tallest
stereocilia in each hair bundle from both confocal and transmission elec-
tron micrographs (see Fig. 4). We took confocal images (60� oil immer-
sion, 2–3� zoom) from the LES of utricles for which stereocilia were
labeled with the F-actin label, phalloidin, and hair cells were labeled with
myosin VIIa antibody. We used Fiji or Photoshop (Adobe Systems) to
measure the distance from the cuticular plate (into which stereocilia are
inserted) to the tip of the tallest stereocilia on regenerated type II hair
cells and on surviving type I hair cells. Because stereocilia were bent at
different angles in our samples, our measurements may underrepresent
stereocilia height by varying amounts. In DTR mice, we used confocal
microscopy to measure the tallest stereocilia of regenerated hair cells and
of surviving (not regenerated) type I hair cells at 70 and 170 d post-DT.
Using TEM, we measured the tallest stereocilia of normal type I and II
hair cells in WT-no DT mice and of regenerated hair cells in DTR mice
at 70 and 170 d post-DT.

Hair bundle orientations. Montages of entire utricular epithelia were
made for two DTR mice at 170 d post-DT. Confocal images were taken
at 60� and the montages were constructed in Photoshop. Hair cell cutic-
ular plates and stereocilia were labeled with phalloidin, leaving an
unstained circle (hole) corresponding to the kinocilium (a true cilium
with microtubules rather than F-actin). For each hair cell, we estimated
hair bundle orientation as the vector bisecting the hair bundle and run-
ning from its shortest row of stereocilia toward the tallest stereocilia and
the kinocilium. Findings were similar for the two montages; the map of
bundle orientations for one montage is shown in Figure 3B.

Colocalization of presynaptic and postsynaptic elements of ribbon
synapses. We localized hair cell-afferent synapses by colabeling utricles
with antibody against Ctbp2, a protein in presynaptic ribbons in hair

cells, and antibody against postsynaptic glutamate (GluA2) receptors in
the afferent terminals. Close apposition of the two labels was taken to
indicate the presence of a functional synapse, and we compared the per-
centage of such functional synaptic contacts for WT type II and DTR
regenerated hair cells (see Fig. 8). Confocal images (100� oil immersion,
4� zoom) were taken from the LES region of utricles immunolabeled
for myosin VIIa, Ctbp2, and GluA2. With Huygens Professional soft-
ware (version 15.5; Scientific Volume Imaging), we segmented the baso-
lateral processes of hair cells, where most synapses are found (Pujol et
al., 2014), and identified sites of closely apposed Ctbp2 and GluA2 labels
with the colocalization function. Standardized thresholding and water-
shedding were used to define Ctbp2-labeled ribbons and GluA2-labeled
plaques. We analyzed the following groups: WT-no DT mice, WT mice
at 170 d post-DT, and DTRmice at 170 d post-DT.

Ribbon synapse density. At two different times post-DT, in both WT
and DTR utricles, we measured the volume occupied by the myosin
VIIa1 basolateral processes of type II hair cells in a confocal z-series
image (see Fig. 8). Density was calculated by dividing the number of
Ctbp2-labeled ribbons by the basolateral process volume. We analyzed
WT and DTRmice, both at 42 and 170 d post-DT.

Ribbon synapse maturity. Using high-magnification transmission
electron micrographs, we assessed the relative number of ribbons at syn-
apses versus ribbon precursors. Ribbons at synapses were defined as fol-
lows: surrounded by synaptic vesicles, located adjacent to the plasma
membrane, and apposed to a postsynaptic density on an afferent bouton.
Ribbon precursors were defined as follows: located within the cytoplasm,
not adjacent to the plasma membrane, and lacking synaptic vesicles. For
this analysis, we assessed WT-no DT mice, DTR mice at 28–42 d post-
DT, and DTRmice at 140–170 d post-DT (see Fig. 9).

Electrophysiology
Preparation. The Pou4f3DTR1/� (DTR) and Pou4f3DTR1/1 (WT)

mice were obtained from the University of Washington and bred at the
University of Chicago. The data on voltage-gated currents (see Figs. 6, 7,
11) are from WT (n= 6 mice) and DTR (n= 22 mice) littermates that
were injected with DT at 6–9weeks of age, as described above, and
maintained postinjection (post-DT) for times ranging from 14 to 451 d.
For the data on mechanoelectrical transduction (see Fig. 5), the experi-
mental mice were 8 of the 22 DTR mice, and the control animals were 4
mice of the background strain (C57BL/6J) with no DT treatment.

On the day of recording, utricles were excised and prepared for
whole-cell patch recordings as described previously (Rüsch and Eatock,
1996; Vollrath and Eatock, 2003). Briefly, animals were deeply anesthe-
tized and decapitated, and the utricles were rapidly excised into
Leibovitz-15 (L15) medium modified by adding 10 mM HEPES
(;315mmol/kg, pH 7.4). Chemicals were obtained from Sigma-Aldrich,
unless otherwise specified. The utricular sensory epithelium (macula)
was trimmed and briefly exposed to protease XXIV [100mg/ml at room
temperature (24–27°C)] to facilitate gentle removal of the otolithic mem-
brane covering the hair bundles. The epithelium was mounted apical
surface up in a recording chamber on a microscope (model Axioskop
FS, Zeiss) with differential interference contrast and fluorescence optics.
In some experiments, the superior division of the vestibular ganglion
and distal part of the vestibular nerve were included in the preparation,
preserving afferent terminals (Songer and Eatock, 2013).

Recordings. Whole-cell GV-seal recordings were made at room tem-
perature with pipettes of 3–5 MV resistance in standard solutions. In
most experiments, the bath (external) solution was the supplemented
L15 medium described above. The pipette (internal) solution was a con-
ventional KCl solution, as follows (in mM): 135 KCl, 0.1 CaCl2, 3.5
MgCl2, 3 Na2ATP, 5 creatine phosphate (Na salt), 0.1 NacAMP, 0.1 Li-
GTP, 5 EGTA, and 10 HEPES, plus ;28 mM KOH to bring pH to 7.3
and osmolality to ;300mmol/kg. Sulforhodamine 101 (1mg/100 ml;
Thermo Fisher Scientific) added to the standard internal solution filled
each recorded cell with fluorescent label for visualization. The patch-
clamp amplifier with integrated digital (D)-to-analog (A) and A/D con-
verter (model EPC-10, HEKA Elektronik) was controlled by
Patchmaster software (https://heka.com/). Whole-cell currents evoked
by voltage steps were recorded with the amplifier low-pass corner
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frequency set at 6 kHz and a sampling interval of 5–20 ms. Capacitive
currents were nulled electronically. Series resistances ranged from 4
to 21 MV (mean, 9.76 0.4 MV; n=57) and were compensated
80.16 0.2% for a mean residual value of ;2 MV. Voltage responses

to iterated current steps were recorded in current-clamp mode.
Potentials are corrected for a liquid junction potential of 4 mV, cal-
culated with JPCalc software (Barry, 1994) as implemented by
Clampex 10 (Molecular Devices). Cells were held at –64mV (voltage

Figure 1. DT induces destruction of type I and II hair cells and degeneration of calyx afferent terminals. A–K, Transverse TEM sections from WT utricular maculae (A–E) and DTR maculae (F–K) at early
stages post-DT treatment. The apical (lumenal) surface of the epithelium is toward the top. Overlying otolithic accessory structures have been dissected away. A–E, Adult WT-no DT utricular maculae,
showing type I (I) and type II (II), hair cells, supporting cells (SC), region of basement membrane (bm), and neural elements, including afferent calyces (c). In A–D, black arrows point to apices of support-
ing cells, which separate the hair cells. A, Type II hair cells have basolateral processes (bp) that extend from below the layer of type II nuclei toward the more basal layers of type I and SC nuclei.
B, Type I hair cell surrounded by an afferent calyx. C, Type II hair cell with large basolateral process contacted by multiple afferent boutons (arrowheads). D, High-magnification image of the top of a type
II hair cell showing insertion of stereocilia (black arrowhead) into the apical cuticular plate (cp). White arrowhead, Mitochondrion; black arrow, electron-dense material near apex of supporting cell. E, An
afferent bouton (aff) and an efferent varicosity (eff) apposed to basolateral process of a type II hair cell. Arrow, Mitochondrion in afferent bouton; arrowhead, electron-dense synaptic ribbon and associated
synaptic vesicles, in the hair cell. F–K, Adult DTR utricular maculae at early times post-DT. F–H, Degenerating hair cells at 7 d post-DT, with misshapen cell bodies and nuclei. F, Arrowheads point to neu-
rites. G, Type II hair cell undergoing cytolysis, with considerable loss of organelles and nuclear chromatin. H, Type I hair cell with its nucleus displaced more basally than normal—see basement mem-
brane and supporting cell nuclei. Note pyknotic nucleus, cytoplasmic vacuoles, and remnants of the retracted calyx (c) filled with mitochondria. I–K, DTR epithelia at 14 d post-DT. I, At 14 d post-DT, the
macula is very thin and devoid of hair cells (note complete absence of stereocilia). Small neurites are surrounded by supporting cells or interstitial fluid (arrowheads). J, Basal end of the epithelium at high
magnification. A neurite (white arrows with black outline) passes through the bm and into the sensory epithelium, passing two SC nuclei. Thin cytoplasmic extensions from each supporting cell (black
arrowheads) descend into the basement membrane, enwrapping the neurite. K, High-magnification view of neurites near a SC nucleus. Black arrowheads, Healthy-appearing neurites; white arrow, pre-
sumed degenerating calyx, filled with dark, swollen mitochondria. Scale bars: A (for A, B, F, I), 6mm; C, 4mm; D, 1mm; E, 500 nm; G, H, 2.6mm; J, K, 1.3mm.
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clamp) and zero-current potential (current clamp) unless otherwise
noted.

Mechanical stimulation. Hair bundles were deflected with a rigid
glass probe coupled to a piezoelectric bimorph element driven by voltage
(Corey and Hudspeth, 1980) as described in the study by Vollrath and
Eatock (2003). Displacement of the probe (in micrometers) per volt was
calibrated offline. The driving voltage protocol was a series of sinusoidal
bursts (five cycles each) of constant amplitude and incremented in fre-
quency from 2–100Hz (Songer and Eatock, 2013).

Analysis. Voltage dependence of whole-cell currents was quantified
by constructing activation (conductance–voltage) curves from data col-
lected during standard voltage protocols that activate the key currents
for immature and mature type II hair cells: currents through outwardly
rectifying K channels and voltage-gated Na (NaV) currents, which are
activated by depolarization, and hyperpolarization-activated cyclic nu-
cleotide-gated (HCN) currents, which are activated by hyperpolariza-
tion. From a holding potential of �64mV, the protocol comprised (1) a
50 ms prepulse to �124mV, to activate HCN current and both deacti-
vate and deinactivate K1 and NaV currents; (2) an iterated series of 200
ms test steps; and (3) a 50 ms step to return to holding potential.

For the large outwardly rectifying K1 currents (IK), steady-state con-
ductance values were calculated from tail currents at 200ms when volt-
age was stepped to –39mV, divided by driving force (the difference
between voltage (V) and the current reversal potential), averaged across
all cells, plotted against the test step voltage, and fitted with a Boltzmann
function (Eq. 1), as follows:

G Vð Þ ¼ Gmin � Gmax

11e V�V1=2ð Þ=S 1Gmax (1)

where G(V) is conductance (G) at V, Gmin and Gmax are minimum and
maximum currrents, V1/2 is voltage corresponding to half-maximal acti-
vation, and S is the voltage range corresponding to an e-fold increase in
G(V).

For NaV currents (INa), we generated activation curves by measuring
peak inward current at the onset of iterated voltage steps, dividing by the
driving force at each voltage (V – ENa, with ENa =150mV), which were
well isolated in time from the slower IK. We also generated inactivation
curves from the fast inward current at the onset of tail current at
�39mV. Here the transient INa was isolated from IK by voltage – at
those test step voltages that activated IK, the test step inactivated INa.

Curve fitting and statistical analyses were performed with OriginPro
software (OriginLab). Parameters of curve fits (V1/2, G, S) were com-
pared for WT hair cells and DTR littermates that underwent identical
treatments with DT.

Experimental design and statistical analyses
Data are expressed as the mean 6 SE. The significance of differences
between means was assessed by two-sample t tests and ANOVAs fol-
lowed by post hoc Tukey’s tests of significance. Distributions were tested
for normality and homogeneity of variance. If variance was nonhomoge-
neous, we applied a Kruskal–Wallis ANOVA followed by Dunn’s test of
significance. Effect size was estimated with Cohen’s d formulation.

Results
We compared ultrastructural and physiological markers of hair cell
type in control and regenerated hair cells to determine (1) how well
regeneration in adult vestibular epithelia recapitulates the normal
differentiation of type II hair cells and their synaptic contacts; and
(2) whether, despite the absence of calyces on regenerated hair cells,
there are other signs of differentiation into type I cells.

The ultrastructure of regenerated hair cells was type II like
Previous studies have established how to distinguish supporting
cells, type I hair cells, and type II hair cells in developing and adult
vestibular epithelia of rodents (Nordemar, 1983; Lysakowski and
Goldberg, 1997; Forge et al., 1998; Rüsch et al., 1998; Denman-

Johnson and Forge, 1999; Pujol et al., 2014; Warchol et al., 2019).
Our ultrastructural analyses focused on cells in the LES, where the
highest density of regenerated hair cells is found after DT-mediated
damage (Golub et al., 2012).

In Figures 1 and 2, key features of extrastriolar hair cells, sup-
porting cells, and vestibular nerve endings are illustrated for
undamaged (WT-no DT) utricles (Fig. 1A–E) and compared
with DTRmice at early times post-DT (7–14 d; Fig. 1F–K) and at
later times (28–170 d; Fig. 2). In the LES of undamaged mice
(Fig. 1A), the sensory epithelium was stratified, with supporting
cell nuclei the most basal, type II hair cell nuclei most apical, and
type I nuclei in between. Type I and II hair cells bore an apical
hair bundle (several linked stereocilia, rooted in the cuticular
plate; Fig. 1A,B,D). Type I hair cells had a flask shape, with a

Figure 2. All hair cells regenerated after DT treatment had ultrastructural features of type
II hair cells. Transverse sections through utricles from DTR mice at different times from 28 to
170 d post-DT. A, At 28 d post-DT, two regenerated hair cells (HC) with basal nuclei, sepa-
rated by two supporting cells (SC). Arrow, Bundle of short stereocilia; arrowhead, thin strip
of supporting cell cytoplasm between the hair cell and the basement membrane (bm); aster-
isks, cytoplasmic blebs on top of SCs, seen in some specimens. B, High-magnification image
of the left HC in A and two SCs, from a section adjacent to section in A. Stereocilia (arrow-
head) emerge from an immature-appearing cuticular plate (cp). C, At 170 d post-DT, regen-
erated hair cells occupy a distinct layer above the SC nuclei and have multiple mature
features. The left hair cell has a fully developed apical pole with a mature-appearing hair
bundle (arrow), and a large basolateral process (bp) extending to the basal lamina. Another
bp is evident in the center of the panel. Note the numerous healthy neurites (arrowheads).
D, Hair bundle of a regenerated hair cell at 170 d post-DT showing well developed stereocilia
rootlets (arrowheads) inserted into the cuticular plate. E, Regenerated hair cell at 70 d post-
DT with a well formed bundle of stereocilia (arrowhead) and bp. F, The bp of a regenerated
type II hair cell at 100 d post-DT located near the bm and surrounded by numerous afferent
boutons, some indicated by arrowheads; compare with Figure 1C from an undamaged
mouse. Scale bars: A, C, 6mm; B, D, 1mm; E, 5mm; F, 1.5mm.
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narrow neck connecting the nuclear region to the apical, hair
bundle-bearing surface (Fig. 1A,B). Type II hair cells lacked a
highly constricted neck and usually had one or more basolateral
process (Fig. 1A,C,E). Supporting cells had electron-dense cyto-
plasm near their apical surfaces (Fig. 1A–D, arrows), their supra-
nuclear cytoplasm was filled with secretory granules (data not
shown), and their nuclei were less round than hair cell nuclei
and sat more basally in the epithelium (Fig. 1A). Stereocilia var-
ied in dimensions across the epithelium but were shorter and
thinner in type II hair cells than in nearby type I hair cells (Fig.
1A). Mitochondria were numerous just below the cuticular plate
(Fig. 1D). The cytoplasm of all hair cells had a heavy and even
distribution of polyribosomes, making them more electron dense
than neural processes, including the calyx (Fig. 1B) and bouton
(Fig. 1C,E) contacts that afferents form on type I and type II hair
cells, respectively. Figure 1E shows an afferent bouton and an
efferent varicosity in contact with a type II hair cell basolateral
process. The hair cells had specialized transmitter release sites,
called synaptic ribbons, opposite both bouton contacts (Fig. 1E)
and calyceal afferent contacts, and efferent nerve endings made
synaptic contacts with the basolateral processes of type II hair
cells (Fig. 1E) and with afferent terminals, including calyces. We
could distinguish afferent boutons from efferent varicosities by
the following previously described differences: afferent boutons
often had large mitochondria and vesicles that were few and vari-
able in size and density, while efferent varicosities had few mito-
chondria and numerous vesicles that were consistent with
synaptic vesicles given that they had uniform electron density
and size, and were clustered opposite a postsynaptic cistern in
the hair cell.

For comparison with undamaged utricles, we examined
utricles from DTR mice between 7 and 170 d post-DT. At 7 d
post-DT (Fig. 1F–H), degeneration of both hair cell types was
evident, and normal-appearing hair cells were rarely encoun-
tered. Hair cells had misshapen nuclei and/or condensed chro-
matin. The positions of some hair cells were abnormal; for
example, a basally displaced cell body of a degenerating type I
hair cell is shown in Figure 1H. The shape of hair cells changed
as well (Fig. 1, compare F, A–C). Hair cell death took both cyto-
lytic (Fig. 1G) and apoptotic (Fig. 1H) forms. For some type I
hair cells, the calyx had retracted from the neck and perinuclear
area (Fig. 1H). Supporting cells expanded to fill in the spaces
where hair cells were lost or shrunken, but they otherwise
appeared normal.

At 14 d post-DT, we rarely detected either normal (undamaged
control) or degenerating hair cells, and did not see any regenerat-
ing hair cells (Fig. 1I), consistent with previous work showing that
the number of utricular hair cells decreases by 94% at this time
(Golub et al., 2012). The loss of hair cells was accompanied by a
dramatic thinning of the epithelium (Fig. 1, compare I, A).
Neurites in the basal epithelium were enwrapped by supporting
cell cytoplasm, even as they penetrated the basement membrane
(Fig. 1J, K). Some neurites appeared healthy (Fig. 1K, black arrow-
heads), while others, full of swollen and dark mitochondria, were
likely the remnants of retracted calyces (Fig. 1K, white arrow).

Consistent with previous light microscopic observations on
DTR utricles (Golub et al., 2012), regenerating hair cells were evi-
dent in TEM by 28 d post-DT (Fig. 2A,B). These cells were not
likely to be survivors of the DT treatment, which was previously
shown to rapidly reduce hair cell numbers by 94% (Golub et al.,
2012). They showed no signs of degeneration: their nuclei were
spherical or ovoid with a smooth nuclear membrane and nor-
mal-appearing chromatin (Fig. 2A). They had such typical hair

cell features as abundant polyribosomes, mitochondria below a
developing cuticular plate, and stereocilia, and lacked typical
supporting cell features such as secretory granules and apical
electron-dense material (Fig. 2B). Features signaling that they
were immature hair cells included the very basal location of
nuclei, almost at the basement membrane (Fig. 2A), and their
short stereociliary bundles (Fig. 2A; also see Fig. 4C). With lon-
ger time post-DT (70–170 d post-DT; Fig. 2C–F), the new hair
cells acquired more mature features, including more apical nuclei
and well formed stereocilia and cuticular plates (Fig. 2C–E).
They also extended basolateral processes that were contacted all
around by afferent bouton terminals (Fig. 2F), as also seen in
control mature type II hair cells (Pujol et al., 2014).

In summary, the TEM analysis supports previous studies that
concluded that DT treatment rapidly kills virtually all type II hair
cells, such that type II-like hair cells seen after 14 d post-DT are
newly generated. A small number of type I hair cells did survive
DT treatment, as illustrated in later figures (see Figs. 4F, 11).

Regenerated utricles had appropriate hair bundle
orientations and overlying accessory structures
A hair cell is excited by deflections of its hair bundle parallel to
its orientation axis: a line bisecting the hair bundle and running
from the shortest row of stereocilia toward the tallest row. In ves-
tibular hair bundles, a single true cilium, the kinocilium, is linked
to the tallest stereocilia and to overlying accessory structures. In
otolith organs, the hair bundles reverse orientation at the line of
polarity reversal (LPR), which in the mouse utricle runs very
near the lateral edge of the striola (Li et al., 2008; Hoffman et al.,
2018). In mature utricles, the average orientation of hair bundles
is, at any location, toward the LPR; as the LPR curves through the
epithelium, the bundles preserve their average orientation relative
to the LPR and so gradually change their average absolute orienta-
tion. To determine whether the regenerated hair bundles in DTR
utricles establish the expected mature orientations, we labeled two
DTR utricles at 170 d post-DT with phalloidin, which stains the fil-
amentous actin of stereocilia and the cuticular plate in which the
stereocilia are embedded. The location of the microtubule-based
kinocilium, revealed by a hole in the phalloidin stain, provides the
orientation of the hair bundle (Fig. 3A). Regenerated hair cells had
hair bundles with location-appropriate orientations (Fig. 3B) and
average orientation directed toward the LPR, as is normal. The
local variability in orientation is not obviously different from that
in control adult mice (Li et al., 2008, their Fig. 3).

In otolith organs, hair bundles are surmounted by an “oto-
lithic membrane,” a gel layer with embedded crystalline otoco-
nia. During head motions, the relatively dense otoconia lag the
motion of the underlying epithelium, displacing the tips of the
hair bundles relative to their bases and stimulating transduction
by the hair cells. At 170 d post-DT, regenerated utricles had oto-
conial membranes and otoconia that appeared comparable to
those in WT mice (Fig. 3C,D). We do not know whether these
structures were retained through the damage or had degenerated
and been regenerated. These transverse views also show that the
epithelium was much thinner in DTR utricles than in WT
utricles, as comparison of transmission electron micrographs
also showed (compare Figs. 1A, 2C).

Regenerated hair bundles resembledWT type II hair bundles
in stereocilia dimensions
Hair bundles house the mechanoelectrical transduction channels
and gating springs, and their form varies systematically with
developmental stage and hair cell type. During normal
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development, fine apical microvilli of immature hair cells,
similar to microvilli on supporting cells of the sensory epi-
thelium, are gradually replaced by a highly ordered array of
rows of taller, thicker, and specialized microvilli, called
stereocilia (Denman-Johnson and Forge, 1999; McGrath et
al., 2017), which are rich in actin and house the mechano-
transduction channels. We used confocal and transmission
microscopy to examine whether the regenerated hair cells
developed stereocilia with the typical dimensions of mature
WT hair bundles, and if so, whether they were type II like
or type I like, with taller and thicker dimensions.

Figure 4A shows a mature type II hair bundle from a WT-no
DT mouse, viewed from the side in a transverse transmission
electron micrograph to reveal multiple stereocilia arranged in a
staircase of rows of ascending height. The arrow points to the
insertion site of the stereocilia in the cuticular plate. In DTR
mice at 7 d post-DT, fused stereocilia, a sign of damage, were
common (Fig. 4B). On regenerated hair cells at an early stage of
regeneration (DTR mice at 28 d post-DT), new stereocilia were
evident (Fig. 4C). By 70–170 d post-DT in DTR mice, stereocilia
resembled WT stereocilia in height and diameter (Fig. 4D,E),
had acquired a staircase arrangement (Fig. 4E), and had formed
a mature-looking cuticular plate (Fig. 4E).

To quantify these observations, we used confocal and trans-
mission microscopy to measure the heights of the tallest stereoci-
lia per bundle in regenerated hair cells of DTR mice at 70 and
170 d post-DT, and TEM to measure stereocilia diameter in
WT-no DT hair cells and DTR hair cells at multiple stages of

regeneration. For confocal measurements of stereocilia height in
whole-mounted utricles, we labeled hair cells with antibodies to
myosin VIIa, which labels their cytoplasm, and bundles with
phalloidin, which stains the filamentous actin that forms the ster-
eociliary cores. Then, we measured the distance from the base of
the hair bundle to its apex (Fig. 4F, regenerating bundle).
Because the view was somewhat oblique, our measurements
tended to underestimate height. In WT preparations, hair bun-
dles were dense and occluded each other, making it difficult to
measure bundle heights. Instead, we used transmission electron
microscopy to measure, in transverse sections, the height of the
tallest stereocilia of WT hair cells. We also measured hair bundle
heights from transmission electron micrographs of DTR epithe-
lia, for both regenerated hair cells and the rare surviving type I
hair cells (Fig. 4F), allowing further comparisons. Height meas-
urements are summarized in Figure 4G.

Measured heights for both WT-no DT type II and regenerated
hair bundles fell between 3 and 6mm. Differences were tested
amongWT-no DT type II and regenerated bundles at different ages
with one-way ANOVA and post hoc Tukey’s means comparisons.
No significant differences were detected between the WT type II
samples (mean6 SEM, 4.616 0.27mm; n=8 bundles) and each of
the samples of regenerated bundles (70 and 170 d post-DT, TEM,
and confocal; Fig. 4G), or the grand mean for all 67 regenerated
bundles [mean6 SEM, 4.346 0.07mm (p; 1.0)]. Thus, the regen-
erated hair bundles in the LES achieved heights by 70 d post-DT
that were consistent with type II hair bundles in the LES of WT
utricles.

As expected, the tallest stereocilia heights were much shorter
for both WT-no DT type II hair cells and regenerated hair cells
than for type I stereocilia, whether in WT-no DT mice or in sur-
viving type I bundles inDTRmice (Fig. 4G). The surviving type I
bundles had higher variance than the other bundles, so, to com-
pare all bundles together, we also performed a Kruskal–Wallis
ANOVA and post hoc Dunn’s tests of significance. By this analy-
sis, the surviving type I stereocilia heights did not differ signifi-
cantly from the WT-no DT type I stereocilia and strengthen the
evidence that the type I stereocilia were taller.

Nascent hair cells, like supporting cells, have apical microvilli.
With time, the microvilli are replaced by stereocilia, specialized
microvilli that are relatively thick and tall, with a staircase
arrangement of heights. At maturity, the stereocilia of type II
hair cells are thinner than those of type I hair cells (Rüsch et al.,
1998). Figure 4H compares TEMmeasurements of the diameters
of supporting cell microvilli and of type I and type II stereocilia
fromWT utricles with the diameters of regenerating DTR stereo-
cilia at multiple times post-DT. These observations had homoge-
neous variance, and one-way ANOVA and post hoc Tukey’s
analysis showed that supporting cell microvilli were significantly
thinner than all samples of hair cell stereocilia, both WT-no DT
and regenerating, with the exception of the earliest regeneration
time point, 28 d post-DT. The diameters of WT-no DT type I
stereocilia significantly and substantially exceeded those of sup-
porting cell microvilli and all other stereocilia, both WT type II
and regenerating hair cells.

Thus, for regenerating hair cells in the LES, stereocilia started
out thin, as they do in normal development, growing by 70 d
post-DT to thicknesses and heights similar to those of WT-no
DT type II stereocilia, but not of type I stereocilia. Wang et al.
(2019) also noted relatively small bundles in regenerated hair
cells in mouse utricles that were damaged during the neonatal
period. Both our WT and DTR samples yielded smaller means
and ranges of heights than Li et al. (2008) measured for type II

Figure 3. The map of hair bundle orientations and the otoconial layer appeared normal
in regenerated DTR utricles. A, Hair bundle orientation was visualized by phalloidin labeling
of filamentous actin at the apical surface of the utricular macula. A dense network of F-actin
in the junctional complexes of supporting cells is punctuated by holes that, in six cases
(white arrows), reveal the actin-containing cuticular plates of regenerated hair cells.
Arrowhead points to the black hole (lack of stain) at the site of the microtubular kinocilium
to one side of a stereociliary bundle. White arrows show the orientations of each hair bundle
(see text). B, Map of regenerated bundle orientations for one DTR utricle: green line, LPR;
black arrows, orientations pointing from medial to lateral (left to right); red arrows, orienta-
tions pointing lateral to medial. Most orientations were expected for their location relative to
the LPR; several black arrows lateral to (right of) the LPR show exceptions. C, D, Transverse
sections through WT (C) and DTR (D) utricles at 170 d post-dT show otoconia crystals (OCs)
and column filament (CF) material above the sensory epithelium (SE). Scale bar: C (for C, D),
20mm.
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bundles in the LES of adult CD-1 mice (mean, 5.4mm; range,
;3–10mm). Possible factors in the difference include the follow-
ing: (1) mouse strain: by electrical capacitance measures, CD-1
hair cells are larger than the hair cells in this study (A. González-
Garrido, unpublished observations); and (2) method: the side-on
confocal views obtained by Li et al. (2008) may have better cap-
tured the full range of hair bundle heights.

Regenerated hair cells transduced hair bundle deflections
Whole-cell mechanoelectrical transduction currents and receptor
potentials were evoked by deflecting individual hair bundles with
a rigid glass probe. The probe motion was aligned with the sensi-
tive orientation axis of the hair bundle, and the probe was driven
with a series of sinusoidal bursts at constant amplitude and
incremented frequencies from 2 to 100Hz. Transduction current
(Imet) recorded from regenerated hair cells was compared with
Imet from “control” hair cells, which were type II hair cells in
utricles from C57BL/6J mice (the background strain for the DTR
mice) that were not treated (no DT). Transduction currents and/
or receptor potentials were detected in 14 of 38 (37%) regener-
ated hair cells tested and in 9 of 12 (75%) control hair cells
tested.

Figure 5 shows examples of control (Fig. 5A.1–B) and DT-
treated DTR (Fig. 5C.1–D) responses to the sinusoidal burst
stimuli. Unlike anomalous responses reported in immature or
damaged hair bundles (Beurg and Fettiplace, 2017), regenerated

hair cells had submicrometer operating ranges (Fig. 5E) and the
normal response polarity: positive deflections, toward the tall
edge of the hair bundle, evoked inward currents and depolarizing
receptor potentials. In both control and regenerated hair cells,
frequency dependence of the transduction current could be ei-
ther flat (frequency independent; Fig. 5A.1,C.1) or high pass (ris-
ing with frequency; Fig. 5B,D), indicating variation across cells in
the rate and/or extent of transducer adaptation (Songer and
Eatock, 2013); transducer adaptation is more effective at low fre-
quencies, causing the current to rise with stimulus frequency.
Currents were usually measured at a holding potential of
�64mV, near the resting potential for type II hair cells. In the
control data in Figure 5B, a more negative holding potential
(–84mV) increased the driving force on transduction current by
;30%.

For the exemplary control and DTR hair cells in Figure 5, A
and C, we show both transduction currents (Fig. 5A.1,C.1) and
receptor potentials recorded in current-clamp mode (Fig. 5A.2,
C.2). Relative to Imet, receptor potentials showed additional fre-
quency filtering by voltage-dependent properties, both active
(voltage-gated ion channels) and passive (membrane charging
time). For example, voltage-dependent properties transformed
the flat frequency dependence of Imet in Fig. 5C.1 to bandpass
tuning of the receptor potential of the same cell (Fig. 5C.2). The
attenuation of the receptor potential at stimulus frequencies
.20Hz was reported previously for rodent utricular type II and

Figure 4. The stereocilia of regenerated hair cells grew over time post-DT to dimensions consistent with WT type II stereocilia. A–E, Hair bundles from a type II hair cell in a WT-no DT
mouse (A) and regenerated DTR hair cells at increasing days post-DT (B–E). A, E, Arrows, cuticular plate. Scale bar: A (for A–E), 200 nm. B, Degenerating hair cell at 7 d post-DT had fused ster-
eocilia. C, Newly regenerating hair cell at 28 d had immature stereocilia (short, thin stereocilia; no clear staircase of rows) implanted in a developing cuticular plate. D, E, Hair bundles of regen-
erated hair cells at 70 d (D) and 170 d (E) were longer; at 170 d, stereocilia diameter and staircase organization resembled WT-no DT bundles (A). F, Confocal micrographs of type I (left) and
regenerated (right) bundles from a DTR mouse at 70 d post-DT. Phalloidin (red) labels actin in stereocilia and network of junctional complexes of supporting cells, DAPI (blue) labels cell nuclei,
and myosin VIIa antibody labels hair cell cytoplasm and not supporting cells. Bar, Measured height of tallest stereocilia in a regenerated hair cell. G, Heights of tallest stereocilia were measured
from TEM micrographs and/or confocal micrographs (CMs) for mature type II hair cells and type I hair cells in WT-no DT mice, versus regenerated hair cells or surviving type I hair cells from
DTR mice at 70 and 170 d post-DT. Regenerated stereocilia in all conditions resembled WT-no DT type II stereocilia and were much shorter than type I stereocilia, whether WT-no DT or surviv-
ing type I stereocilia. G, H, n for group is given just above the x-axis; *p, 0.05, **p, 0.001, ***p, 0.0001. Red brackets, NS comparisons. H, Stereocilia diameter was measured with TEM
for regenerated hair cells at four times post-DT and compared with WT-no DT hair cells (types I and II) and supporting cell (SC) microvilli. SC microvilli were significantly thinner than all hair
cell stereocilia except regenerating stereocilia at 28 d post-DT. Relative to WT type II stereocilia, regenerated stereocilia were thinner at 28 and 42 d post-DT and were not significantly different
at 70 and 140 d post-DT. WT type I stereocilia were thicker than WT type II stereocilia and all regenerated stereocilia.
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immature hair cells (Holt et al., 1999; Songer and Eatock, 2013),
and reflects low-pass filtering set by the input resistance (Rin)
and capacitance of the cells.

Figure 5E shows that the dependence of current on bundle
displacement, the I(X) relation, has the expected sigmoidal shape
in both control and regenerated hair cells. As reported before for
control hair cells, the operating range shifted toward more posi-
tive displacements as stimulus frequency increases (Songer and
Eatock, 2013), possibly reflecting increasing intrastereociliary
Ca21.

Figure 5F compares maximal peak–peak MET current ampli-
tudes at the holding potential of –64mV for 10 regenerated cells
[35–316 d post-DT; postnatal day 95 (P95) to P377] and 8 control

cells (P94–P107, no DT) with stable
transduction. The values from the regen-
erated cells overlapped those from con-
trol hair cells, but the average was 35%
smaller (mean 6 SEM:�56 6 6 pA vs.
�76 6 5 pA (control); p = 0.023, one-
way ANOVA and Tukey’s means test;
effect size (Cohen’s d) 1.2). There was no
trend toward larger currents with more
time available for regeneration (linear
regression slope, –0.1176 0.9pA/d post-
DT; r2 = 0.17). The comparatively small
transduction currents of regenerated hair
cells were capable of producing large re-
ceptor potentials, as illustrated in Fig.
5C.2, because regenerated hair cells often
had high-input resistances (.1 GV; see
below). No difference was detected in the
maximum receptor potentials of control
and DTR cells [control cells, 19.6 6
3.2mV (n=6); DTR cells, 23.66 3.0mV
(n=6; p=0.38)].

For both control and regenerated
hair cells, the mean values of Imet are
smaller than reported for neonatal hair
cells from the utricles of CD1 mice
(150–170 pA; Géléoc et al., 1997; Holt
et al., 1997; Géléoc and Holt, 2003;
Vollrath and Eatock, 2003). This differ-
ence may reflect differences in mouse
strains and ages: the advanced age of
both control and DTR preparations rel-
ative to reported CD1 data may have
reduced Imet in vivo and/or made Imet

more susceptible to damage during
preparation for in vitro experiments. As
control C57BL/6J mice age beyond
6months, Imet in cochlear hair cells
decreases, which may contribute to the
observed increase in Auditory Brain-
stem Response (ABR) thresholds (Jeng
et al., 2021). However, vestibular
evoked potentials, thought to be a sign
of striolar (S) function in otolith organs,
show much less deterioration with age
in C57BL/6J mice (Mock et al., 2016).

In summary, Imet values of DTR hair
cells are smaller than those of C57BL/6J
type II hair cells, suggesting that the
regenerated hair cells are more fragile,
or less differentiated, or represent a

subpopulation of the normal set of mature type II hair cells. Each
of these possibilities could contribute to the lack of restoration of
balance to the whole animal.

Voltage-dependent properties of regenerated hair cells were
type II like
The mechanoelectrical transduction current of the hair cell
changes membrane voltage, modulating voltage-sensitive baso-
lateral currents that contribute to shaping the receptor potential
and mediate release of transmitter. In altricial rodents (mice,
rats, and gerbils), hair cells change ion channel expression signif-
icantly during the period between birth and the opening of eyes

Figure 5. Regenerated hair cells transduced bundle deflections with smaller average maximum transduction currents than wild-type
hair cells. A–D, MET currents and receptor potentials were evoked by a series of sinusoidal hair bundle displacements (6500 nM, incre-
mented from 2 to 100 Hz; stimulus shown below response traces). Averages of three to six sweeps. Data shown are from two control
type II hair cells (C57BL/6J, no DT; A, B) and two regenerated hair cells (C, D). Scale bars for DTR data in C.1, C.2, and D apply to control
data to the left (A.1, A.2, B, respectively). B, A.1, C.1, D, The holding potential (VH) values for voltage clamp were –64mV (A.1, C.1, D)
and –84mV (B). A.2, C.2, Zero holding current for current-clamp responses. E, I(X) relations generated from responses in D to positive-
going half-cycles of the stimuli at 2, 5, and 10 Hz for control and DTR examples. F, Average peak MET current (red symbols) was larger
for control cells exceeded value (mean6 SEM) for the following: control cells, –766 5 pA (n=8; P94 to P107); versus regenerated
DTR hair cells, –566 6 pA (n=10; 35–316 d post-DT; P95 to P377).
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and the middle ear at ;P12 (for review, see Eatock and Hurley,
2003; Goodyear et al., 2006). In addition to the transduction
channels of the apical hair bundle (above), rodent vestibular hair
cells acquire, as they mature, basolateral channels of several vari-
eties: outwardly rectifying potassium (K1)-selective channels
and HCN channels, and inwardly rectifying K1-selective (KIR)
channels. Voltage-gated calcium and NaV channels are added
and then pruned in the early postnatal period, so that their
expression peaks while synapses are forming.

There are qualitative and quantitative differences between
hair cell types in the specific ion channels that are expressed and
the detailed time course of expression during differentiation.
One of the most striking differences between mature type I and
type II vestibular hair cells is that only type I cells express a large
K1 conductance (gK,L) that is significantly activated at resting
potential (Correia and Lang, 1990), affecting the gain and time
course of the receptor potential (Rennie et al., 1996; Songer and
Eatock, 2013) and mediating an unusual form of synaptic trans-
mission with the afferent calyx ending (Contini et al., 2017).

We have therefore used voltage-dependent membrane con-
ductances as an indicator of the functional differentiation of the

regenerated hair cells from DTR mice. We recorded whole-cell
voltage-sensitive currents and voltage responses to current steps
from 48 regenerated hair cells and 24 control type II hair cells
from 22 DTR and 6 WT littermates treated with DT. With the
goal of capturing any delayed regeneration, we recorded from a
broad range of post-DT times, as follows: 14–451 d post-DT (me-
dian, 119 d) for theDTR sample; and 30–241 d post-DT (median,
143 d) for the WT littermates. The ranges of postnatal ages were
as follows: DTR, 86–541 d (median, 186 d); WT, 102–274 d (me-
dian, 185 d). In both DTR and WT animals, we sampled cells
from three recognized zones of the sensory epithelium (S, LES,
and MES; Fig. 6A).

Morphology of recorded cells
With differential interference contrast and fluorescence micros-
copy of semi-intact DT-treated epithelia, the regenerated hair
cells of DTR mice after 70 d post-DT appeared to be type II
rather than type I, based on their basolateral processes and lack
of calyces (Fig. 1), relatively small hair bundles (Fig. 4), and
expression of hair-cell specific voltage-gated conductance
(below). We also saw a small number of type I hair cells, which,

Figure 6. Regenerated DTR hair cells and WT type II hair cells shared key electrophysiological properties. A, Exemplar voltage-dependent current families from DTR (top) and WT (bottom)
utricular maculae, at increasing days post-DT (left to right). Voltage-clamp protocol (middle, aligned with 80 d post-DT data) applies to all. Dashed lines, 0 nA; holding potential, –64mV. All
DTR cells are shown except the one at;70 d post-dT, which had basolateral processes (cartoon). B, Sites of recorded hair cells on the utricular macula, located by aligning photomicrographs
of the fluorescently labeled hair cell with a standard map of the utricle (based on the images in Figures 1–3 in Li et al., 2008). Utricular zones are as follows: top to bottom: lateral extrastriola
(light gray), striola (gray), medial extrastriola (medium gray). Black triangles, WT; red circles, DTR. C, G(V) curves fitted to averaged tail current data at –39mV from 48 DTR and 24 WT cells
(Eq. 1) had similar voltage dependence but smaller mean conductance values. Shaded areas, Mean values 6 SE. Fits (Eq. 1): DTR: Gmax = 12.36 0.2 nS; V1/2 = –32.36 0.4 mV;
S = 7.96 0.3 mV; WT: Gmax = 17.36 0.4 nS; V1/2 = –29.86 0.7 mV; S = 8.86 0.5 mV. D, Membrane capacitance (proportional to surface area) as a function of days post-DT. DTR cells (red
circles) were smaller on average than WT cells (gray triangles). Filled symbols to the right in D and E are the mean6 SE. E, Conductance density (in nanosiemens per picofarad) was similar
for DTR and WT cells across time post-dT. F, Exemplar families of voltage responses to injected currents from several of the cell pairs shown in A. DTR cells are at top; WT cells are below.
Current-clamp protocol (middle, aligned with 30 d post-DT data) applies to all.
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based on morphologic studies, survived the DT treatment. Most
if not all of the type II hair cells we recorded from in DTR mice
were regenerated, rather than retained, because DT kills 90–95%
of hair cells in the macula within 14 d (Golub et al., 2012).

During whole-cell recording, a fluorescent dye (sulforhod-
amine 101) in the recording solution diffused into the cell, allow-
ing visualization of cell shape with fluorescence optics in most
cases. Basolateral processes were evident in;80% of the regener-
ated hair cells scattered throughout the epithelium (38 of 48 cells;
Fig. 6B, red symbols), and in ;50% of the WT type II hair cells
from littermate controls (10 of 19 cells with documented mor-
phology; not shown in Fig. 6). This is lower than the percent-
age for type II hair cells in microscopic studies of fixed adult
mouse utricles (;80%; Pujol et al., 2014), possibly indicating
that basolateral processes were sometimes resorbed during
whole-cell recording. In CD-1 mice (A. González-Garrido,
unpublished observations) and in the current sample of DTR
mice, the presence of basolateral processes did not correlate
with any electrophysiological feature that we studied, includ-
ing input resistance, capacitance, and properties of the domi-
nant outwardly rectifying current. Therefore, we have pooled
electrophysiological observations from regenerated cells with
and without basolateral processes.

Mean resting potentials and input resistances of hair
cells from DTR and WT mice did not differ significantly
[–616 2.3 mV (48 DTR cells) vs –666 1.8 mV (24 WT cells;
p = 0.3); and 1.336 0.19 GV (DTR) vs 1.026 0.21 GV (WT,
p = 0.4)]. These values are in the range previously reported
for type II hair cells from rodent vestibular epithelia and for
immature hair cells that were not identified as type I or type
II (Rüsch et al., 1998). Differentiated type I hair cells in con-
trast have more negative resting potentials (–70 to –80mV)
and much lower input resistances (,200 MV), reflecting the
effects of a large resting K1-selective conductance, gK,L.

Basolateral voltage-dependent conductance
Figure 6A compares voltage-dependent current families in exem-
plar regenerated (DTR) hair cells and type II hair cells from DT-
treated WT littermates, with time relative to DT treatment
increasing from left to right. In both genotypes, the current fami-
lies are dominated by large outward (positive) currents evoked
by depolarizations positive to the holding potential of –64mV
(near average resting potential, above), with grossly similar time
courses and voltage dependence of activation. In no case did a
regenerated hair cell express gK,L, a hallmark of mature type I
cells that is readily apparent in such current families (See Fig.
11B).

To quantify the voltage dependence of outward currents, we
generated activation curves of conductance versus voltage for
our samples of WT type II and DTR regenerated hair cells, as
described in Materials and Methods. The resulting mean activa-
tion curves (Fig. 6C) have strongly overlapping voltage depend-
ence. DTR hair cells had a smaller average Gmax [12.56 1.0 nS
(n = 48) vs 16.46 1.0 nS (n = 24), p=0.01; effect size (Cohen’s
d), 0.68]. Comparison of surface areas of the two populations
show that the smaller conductance of the DTR cells can be
accounted for by their smaller average surface area. Figure 6D
shows membrane capacitance (Cm), which is proportional to sur-
face area, as a function of time post-DT for both samples (range,
14–451 d post-DT). The mean values differed significantly:
3.96 0.2 pF (DTR, n = 48) versus 4.66 0.3 pF (WT, n = 24;
p=0.02; Cohen’s d, 0.56), and the regenerated hair cells did not
get larger with time post-DT (linear regression of DTR data:

slope, –2.5E-46 0.002 pF/d; adjusted R2 value, –0.02).
Normalizing Gmax by Cm for each hair cell (Fig. 6E) yielded simi-
lar mean conductance densities: 3.86 0.25 nS/pF (WT) and
3.36 0.26 nS/pF (DTR; p= 0.2, Welch’s correction) and there-
fore similar numbers of outwardly rectifying K channels per
square micrometer. Similarly, WT and DTR voltage responses to
iterated current steps did not clearly differ, as illustrated in
Figure 6F.

Closer inspection, however, reveals differences between WT
and DTR regenerated cells in the expression of the voltage-sensi-
tive HCN current (Ih) and NaV current (INa). As shown previ-
ously for type II hair cells from CD-1 mouse utricles (Rüsch et
al., 1998; Horwitz et al., 2011) and other vestibular organs,
hyperpolarizing voltage steps activate IIR (current through fast
inwardly rectifying K1-selective channels) and Ih (current
through slowly activating HCN channels, which are permeable
to both K1 and Na1). KIR channels are present throughout the
postnatal period, but HCN channels (mostly HCN1; Horwitz et
al., 2011) are acquired by maturing type I and type II cells in
mice between P3 and P8 (Rüsch et al., 1998; Géléoc et al., 2004),
overlapping with the addition of gK,L channels to type I cells. As
expected, at times .100 d post-DT, WT type II hair cells consis-
tently expressed both IIR and Ih (Fig. 7A). Regenerated hair cells
expressed IIR consistently and at similar density (per membrane
area) to WT cells. In contrast, Ih was expressed in fewer regener-
ated cells (21 of 48 cells) and when present had significantly lower
conductance density (Fig. 7A): 806 12 pS/pF (DTR, n=21) versus
2056 18 pS/pF (WT, n=21; p, 10�6). Conductance was calcu-
lated from current, measured as shown in Figure 7A.1, and assum-
ing a reversal potential of –44mV (Rüsch et al., 1998).

In the rat utricle, nearly all neonatal hair cells express tran-
sient NaV currents (Lennan et al., 1999; Chabbert et al., 2003),
which take two forms (INa,1, INa,2) with quite different voltage de-
pendence (Wooltorton et al., 2007). Most notably, the voltage
range of inactivation was ;15mV more negative for INa,1 than
for INa,2. The incidence of both currents drops substantially by
P7, with no hair cells expressing the less negative conductance
(INa,2) by P10. In older rat utricles (Brugeaud et al., 2007) dener-
vation can cause the expression of NaV current in hair cells. In
our recordings, no INa was detected in any DT-treated WT type
II hair cells (0 of 24 cells). In contrast, 25 of 48 of regenerated
DTR hair cells (;50%) expressed either INa,1 or INa,2 (Fig. 7B.1–
B.4). Regenerated hair cells with INa were recorded in different
epithelial zones (data not shown) and out to many days post-DT
(range, 14–451 d post-DT; Fig. 7B.5).

To summarize the results from whole-cell recordings of volt-
age-gated currents, regenerated hair cells from different zones in
DT-treated epithelia did not manifest clear zonal differences in
passive properties [resting potential, Cm, or Rin] or in the expres-
sion of voltage-sensitive conductances. They had a smaller aver-
age surface area than WT hair cells from DT-treated utricles, as
indicated by Cm measurements, which may reflect in part the ab-
sence of large hair bundles in the regenerated population. No
regenerated hair cells expressed the low-voltage-activated gK,L
typical of mature type I hair cells, nor were any innervated by
afferent calyces. In CD-1 mouse utricles, type I hair cells acquire
both calyces and gK,L beginning at E18 (Géléoc et al., 2004) and
extending through the first postnatal week (Rüsch et al., 1998;
Géléoc et al., 2004). Calyces do not appear to be required for gK,L,
which appears with a similar time course in denervated, cultured
utricles as in vivo (Rüsch et al., 1998). The outwardly rectifying volt-
age-sensitive channels of regenerated hair cells instead resembled
those of mature type II hair cells in their time course and voltage
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dependence, activating positive to resting potential. As a conse-
quence, the regenerated hair cells had high Rin, in excess of.1 GV,
and resting potentials typical of type II hair cells and significantly
less negative than those of type I cells.

The voltage-sensitive basolateral conductances of regenerated
DTR hair cells did differ from those of WT type II counterparts
in several of the following ways: (1) HCN channels are acquired
postnatally and are uniformly reported in mature WT utricular
hair cells, including in this study, but were detected less often in
the regenerated cells and were at lower density when present;
and (2) NaV conductance was not detected in any WT cells but
was present in approximately half of the regenerated cells, with
the two ranges of voltage dependence previously reported in
immature rodent hair cells. With respect to HCN and NaV chan-
nel expression, therefore, some of the regenerated cells resembled
immature hair cells in normal rodent utricles.

Regenerated hair cells formed ribbon synapses with
vestibular afferents
We examined synapses made by regenerated type II hair cells on
vestibular afferent fibers with transmission electron and confocal
microscopy. After 28 d post-DT, the majority of regenerated hair
cells had mature-appearing afferent synapses. Figure 8A shows a
classical ribbon synapse between the basolateral process of a type II
hair cell and an afferent bouton in a WT mouse at 42 d post-DT.
This synapse included a presynaptic compartment with a ribbon

surrounded by synaptic vesicles (arrows), including some posi-
tioned against the presynaptic membrane. On the postsynaptic side,
the bouton had sparse cytoplasm with mitochondria and few
vesicles, and a well formed membrane thickening (arrowhead) that
represents the site of glutamate receptors. Figure 8, B and C, show
examples in regenerated DTR hair cells of mature ribbon synapses,
also between the basolateral processes of the hair cell and the affer-
ent bouton. In their ultrastructure, both the bouton and the ribbon
synapse resemble their WT counterparts in every respect.

We quantitatively assessed synapses by labeling utricles from
WT and DTR mice with antibodies to the following: myosin
VIIa, a hair cell marker; Ctbp2, a protein enriched in the presyn-
aptic ribbon (Schug et al., 2006; Uthaiah and Hudspeth, 2010);
and GluA2, an AMPA-type glutamate receptor postsynaptic to
ribbons in the afferent membrane (Pujol et al., 2014; Sadeghi et
al., 2014; Fig. 8D–H). We took high-magnification z-stack images
of several WT type II and regenerated hair cells at the level of
their basolateral processes (marked by myosin VIIa immunore-
activity; Fig. 8I), where ribbon density is highest (Pujol et al.,
2014). At 170 d post-DT treatment, the percentage of Ctbp21

particles (presynaptic ribbons) that colocalized with GluA21

particles (postsynaptic receptors) was ;85% for DTR mice and
WT mice (Fig. 8J). Results are similar for both WT mice that
received DT treatment and WT mice that did not (Fig. 8J), indi-
cating a lower Ctbp2 and GluA2 colocalization than the ;100%
colocalization in the rat cochlea (Martinez-Monedero et al.,

Figure 7. Regenerated DTR hair cells differed from adult WT type II hair cells (HCs) in average expression of NaV and HCN voltage-dependent currents. A, Hyperpolarizing voltage steps
evoked both IIR and IHCN in WT (A.1) and some regenerated DTR cells (A.2), but not in all (A.3). A.4, DTR cells with IHCN had smaller current density than WT (box plot shows median, 25–75%
range, minimum, and maximum; red triangles, mean values). B.1, Voltage-clamp recordings from many DTR hair cells revealed voltage-gated INa for depolarizing steps from a negative prepulse
(boxes). B.2, Expanded boxed areas in B.1 showing transient INa at the beginning and end of iterated test step. B.3, Activation and inactivation curves for INa, fitted with Boltzmann Equation
1. B.4, Distributions of activation and inactivation midpoints (V1/2 values; Eq. 1); the inactivation distribution (blue) is bimodal, consistent with NaV conductance in INa,1 and INa,2. B.5, Some
regenerated DTR hair cells expressed INa,1 or INa,2 long after DT treatment. At all ages shown, no WT hair cells expressed INa.
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2016). We also examined the density of Ctbp21 ribbons in the
basolateral processes of WT and DTRmice at 42 and 170 d post-
DT (number of ribbons per volume of process measured; Fig.
8K). Two-way ANOVA found no effect of genotype (WT vs
DTR, p= 0.24) or time post-DT (p=0.18) on ribbon density.
Collectively, these findings indicate that many afferent synapses
acquire mature synaptic features.

Distributions of ribbon precursors and mature ribbons in
regenerated hair cells became more normal with time post-
DT
With transmission electron microscopy, we observed signs of
immaturity in the ribbon synapses of regenerated hair cells.
Although less frequently, some apparently immature ribbon syn-
apses were also found in normal (WT) type II hair cells, indica-
tive of ongoing plasticity of ribbon synapses, especially at the
level of basolateral processes.

Compared with WT, most regener-
ated hair cells, up to 2months post-DT,
had an increased number of ribbons in
immature form: ribbon precursors, ec-
topic ribbons, and complex (multiple)
ribbons. Ribbon precursors are con-
sidered to be an early step in the as-
sembly of ribbon synapses and have
been described in developing retinal
photoreceptors (Regus-Leidig et al.,
2009) and in hair cells of developing
or regenerating zebrafish neuromasts
(Suli et al., 2016). Ectopic ribbons
were first described in the developing
mouse cochlea (Sobkowicz et al., 1982)
and in guinea pig hair cells after exci-
totoxic injury to afferents (Puel et al.,
1995; Ruel et al., 2007). Complexes of
multiple adjacent ribbons have been
described in developing cochlear hair
cells of rodents (Lenoir et al., 1980;
Sobkowicz et al., 1982).

In both WT-no DT hair cells and
regenerating hair cells in this study, rib-
bon precursors had the electron-dense
core of the ribbon but lacked associated
synaptic vesicles (Fig. 9A–E). They
were encased in a tubular or vesicular
membrane-bound structure resembling
smooth endoplasmic reticulum (Fig.
9B,C,D9,E9). They were often located
away from the external plasma mem-
brane, sometimes above or at the level
of the cell nucleus. Ribbon precursors
appeared to migrate basally to the synap-
tic pole, where their electron-dense core
becomes surrounded by microvesicles.
Even when ribbons were surrounded by
synaptic vesicles and no longer inside
endoplasmic reticulum, they sometimes
showed other signs associated with imma-
turity, including complexes of multiple
aligned ribbons (Fig. 9F) and ectopic loca-
tions (Fig. 9G).

Based on electron micrographs, we
quantified ribbons that were in a precur-
sor state or were mature (located at the

membrane, surrounded by vesicles, and juxtaposed to a postsy-
naptic density on a bouton) in WT mice and in mice at various
stages of regeneration. The number of ribbon precursors per hair
cell changed significantly at short times after DT treatment (one-
way ANOVA, p=0.015). Ribbon precursor numbers were higher
in regenerated hair cells at 28–42 d post-DT relative to WT type
II hair cells, but were similar to WT cells at 140–170 d post-DT
(Tukey’s multiple-comparisons test; Fig. 9I). The number of mature
synapses was significantly reduced in DTR mice at 28–42 d post-
DT relative to WT mice (one-way ANOVA, p=0.022) with partial
recovery by 140–170 d post-DT (Fig. 9J). Thus, ribbon synapses
formed on regenerated hair cells ;28–42 d post-DT and became
more mature by 140–170 d post-DT, consistent with our observa-
tion that there was no difference in colocalization of presynaptic
and postsynaptic proteins between WT type II controls and DTR
regenerated hair cells at 170 d post-DT.

Figure 8. Synapses formed between regenerated DTR hair cells and afferent nerve terminals. A-C. Transmission electron
micrographs of ribbon synapses between HCs and afferent boutons. A, A normal type II hair cell from a WT mouse at 42 d
post-DT. B, C, A regenerated hair cell from a DTR mouse at 42 d post-DT (B), and a regenerated hair cell from a DTR mouse at
140 d post-DT (C). Different apparent sizes of ribbons may in part reflect slices through their edges versus centers. Note similar-
ity of the ultrastructure: arrows, ribbons surrounded by neurotransmitter vesicles; arrowheads, postsynaptic densities in the
afferent bouton. Scale bar: A (for A–C), 170 nm. D–I, Confocal slices through WT and WT-no DT type II hair cells and regener-
ated DTR hair cells at long times post-DT; slices were at the basolateral process level, as schematized in I (arrow). Arrowheads,
Colocalized Ctbp2 and GluA2 labeling. Scale bar: D (for D–H), 300 nm. E, Inset, co-localization of Ctbp2 and GluA2 at high mag-
nification. F, Arrow, large Ctbp2-positive particle in a type I hair cell. J, Percentage of Ctbp21 particles that colocalize with
GluA2, for 32 WT cells (WT-no DT cells, 14; WT cells, 18) and 15 DTR cells at 170 d post-DT. One to three basolateral processes
were sampled per cell. K, Density of Ctpb2 particles in basolateral processes of the same cells as in J.
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Most postsynaptic afferent contacts with
regenerated hair cells were mature-appearing
boutons by 42 d post-DT, as indicated by
numerous mitochondria, microtubules, and
microfilaments, and few vesicles (Fig. 8A–C).
However, as late as 170 d post-DT, we saw some
boutons that appeared smaller and were filled
with vesicles of various sizes and electron den-
sities (Fig. 9H). This form of bouton is character-
istic of a developing (Lenoir et al., 1980) or
regrowing (Puel et al., 1995) inner ear afferent.
Immature-appearing boutons were most fre-
quent at early stages of regeneration (28-42 d
post-DT) but were also seen occasionally in WT
mice, particularly on basolateral processes (data
not shown). Our observations suggest that affer-
ent boutons on regenerated hair cells grow to
more closely resemble normal boutons over time
and that both normal mature hair cells and late-
stage regenerated hair cells are occasionally con-
tacted by immature-appearing boutons.

Regenerated hair cells received efferent inputs
Efferent neurons made synapses with similar ultra-
structure on WT-no DT type II hair cells (Fig.
10A) and regenerated hair cells at 100 d post-DT
(Fig. 10B) and other times. The presynaptic effer-
ent nerve terminal was filled with small, clear, and
uniformly sized vesicles (arrows), forming a cluster
next to the hair cell membrane. On the hair cell
side, the classical postsynaptic cistern was visible
(Fig. 10A,B, arrowheads). Axodendritic synapses
were seen between efferent varicosities and afferent
neurites at 28 d post-DT (Fig. 10C) and later.

In summary, regenerated hair cells made nor-
mal afferent and efferent synapses. Up to 42 d
post-DT, many ribbon synapses were immature,
but beyond 42 d post-DT, most had a mature
appearance.

Some surviving type I hair cells and
postsynaptic calyces had normal morphology
and electrophysiology
We detected occasional hair cells with features
typical of type I hair cells (flask shape, sur-
rounded by a normal-appearing calyx, ribbon
synapses) in DTR utricles at a variety of times
post-DT; Figure 11A shows examples at 28 and
140 d post-DT. Based on previous studies (Bucks
et al., 2017; Hicks et al., 2020), these cells did not
derive from supporting cells, but rather repre-
sented rare survivors of DT treatment. Some of
these surviving type I hair cells had a healthy
appearance, with normal cytoplasm and nucleus,
and healthy calyces (Fig. 11A, arrows, top and
bottom panels). Other surviving type I hair cells
showed signs of cytolytic degeneration, such as
highly vacuolated cytoplasm devoid of organelles (Fig. 11A,
arrowhead) or apoptosis (Fig. 1H). We recorded whole-cell volt-
age-gated currents from several healthy-appearing surviving type
I hair cells (Fig. 11B) and their afferent calyces (Fig. 11C) in DTR
utricles and found them normal.

The voltage-dependent hair cell currents were dominated by
the type I-specific low-voltage K1 conductance (i.e., gK,L). The
voltage protocol used (Fig. 11B.1) is designed to first close gK,L
channels that are open at resting potential by stepping the volt-
age negative to their activation range, and then to reopen them
with iterated depolarizing steps that activate them, as shown in
the activation curve of Figure 11B.2. The midpoints of the curves

Figure 9. Distributions of ribbon precursors and ribbon synapses became more normal in regenerated DTR hair
cells with time. A–H, TEM of ribbon structures in mature WT-no DT type II hair cells (A–C) and regenerated hair cells
from DTR mice at different times post-DT (D–H). A–C, Ribbon precursors in mature WT hair cells. A, B, Ribbon pre-
cursor in box in A is magnified in B (arrow). B, Arrowhead, Tubular membrane containing the precursor. Nu,
Nucleus. C, Another ribbon precursor (arrow) in endoplasmic reticulum (arrowheads) near a bouton afferent (aff). D,
E, Similar ribbon precursors in regenerated DTR hair cells; boxed areas are magnified in D9 and E9. F, Synapse with
multiple ribbons (arrowheads) facing an afferent bouton. G, Ectopic ribbon surrounded by synaptic vesicles (arrow-
head). H, Ribbon synapse with a single ribbon (arrowhead) contacting an immature-appearing afferent bouton with
vesicles of different sizes (arrows). I, J, Numbers of ribbon precursors (I) or ribbons at synapses (mature ribbons; J)
per basolateral process per section, compared between WT-no DT mice and DTR mice at short and long times post-
DT. Scale bar: A (for A, D, E), 2mm; A (for B, C, D9, E9, F–H), 350 nm.
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(Eq. 1, V1/2 values; in Materials and Methods) are ;40–50mV
negative to the midpoints of the dominant outwardly rectifying
K1 currents in type II cells (Fig. 6C). This striking difference is
consistent with literature on mature type I and type II hair cells
in diverse amniotes, including birds, where the distinction was
first noted (Correia and Lang, 1990); reptiles (Brichta et al.,
2002); and mammals (Rennie and Correia, 1994; Rüsch and
Eatock, 1996).

Figure 11C shows examples of normal physiology recorded
from calyces that were postsynaptic to surviving type I hair cells
in DTR utricles. By comparison with previous reports from rat
saccule (Songer and Eatock, 2013) and mouse utricle (Horwitz et
al., 2014; Ono et al., 2020), the calyces had normal complements
of NaV, HCN, and outward K1 currents (Fig. 11C.1). Two exam-
ples of spontaneous spiking (Fig. 11C.2) illustrate the variation
in spike timing regularity typical of vestibular afferents (for
review, see Goldberg, 2000).

In summary, type I hair cells that survive DT treatment can
retain physiological function and morphologic contact with
afferent calyces. It is not surprising that they do not sustain ves-
tibular function in the animal, given that surviving type I hair
cells represent ;5% of the original population (Golub et al.,
2012).

Discussion
Our previous studies (Golub et al., 2012; Bucks et al., 2017; Hicks
et al., 2020) showed that DT-mediated hair cell destruction in
adult mouse utricles stimulates supporting cells to transdifferen-
tiate to hair cells that appear type II like in gross morphology,
including the absence of afferent calyceal endings. Here, we set
out to determine whether absent or deficient hair cell function
could account for the lack of balance restoration and to docu-
ment the extent of transdifferentiation possible with a long
regeneration period. Regenerated hair cells acquired several mor-
phologic, molecular, and physiological features typical of normal
type II hair cells, but immature physiological properties were evi-
dent in some hair cells even months after DT. We also found no
evidence for the emergence of type I properties: no developing
afferent calyces, no gK,L, and no large hair bundles. These differ-
ences may contribute to the persistence of overt symptoms of

vestibular dysfunction (poor postural control, head bobbing, and
body spinning) despite significant regeneration of hair cells.

Ribbon synapses of type II hair cells in normal adult mouse
utricles
We made new observations in normal type II hair cells in adult
mice. First,;15% of Ctbp2-marked synaptic ribbons were not jux-
taposed to GluA2-labeled postsynaptic elements. In rat crista,
Sadeghi et al. (2014) also noted that Ctbp2-marked ribbons were
less colocalized with GluA2 receptor patches than those of cochlear
inner hair cells. However, our finding contrasts with inner hair cells
from the adult rat cochlea, in which nearly 100% of ribbons colocal-
ize with a postsynaptic element (Martinez-Monedero et al., 2016).
In addition, some normal adult type II hair cells had ribbon precur-
sors consisting of an electron-dense core without associated synap-
tic vesicles, sometimes located far from the plasma membrane, as
observed in the developing mammalian cochlea (Lenoir et al.,
1980). Similar ribbon precursors were observed in regenerationg
hair cells from zebrafish lateral line (Suli et al., 2016). Because unap-
posed ribbons occurred in many normal type II hair cells, it is
unlikely that they are restricted to the small number of immature
type II hair cells arising through spontaneous hair cell turnover in
adult mouse utricles (Forge et al., 1993; Lambert et al., 1997; Bucks
et al., 2017). Rather, we infer that ribbon synapses in mature type II
hair cells may undergo remodeling in normal conditions.

Regenerated hair cells in adult mouse utricles acquired
ultrastructural and electrophysiological properties of type II
cells
In adult rodents, vestibular hair cells that are replaced naturally
after damage have type II-like gross morphology, whether dam-
age is caused by DT (Golub et al., 2012), aminoglycoside antibi-
otics (Forge et al., 1993; 1998; Kawamoto et al., 2009), or 3,39-
iminodipropionitrile (Sayyid et al., 2019). For example, in the
mouse utricle after DT-mediated damage, hair cells that have tall
stereocilia and calyces typical of type I hair cells decline over
time, while those with short bundles and basolateral processes,
characteristic of type II hair cells, increase (Golub et al., 2012).
Here, we show that hair cells that regenerate naturally in adult
mice acquire ultrastructural and physiological properties within
the ranges found in wild-type type II hair cells, including stereo-
cilia heights and diameters, and the voltage dependence and
kinetics of whole-cell voltage-gated K1 currents (Figs. 3-6).
Furthermore, no regenerated hair cells acquired the distinctive
low-voltage-activated K1 conductance (Fig. 11B, surviving type I
cell) or the afferent calyx (Figs. 1, 11) of mature type I hair cells.

At 28–42 d post-DT, regenerated hair cells had immature
properties, including short, thin stereocilia (Figs. 2, 4), fewer-
than-normal numbers of synaptic ribbons, and higher-than-nor-
mal numbers of ribbon precursors (Fig. 9). By 170 d post-DT,
regenerated hair cells had acquired several properties consistent
with a mature type II state. Bundles had adopted planar cell po-
larity and established appropriate orientation (Fig. 3). By 70 d
post-DT, bundle heights fell within the range of normal type II
hair cells (Fig. 4) as described by Li et al. (2008). Hair bundle dis-
placements evoked transduction currents in regenerated hair
cells with operating ranges and polarities expected based on
wild-type type II hair cells (Fig. 5). Outward K1 currents, which
dominate the voltage-activated basolateral currents, had similar
conductance densities (conductance per unit surface area) in
WT type II and regenerated hair cells (Fig. 6). Regenerated hair
cells acquired mature-appearing efferent and afferent synapses
(Figs. 8, 10), and presynaptic ribbons had normal density along

Figure 10. Efferent varicosities made normal synapses on regenerated DTR hair cells. A–
C, TEM micrographs of efferent synapses in WT-no DT (A) and DTR (B, C) utricles at different
times post-DT. Arrows in all panels point to clusters of presynaptic vesicles at efferent synap-
ses. A, Efferent varicosity (eff) contacts the basolateral process (bp) of a type II hair cell and
a supporting cell, labeled SC in its nucleus. Note the numerous uniform vesicles throughout
the axoplasm of the presynaptic efferent varicosity. Arrowhead, Postsynaptic cistern in hair
cell, facing efferent synaptic vesicles (arrow). B, Efferent varicosity forming a synapse on a
regenerating hair cell; in all features, the varicosity and synapse appear similar to WT. C,
Efferent varicosity forming axodendritic synapses (arrows) on two afferent neurites (aff). The
other side of the varicosity is in close contact with a supporting cell. Scale bar: A (for A–C),
500 nm.
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the basolateral processes and normal
colocalization extent with postsynaptic
glutamate receptors (Fig. 8). These results
show that the lack of vestibular systems-
level recovery did not reflect the absence
of either hair cell mechanosensitivity or
synaptic structures in the regenerated hair
cells.

In summary, the hundreds of hair cells
in adult mouse utricles that regenerate fol-
lowing DT treatment acquired several
mature ultrastructural, morphologic, and
physiological attributes of type II hair cells.
Immature properties persisted, however,
in some regenerated hair cells. Relative to
mature WT type II hair cells, regenerated
hair cells were, on average, smaller (Fig.
6D) and had smaller transduction currents
(Fig. 5F). They were also more likely to
express NaV currents and to have small
HCN currents or none at all (Fig. 7). We
could not determine the age of each regen-
erated hair cell, but immature properties
persisted well after 70 d post-DT, when
new hair cells had stopped increasing in
number.

Does the lack of systems-level recovery
in DTR mice imply that type II hair cells
contribute little to recognized vestibular
functions? We do not have strong hypoth-
eses for type II-specific vestibular func-
tions: while afferent physiological properties differ markedly by
innervation zone (striola vs extrastriola), the specific contribu-
tions of type I and II hair cells are not clear because, in mammals,
both hair cell types reside in both zones and most afferent neu-
rons innervate both hair cell types (for review, see Goldberg,
2000). Some insights are provided by studies in which avian ves-
tibular epithelia were damaged with ototoxic antibiotics, causing
loss and regeneration of both hair cell types and substantial,
though incomplete, functional recovery. In pigeons, there was
significant recovery of gaze-stabilizing vestibular reflexes before
the late restoration of calyces (Haque et al., 2008, 2009). This
early recovery was mediated by hair cells transmitting via bouton
synapses, which included type II cells but presumably also nas-
cent type I cells that were eventually enveloped by calyces. The
delayed restoration of calyces coincided with expansion of the
frequency range of gaze stabilization. In chickens, the recovery of
VOR and vestibulocollic reflex (VCR) gains correlated better
with the number of hair cells innervated by calyces than with
other hair cells (Carey et al., 1996; Goode et al., 1999). These
observations suggest that type II hair cell–bouton and type I hair
cell–calyx pairings both make significant contributions toward
recovery of systems-level function. In DTR mice, then, lack of
systems-level recovery may reflect a failure to replace the full va-
riety of mature phenotypes, including type I hair cells with caly-
ces, but plausibly also certain type II hair cells.

Additionally or alternatively, a lack of systems-level recovery
may reflect the large (;80%) reduction of total hair cell inputs.
Given that head motions normally coactivate many hair cells of
both types, downstream circuitry may require strong conver-
gence of afferent signals. Indeed, VCR recovery in chickens was
well correlated with the total number of hair cells (Goode et al.,
1999).

Regenerative capacity in mammalian vestibular organs
diminishes with age in both quantity and diversity
In contrast to our results with adult tissue, Wang et al. (2019)
found that, when mouse utricular hair cells are destroyed at P1, a
small number of type I-like hair cells are regenerated in addition
to type II hair cells, all regenerated hair cells lose their NaV cur-
rents with time, and there is partial recovery of acceleration-
evoked potentials (i.e., VsEPs). Together with our findings, it is
clear that the regenerative capacity of vestibular epithelia
decreases significantly in mammals as they age. Production of
type I hair cells during development is largely restricted to the
embryonic period, but about half of type II hair cells are born
postnatally (McInturff et al., 2018; Wang et al., 2019; Warchol et
al., 2019). Type II (but not type I) production continues at a low
rate in adulthood as part of normal cell turnover (Bucks et al.,
2017). The failure in mature mice to generate type I hair cells ei-
ther during normal turnover or after hair cell destruction may
reflect maturational shifts in cell lineages for type I and type II
cells and/or in responsiveness to regulatory signals. Consistent
with the latter, supporting cells respond differently to damage
according to age: neonatal supporting cells upregulate the Wnt
pathway protein Lgr5 before regenerating both type I and type II
hair cells, while older supporting cells do not upregulate Lgr5
and regenerate only type II hair cells (Wang et al., 2015). Single-
cell transcriptomics may help to identify subsets of supporting
cells with unique potential for generating type I versus type II
hair cells, as well as signals that regulate cell fate determination.
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