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ABSTRACT

In this study, we present a systematic characterization of
hair cell loss and regeneration in the chicken utricle
in vivo. A single unilateral surgical delivery of streptomy-
cin caused robust decline of hair cell numbers in striolar
as well as extrastriolar regions, which in the striola was
detected very early, 6 h post-insult. During the initial 12 h
of damage response, we observed global repression of
DNA replication, in contrast to the natural, mitotic hair
cell production in undamaged control utricles. Regener-
ation of hair cells in striolar and extrastriolar regions
occurred via high rates of asymmetric supporting cell
divisions, accompanied by delayed replenishment by
symmetric division. While asymmetric division of support-
ing cells is the main regenerative response to amino-
glycoside damage, the detection of symmetric divisions
supports the concept of direct transdifferentiation where
supporting cells need to be replenished after their
phenotypic conversion into new hair cells. Supporting
cell divisions appear to be well coordinated because total
supporting cell numbers throughout the regenerative
process were invariant, despite the initial large-scale loss
of hair cells. We conclude that a single ototoxic drug
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application provides an experimental framework to study
the precise onset and timing of utricle hair cell regener-
ation in vivo. Our findings indicate that initial triggers
and signaling events occur already within a few hours
after aminoglycoside exposure. Direct transdifferentia-
tion and asymmetric division of supporting cells to
generate new hair cells subsequently happen largely in
parallel and persist for several days.

Keywords: cell cycle, EdU, inner ear, otic, S-phase,
vestibular

INTRODUCTION

Inner ear sensory hair cells are essential for hearing and
balance. Hair cells are situated in pseudostratified
sensory epithelia interspersed with supporting cells in a
mosaic-like fashion. In mammals, lost cochlear hair cells
are not replaced, which is the major reason why most
forms of hearing loss are permanent (Brigande and
Heller 2009). Mammalian vestibular hair cells regenerate
at very low frequency through asymmetric division of
resident somatic stem cells (Li et al. 2003; Warchol et al.
1993) as well as via direct transdifferentiation (non-
mitotic phenotypic conversion) of supporting cells.
However, these mechanisms are insufficient to restore
the full complement of cells (e.g., Golub et al. 2012;

Wang et al. 2015). On the other hand, the regenerative

response in the avian inner ear is robust and sufficient to
restore both structure and function to auditory and
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vestibular organs (Corwin and Cotanche 1988; Ryals and
Rubel 1988). Moreover, avian vestibular sensory epithelia
mitotically turnover lost hair cells, albeit at a low rate
(Jorgensen and Mathiesen 1988; Roberson et al. 1992).

There is strong evidence for two distinct mecha-
nisms by which new hair cells are produced in
regenerating avian sensory epithelia, both of which
appear to originate with the supporting cell popula-
tion. In response to hair cell loss, a supporting cell
may either directly convert into a new hair cell or it
may divide, producing two daughter cells which may
then differentiate asymmetrically (one into a new hair
cell and the other into a supporting cell) or symmet-
rically (both into supporting cells). Avian hair cell
turnover/replacement and regeneration were initially
shown through direct evidence of asymmetric divi-
sions of supporting cells observed in vivo (Corwin and
Cotanche 1988; Jorgensen and Mathiesen 1988;
Roberson et al. 1992; Rubel et al. 2013; Ryals and
Rubel 1988; Stone et al. 1999; Stone and Rubel 2000;
Stone et al. 2004; Weisleder and Rubel 1993) and in
organ cultures (Oesterle et al. 1993). In addition to
mitotic regeneration, direct transdifferentiation of
supporting cells into hair cells is argued to be a
significant regenerative mechanism in the chicken
cochlea and utricle sensory epithelia (Adler et al.
1997; Adler and Raphael 1996; Cafaro et al. 2007;
Roberson et al. 1996; Shang et al. 2010, reviewed in
Stone and Cotanche 2007). Direct transdifferentiation
entails a replenishment response for lost supporting
cells, which has not yet been systematically investigat-
ed. It has been hypothesized that direct transdiffer-
entiation is a rapid restorative response, whereas
asymmetric division of supporting cells is a more
sustained mechanism (Roberson et al. 2004). In the
chicken cochlea, the two processes occur at different
locations and possibly also differ in their onset and
duration whereas both mechanisms have not been
systematically assessed in such extent in balance
organs (Cafaro et al. 2007).

The molecular mechanisms that trigger the onset
of avian hair cell regeneration by either process are
unknown. Despite identification of signaling pathways
potentially involved in hair cell regeneration
(Alvarado et al. 2011; Ku et al. 2014; Warchol et al.
2017), a thorough mechanistic insight of regeneration
from the earliest events of initiation, realization, and
ultimately termination is not known. Moreover, in vivo
experiments to investigate regeneration require re-
peated systemic injections of ototoxic aminoglycoside
to induce reliable hair cell loss throughout the utricle
(e.g., Cafaro et al. 2007), which makes it difficult to
define the precise dosage or onset of injury. This
creates a challenge to discriminate differences in
timing of direct transdifferentiation and asymmetric
division of supporting cells. To address this challenge,

we describe here a single surgical application of
ototoxic aminoglycoside that leads to robust hair cell
loss in the chicken utricle. Our results are in general
agreement with previous studies as well as with in vitro
observations (Cafaro et al. 2007; Oesterle et al. 1993;
Stone and Rubel 1999; Stone et al. 2004), but they
reveal additional insight into the timing of responses
after a temporally defined onset of the ototoxic insult.
We show that significant hair cell loss is already
detectable 6 h after aminoglycoside application, that
mitotic turnover of hair cells throughout the utricle is
globally suppressed during the initial 12 h post-insult,
and that direct transdifferentiation of supporting cells
into new hair cells as well as mitotic hair cell
regeneration via asymmetric divisions of supporting
cells occurs simultaneously over the course of several
days beginning around 12 h after streptomycin
application. Our data further indicate that the pace
of symmetric divisions of supporting cells is well
coordinated with an unknown mechanism that keeps
supporting cell numbers and density relatively con-
stant during the duration of the regenerative re-
sponse. We conclude that the establishment of a
temporally defined onset of aminoglycoside ototoxic-
ity in vivo provides a framework for the refined study
of the two modes of hair cell regeneration in the
chicken utricle.

MATERIAL AND METHODS
Experimental Model

Fertilized Rhode Island Red chicken eggs were pur-
chased from AA Lab eggs Inc., Westminster, CA. For all
experiments, successfully hatched chickens were moved
within 12 h after hatching into a brooder box equipped
with a heat lamp, food, and water and housed for seven
additional days. Post-hatch chickens were euthanized by
COy inhalation. Animal procedures were approved by
the Stanford University Institutional Animal Care and
Use Committee (IACUCQC).

Surgical Delivery of Streptomycin

For unilateral surgical delivery of streptomycin into the
vestibular promontory of post-hatch day chickens, we
modified a previously reported approach (Dye et al.
1999; Zakir and Dickman 2006) (Fig. 1a). Anesthesia was
conducted using a mouse nose cone and 1-3 % of
isofluorane and an oxygen flow rate of 11/min. The level
of anesthesia was monitored using pinch reflex, corneal
reflex, and heart rate. Core temperature was maintained
at 40 °C with a thermal pad. Surgical procedures were
performed using aseptic technique with sterilized instru-
ments, hardware, solutions, sponges, and drapes. After
feather removal (Nair Hair Remover Cream), the skin
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was treated with diluted Betadine and alcohol (three
rotations), and the animal was covered with Press'n
Seal multipurpose sealing wrap. A small hole was
made in the wrap to access the surgical area with
care taken to ensure that no feathers occluded the
opening. A small incision was made over the mastoid
bone of the left ear (Fig. 1b). Microsurgery tools
were used to create a small opening in the mastoid
bone to expose the bony labyrinth with the lateral
canal identified as landmark structure (Fig. lc).
Bony air cells were removed posterior to the round
window and ventral of the lateral canal. An opening
was made using a dental burr. The endosteum, a
thin membrane that covers the inner surface of the
bone and encloses perilymph, was kept intact as
much as possible to minimize potential trauma
caused by perilymph leakage (Fig. 1d). One to 2 pl
of streptomycin (1-2 mg/pl in PBS) was slowly
infused (Eppendorf, CellTram Vario microinjector)
into the opening using a pulled glass capillary
(25 pm in diameter) maneuvered into place with a
micromanipulator (Eppendorf, Transferman NK2)
(Fig. 1e). The opening was sealed with a muscle plug
obtained from the exposed mastoid region and the
removed mastoid bone was covered with the muscle
tissue. The muscle layer was sutured with coated
absorbable 4-0 Vicryl suture (Ethicon Inc.) and the
skin was closed with 4-0 Ethilon suture (Ethicon,
Inc.). After recovery, we ensured that the animals
could stand and move freely. Unilateral vestibular
hair cell ablation generally did not lead to inability
to maintain upright posture after the surgery. At
least three surgeries were conducted per time point.

Contralateral (uninjected) ears as well as PBS
sham-injected ears were used as controls. In total,
including pilot experiments, we performed 103 sur-
geries of which 75 (73 %) resulted in measurable signs
of damage and regeneration. The utricles of 28
(27 %) animals were not affected by the surgical
application of streptomycin and were considered as
failed surgeries. These animals were not included in
the study. We also assessed damage in the basilar
papilla and found that this particular surgical appli-
cation of streptomycin resulted in variable damage in
this organ with 50 % of specimens showing hair cell
loss and evidence of supporting cell divisions and hair
cell regeneration. Thirty-two percent of basilar papil-
lae had no lesion, whereas 18 % showed more severe
damage. This suggests that the extent of basilar
papilla damage is difficult to control using the
described surgical approach.

EdU Injections

5-Ethynyl-2’-deoxyuridine (EdU, 100 mg/kg in PBS)
was administered subcutaneously 0 h and 1, 2, 3,

and 4 days poststreptomycin. Utricles were dissect-
ed 24 h after EAU administration. For the 6 h time
point, utricles were dissected 6 h after EdU
injection. For 10 day intervals, EAU was adminis-
tered 12 h and 1, 2, and 3 days poststreptomycin
and utricles were dissected after 10 days. EdU
incorporation into DNA was detected using the
Click-iT™ EdU Alexa Fluor 647 Imaging Kit
(Thermo Fisher Scientific, C10340) in close align-
ment with a previously published protocol (Kaiser
et al. 2009).

Immunocytochemistry

For whole utricle labeling after EAU detection, the
otolithic membranes of utricles were carefully re-
moved using an eyelash or a gentle fluid stream
generated with a 1 ml syringe and attached 30G 1/2
hypodermic needle. Utricles were fixed with 4 %
paraformaldehyde (Electron Microscopy Science) in
PBS overnight, rinsed three times with PBS for 15 min
each, permeabilized for 30 min with Triton-X-100
(1 % in PBS), and blocked for 3—4 h with a PBS-based
blocking solution containing 1 % BSA, 5 % normal
donkey serum, and 0.1 % Triton-X-100. Utricles were
then incubated at 4 °C overnight in blocking solution
with primary antibodies (Goat anti-SOX2 (1:100),
Santa Cruz Biotechnology, sc-17320; rabbit anti
MYO7A (1:1000), Proteus Biosciences, 25-6790).
Specimens were rinsed three times for 15 min with
0.2 % Triton-X-100 in PBS and incubated at room
temperature for 1-2 h in blocking solution with
secondary antibodies (Alexa Fluor 488 donkey anti-
goat (1:250), A11055; Alexa Fluor 546 donkey anti-
rabbit (1:250), A10040, Thermo Fisher Scientific). 4,6-
Diamidino-2-phenylindole (DAPI, 1 pg/ml) was used
to visualize nuclei. Finally, utricles were rinsed three
times for 15 min with 0.2 % Triton-X-100 in PBS, and
three times for 15 min with PBS. FluorSave™ Reagent
(Calbiochem) was used to mount up to three utricles
on a glass slide using a Secure-Seal™ Spacer (single
well, 13 mm diameter, 0.12 mm deep, Invitrogen).

Microscopy, Image Analysis, and Cell Counts

For each time point, at least three independent
surgical specimens were used. Per specimen, at least
three 10,000 me areas (100 x 100 pm squares) for the
striola and equally three extrastriolar regions (Fig. 1f)
were assessed with a Zeiss LSM 880 laser scanning
confocal microscope with AiryScan and Zeiss acquisi-
tion and analysis software (Zen Black). A Plan-
Apochromat objective (40x/1.3 NA oil) was used with
2.2 x zoom setting, and optical sections were collected
every 0.40 pm to generate zstacks. The stack data was
loaded into Volocity 6.3 (PerkinElmer) for 3D recon-
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Fig. 1. In vivo single dose surgical ototoxic model for chickens.
(@) Streptomycin was delivered unilaterally into the vestibular
promontory of the chicken inner ear. Purple areas indicate the inner
ear’s six main sensory epithelia. (b) The exposed mastoid bone of the
left ear. (c) After opening the mastoid bone, the underlying tissues
including the lateral canal were exposed. (d)A small opening was
made to open the vestibule. The endosteum, a thin membrane that is
attached to the inner surface of the vestibular bone, was kept intact

struction and cell counts. Hair cell and supporting
cell layers were defined based on overall morphology,
cell alignment, and the generally obvious layering of
marker-positive cells. We used SOXZ2 labeling to
identify type II hair cells (MYO7A*/SOX2") and type
I hair cells (MYO7A"/SOX27). SOX2'/MYO7A -la-
beled supporting cells were readily distinguishable.
EdU was used as a marker for cells that underwent
DNA replication. DAPI labeling was used to obtain
total cell numbers. Cells with pyknotic nuclei were
considered as dying cells and not included in the
analysis. We defined cell pairs based on close proxim-
ity, which was unequivocal. An asymmetric pair was
defined as one supporting cell and one hair cell. A
symmetric pair consisted of two supporting cells or
theoretically two hair cells. We did not observe a
symmetric pair of two hair cells in the entire analysis.

Statistical Analysis

All data are presented as mean + 95 % confidence
interval (95 % CI). P values were computed with
unpaired Student’s ¢ tests and controlled for multiple
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to reduce potential trauma caused by leaking perilymph. (e) Strepto-
mycin solution was slowly infused. (f) Quantification of supporting
cells, hair cells, and EdU-labeled cells in whole utricles was
performed on three selected extrastriolar (ES) and striolar (S)
10,000 pum? regions along the anterior-posterior axis (red dashed
squares indicate the typical positions of these sampling areas). Bp,
basilar papilla. Sac, saccule. Utr, utricle. A, anterior. M, medial. P,
posterior. c., canal. Amp, Ampullary cupulae.

testing using the false discovery rate approach (g
values; Benjamini and Hochberg 1995). For 10 days
interval EAU experiments, proliferation indices were
calculated by dividing the number of EdU-positive
cells by all cells multiplied by 500 per 10,000 pm? area.
For 24 h interval EdU experiments, the number of
EdU-positive cells were divided by the number of
SOX2-positive supporting cells multiplied by 500 per
10,000 pm?® area. Analyses and chart generation were
performed with GraphPad Prism 7 (GraphPad Soft
ware, Inc. La Jolla, CA).

RESULTS

Hair Cell Loss and Recovery After Single Surgical
Application of Streptomycin

Seven-day-old chickens received a single dose of 1-2 mg
streptomycin into the perilymphatic space superior to the
roof of the left utricle (Fig. 1). Utricles were dissected at
various time points over a 13 day period after surgery and
numbers of hair cells were quantified in striolar and
extrastriolar regions (Fig. 2a, b). Small but significant hair
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cell loss was detectable already 6 h postsurgery in the
striola and was most extensive after 24 and 48 h. Striolar
regions were more substantially and robustly affected
than extrastriolar regions. We used confocal imaging to
visualize the hair cell layer of affected striolar sensory
epithelia and observed considerable loss of MYO7A-
immunopositive cells and sparse distribution of the
remaining hair cells (Fig. 2c). In extrastriolar regions,
hair cell loss was more variable and less pronounced, but
still significant (Tables 1 and 2).

After the initial insult, we investigated recovery
and regeneration of hair cells. In striolar regions, we

found increasing numbers of hair cells 3 days post-
surgery, followed by a steady increase over the
course of additional 10 days. Thirteen days post-
surgery, the striolar regions recovered to 77-78 % of
the pre-insult as well as the control conditions.
Extrastriolar regions, which were less prominently
damaged, displayed a full complement of hair cells
that was re-established between day 5 and day 10.5
postsurgery. At the latest time point analyzed, we
found no obvious differences in extrastriolar hair
cell density between controls and previously dam-
aged utricles; in striolar regions, a noticeable differ-
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Fig. 2. Dying and regenerating hair cells post-streptomycin. (a) ***q < 0.001 (for additional details, see Tables 1 and 2). Represen-

Mean total hair cell numbers in the utricle striola of streptomycin-
treated inner ears (orange) compared to untreated (black) and PBS-
treated (blue) specimens. Counted were all hair cells labeled with
antibodies to MYO7A. The fraction of SOX2-labeled type Il (a’) and
SOX2-negative type | hair cells (@”) of untreated, streptomycin-
treated, and PBS-treated utricles is indicated for each time point. (b)
Mean total hair cell numbers in extrastriolar regions. Error bars
represent the 95 % confidence interval. *q < 0.05, **q < 0.01,

tative confocal images of the hair cell layer of untreated and
streptomycin-treated utricles 2 (c) and 13 days (d) after streptomycin
application. Whole utricles and xy projections (10,000 pm?) of a
representative striolar and an extrastriolar region are shown as
indicated with squares marked S and ES, respectively. MYO7A (red)
and SOX2 (green) immunolabeling was used to identify hair cells
(types | and 11), as well as supporting cells. DAPI (blue) was used to
stain nuclei.
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ence in cell density between controls and surgery
utricles remained (Fig. 2d).

The chicken utricle exclusively harbors type II hair
cells in extrastriolar regions, while the striola consists
of both type II and type I hair cells (Warchol and
Speck 2007). Type II hair cells express SOX2 which is
also found in all supporting cells, whereas type I hair
cells lack SOX2 expression, which has been shown
previously in mice (Hume et al. 2007). The undam-
aged striolar regions on average contained 30 % type I
hair cells, ranging from 18 to 38 % (Tables 1 and 2).
The number of type I hair cells was starkly reduced
during the regenerative response period to the point
that the fraction of type I hair cells was 0-7 % between
2 and 11 days after streptomycin application (Fig. 2a”,
Tables 1 and 2). Twelve and 13 days after streptomy-
cin application, we detected an increase of type I hair
cells (MYO7A-positive and SOX2-negative) to a range
between 9 and 18 %.

Supporting Cell Number Equilibrium After
Ototoxic Insult and During Regeneration

The density of SOX2-labeled supporting cell nuclei
was surprisingly invariant and did not significantly
change immediately (6 h) and during the 13 days
following the single streptomycin application (Fig. 3).
Even in striolar regions where 24 h postsurgery, the
hair cell density was reduced to 10 % of the control
(Tables 1 and 2), we neither detected significant
reduction of supporting cells nor qualitative changes
in morphological organization (Figs. 3a and 4c).

Supporting Cell DNA Replication Is Initially
Suppressed After Ototoxic Insult Followed by a
Robust Proliferative Response

We used the thymidine analog EdU to quantify S-
phase re-entry after streptomycin application. Our
experiments confirmed an observation originally
reported by Matsui and colleagues (Matsui et al.
2000) using cultured chicken utricles, which showed
initial global reduction of EdU incorporation in the
striolar as well as extrastriolar regions (Fig. 4a—c).
Compared to untreated and PBS-treated controls, we
observed a significant decrease of EdU-labeled sup-
porting cells during the initial 6 h and during the first
24 h post-surgery. This reduction was in stark contrast
to a considerable increase in EdU-labeled supporting
cells after 24 h (Fig. 4d shows an example for S-phase
re-entries between 2 and 3 days). Although the
response appeared to be the highest in striolar
regions between 1 and 2 days and between 2 and
3 days in extrastriolar regions, we found continuous
high levels of DNA replication during a phase
stretching from 24 h postsurgery until at least 5 days

after the insult. This suggests that cell regeneration in
the utricle in vivo is sustained for multiple days after
hair cell loss. In these 24 h labeling experiments, we
observed EdU incorporation only in SOX2-positive
supporting cells but not in MYO7A-positive hair cells
(27 streptomycin-treated utricles, 34 controls, and 7
PBS-treated controls), suggesting that MYO7A upre-
gulation in new hair cells generated from SOX2-
expressing supporting cells requires more than 24 h.

Fates of Newly Generated Cells

The 24 h labeling experiments indicated that
supporting cells begin with DNA replication 1 day
after streptomycin application, but this analysis was
not designed to reveal the fates of newly generated
cells. Upregulation of marker genes and cell differ-
entiation happen within a week when assessed in
cultured damaged utricles (Ku et al. 2014; Matsui
et al. 2000), and we hypothesized that 10 days would
be a reasonable time to reveal the fates of new
mitotically generated cells. We first assessed cells
generated due to natural turnover/production in
utricles without ototoxic insult, analyzed 10 days
after EAU injections, which happened from post-
hatch days 7.5-10. Mitotically generated new cells
were solely generated via asymmetric divisions of
supporting cells in striolar as well as extrastriolar
regions (Fig. ba—c, untreated). Asymmetric fates
were discernable by occurrence of EdU-positive cells
organized as closely situated pairs of a single
MYO7A-expressing cell with hair cell morphology
in the hair cell layer and an accompanying SOX2-
immunopositive supporting cell located in the sup-
porting cell layer (Fig. bc, xz projection). This
observation confirms that new hair cells in the post-
hatch chicken utricle are generated by asymmetric
cell divisions (Roberson et al. 1992) and that this
hair cell generation is not associated with specific
regions of cell production, but rather evenly distrib-
uted throughout the damaged regions (Fig. bc).
Streptomycin-induced hair cell loss elicited in-
creased asymmetric as well as symmetric cell divisions.
In striolar regions, we found that most new hair cells
were generated from asymmetrically dividing support-
ing cells that were already marked with a single
systemic EdU injection 12 h postsurgery (Fig. ba; the
10.5 day time point represents the 12 h EAU injection;
73 % of new hair cells at this time point arose from
asymmetric divisions, Tables 1 and 2). Symmetrically
dividing supporting cells were also first labeled by the
12 h postsurgery EdU injection, but more robustly
occurred 1, 2, and 3 days after streptomycin applica-
tion (Fig. 5a, d). Based on the observation that
symmetric supporting cell divisions mostly occurred
after hair cell loss and that the density of SOX2-
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Table 2

Supporting, hair and EdU+-cell numbers in striola and extrastriolar regions

Streptomycin
Extrastriola

PBS

Streptomycin

Striola

PBS Striola
q value Mean (95 % Cl)

PBS

Control

Control Striola PBS Striola

Extrastriola

Extrastriola

Extrastriola
q value Mean (95 % Cl)

q value

Mean (95 % Cl)

q value

Mean (95 % Cl)

=3)

3 days (PBS, n
153.2 (9.1)

3)
153.2 (9.1)

3 days (PBS, n
162.3 (4.6)

69.5 (33.3) < 0.001

181.3 (7.9)

< 0.001
< 0.001
< 0.001

173.2 (6.3) 181.3 (7.9) 0.147 51.7 (21.6)
48.7 (18.6)
3.0 (3.4)
0.403

0.06

Hair cells (MYO7A™")

105.6 (8.9)

47.6 (8.1)
0.198 344.9 (15.3)
0.180 2.7 (1.6)

105.6 (9.0) 0.084

47.6 (8.1)

118.0 (8.0)

Hair cells (MYO7A*SOX2%)

0.494
0311

Hair cells (MYO7A*/SOX2") 44.3 (5.4)

Supporting cells (SOX2%)
EdU* -cells (SOX2%)

0.153

338.7 (15.9)
31.8 (4.6)

356.2 (9.1)

335.9 (11.5)
33.4 (4.3)

4)

356.2 (9.1)
2.7 (1.6)

344.1 (11.2)

344.9 (15.3)
2.7 (1.6)

4)

334.9 (10.3)

3.5(1.1)

< 0.001

< 0.001 2.7 (1.6)

0.446 4.0 (1.2)

6 h (PBS, n
176.9 (4.2)

6 h (PBS, n
172.3 (3.3)

< 0.001T 177.0 (4.9) 168.1 (8.3) 0.06

0.040

133.5 (9.0)

0.09 172.7 (4.1) 177.0(4.9) 0.190

176.9 (4.2)

Hair cells (MYO7A™")

109.4 (11.6)
24.1 (7.1)

124.0 (9.7)
52.9 (9.6)

0.734 292.4 (7.3)

0.549

0.740
0.370

124.0 (9.7)
52.9 (9.6)

125.8 (6.2)

Hair cells (MYO7A*SOX2%)
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< 0.001
0.750

Hair cells (MYO7A*/SOX2") 46.5 (5.4)

Supporting cells (SOX2%)
EdU* -cells (SOX2%)

0.790
0.016

285.3 (9.1) 286.9 (9.9)
< 0.001T 2.2 (1.1)

293.8 (6.5)
0.25 (0.4)

285.3 (9.1)

2.2 (1.1)

292.4 (7.3) 0.548 286.9 (5.9)
0.560

1.6 (0.4)

289.7 (5.5)
1.8 (0.4)

0.83 (0.6)

1.6 (0.4)

1.9 (0.5)

positive supporting cells did not differ from controls
(Fig. 3), we conclude that supporting cells that
directly transdifferentiated into new hair cells are
replenished by symmetric divisions. Consequently, the
number of symmetric EdU-positive pairs may serve as
an indirect measure of the rate of direct transdiffer-
entiation of supporting cells into new hair cells.

In extrastriolar regions, we detected a similar
response and an apparent temporal decoupling of
the onsets of cell divisions that result in asymmetric
new hair cell regeneration versus symmetric support-
ing cell divisions. At 12 h postsurgery, the fate of
newly generated EdU-labeled cells was almost entirely
trackable to asymmetrically dividing supporting cells
(Fig. 5b, 10.5 day time point; 97 % of new hair cells at
this time point arose from asymmetric divisions,
Tables 1 and 2); almost no symmetric pairs of
supporting cells were detected at this early time point.
This pronounced difference might be due to the
milder damage of extrastriolar regions, or a true
difference in the response pattern of the different
utricle regions. At days 1, 2, and 3 post-surgery, we
observed slightly lower and decreasing numbers of
asymmetrically generated new hair cells, 85, 82, and
74 %, respectively—accompanied by increased numb-
ers of supporting cells generated through symmetric
divisions (Fig. bb, d, Tables 1 and 2). We never
observed unambiguous pairs of EdU-labeled and
MYO7A-positive hair cells denoting absence of sym-
metric generation of two hair cells from a single cell
division.

DISCUSSION

Our goal was to quantitatively characterize the in vivo
regenerative response of posthatch chicken utricle
sensory epithelia to a single application of amino-
glycoside antibiotic. We aimed to reveal a time course
of distinguishable damage and regeneration-related
events such as direct transdifferentiation and asym-
metric divisions of supporting cells that take place in
the two major anatomical regions of the utricle
sensory epithelium. Our results demonstrate that
surgical application of a single aminoglycoside dose
into the chicken vestibular promontory is a feasible
approach to elicit hair cell loss and regeneration.

Global Suppression of Baseline DNA Replication
During the First 12 h Post-Damage

Our EdU-labeling experiments revealed a baseline
rate of asymmetric supporting cell divisions leading
to new hair cell production in the undamaged post-
hatch chicken utricle. In response to streptomycin
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Fig. 3. Supporting cell numbers are not affected during regenera-
tion. (@) Average numbers of SOX2-labeled supporting cells in the
striola do not significantly change after streptomycin application
when assessed at the time points indicated. (b) Likewise, no
significant changes in supporting cell numbers were observed in

application, we found a significant initial decrease of
baseline DNA replication throughout the utricle

Hair cell density/10,000pm?

[ Extrastriola

[N
=3
=3

-
o
=3

-
o
=]

o
o

6h 1d 2d 3d 4d 5d10.5d11d12d 13d
Post-Streptomycin

extrastriolar regions. Orange indicates streptomycin-treated utricles,
black represents untreated, and blue indicates PBS-treated utricles.
Counted were SOX2-immunopositive cell nuclei in the supporting
cell layer. Error bars represent the 95 % confidence interval of the
mean. Additional details are shown in Tables 1 and 2.

(Fig. 6a). Cessation of cell cycle re-entry in response
to aminoglycoside treatment has been previously
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Fig. 4. Short interval EdU experiments reveal time course of cell
cycle re-entry after damage. Quantification of EdU-labeled nuclei in
the (a) striola and (b) extrastriolar regions post-streptomycin. To label
DNA replication in cells, a single subcutaneous injection of EdU in
PBS was administrated 24 h before analysis. For the 6 h and 1 day
post-streptomycin time point, EdU was injected at time zero. When
streptomycin-treated utricles (orange) were analyzed at 6 h and
1 day post-streptomycin, a significant decrease in the number of
EdU-labeled nuclei was apparent in the striola as well as in
extrastriolar regions compared with untreated (black) and PBS-
treated (blue) utricles. Conversely, a significant increase of EdU-
labeled cells in streptomycin-treated utricles in the striola as well as
extrastriolar regions was observed between 2 and 5 days post-
streptomycin when compared with untreated and PBS-treated
utricles. Untreated and PBS-treated controls of 6 h and 3 days post-

Streptomycin

Untreated | Streptomycin |

streptomycin showed no significant changes in the number of EdU-
labeled cells. Cells labeled during this 24 h (6 h) EdU exposure were
exclusively identified as SOX2-positive supporting cells. Error bars
represent the 95 % confidence interval of the mean. **q < 0.01,
***q < 0.001 (for additional details, see Tables 1 and 2). Represen-
tative confocal images of the supporting cell layers of untreated and
streptomycin-treated utricles 1 (c) and 3 days (d) post-streptomycin.
Whole utricles and xy projections (10,000 um?) of a representative
striolar and an extrastriolar region are indicated with squares labeled
S and ES, respectively. SOX2 (green) immunolabeling was used to
identify supporting cells, DAPI (blue) stain was used to visualize cell
nuclei, and EdU labeling (white) identified nuclei with genomic
DNA that underwent replication. Notably, no EdU- and MYO7A-
double-labeled hair cells were detected.
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Fig. 5. Long interval EdU experiments allow cell fate determination
during regeneration. A single subcutaneous injection of EdU in PBS
was administrated 10 days before each analysis. Asymmetric pairs of
EdU-labeled nuclei were defined as pairs consisting of one support-
ing cell and one hair cell juxtaposed in the supporting cell and hair
cell layers, respectively. Symmetric pairs of EdU-labeled nuclei were
defined as closely positioned supporting cells. Quantification of
asymmetric and symmetric pairs in the striola (a) and extrastriolar (b)
regions post-streptomycin. Counts from streptomycin-treated utricles
are represented as orange bars compared to untreated utricles shown
as black bars. Shown are the average counts from at least three
independent specimens; error bars represent the 95 % confidence

reported in cultured chicken utricles (Matsui et al.
2000). We found that this suppression also happens
in vivo where it occurred throughout the utricle
sensory epithelium. This suggests a global signal that
arises after aminoglycoside application and sup-
presses the baseline generation of new hair cells.
Our 12-h-to-10.5-day EdU cell fate experiments
suggest that cell cycle re-entry and increased EAdU
incorporation occur as early as 12 h postsurgery,
which suggests a time window for global suppression
within the first 12 h after streptomycin application.
We can only speculate about the origin and nature
of such a signal, which could simply be a direct effect
of aminoglycoside on supporting cells or a paracrine
acting signal released by damaged hair cells affecting
the whole utricle sensory epithelium, among other
possibilities. Certain potential hair cell-originating
signaling molecule candidates have been identified

Untreated

Streptomycin

Extrastrlolar (ES

interval of the mean. *q < 0.05, **q < 0.01, ***q < 0.001 (for
additional details, see Tables 1 and 2). Representative confocal
images of supporting cell (SC) and hair cell (HC) layers of untreated
(c) and streptomycin-treated (d) utricles 11 days after streptomycin
application. Whole utricles, xy projections (10,000 um?), and x-z
projections of the striola and extrastriolar regions are shown. MYO7A
(red) was used to identify hair cells, SOX2 (green) was used to
identify supporting cells and to distinguish hair cell subtypes, DAPI
(blue) stain visualized all nuclei, and EdU-labeled nuclei indicative
of S-phase re-entry are shown in white. Generally, we observed
mitotic pairs of EdU-labeled nuclei. Examples of asymmetric (arrow)
and symmetric (arrowhead) pairs are indicated in the xz projections.

in avian utricle culture after aminoglycoside treat-
ment (Alvarado et al. 2011; Ku et al. 2014; Tsue et al.
1994), although a possible mechanistic link of any
candidate to the initial suppression of S-phase re-
entry remains to be established.

Asymmetric Division of Supporting Cells Is the
Main Regenerative Response to Aminoglycoside
Damage

With the established damage paradigm of =~ 90 %
hair cell loss in striolar regions and up to 72 % loss
of extrastriolar hair cells, we found that the predom-
inant mode of hair cell regeneration in the chicken
utricle in vivo is asymmetric division of supporting
cells, which agrees with previous notions (Roberson
et al. 1992; Stone et al. 1999; Stone et al. 2004). In
striolar regions, we estimate that initially up to 73 %
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turnover is globally suppressed. This suppressive period may serve
as one of the earliest responses during the first steps of regeneration
(blue). (b) Mitotic hair cell regeneration via asymmetric divisions of

of hair cells are regenerated via asymmetric divisions
whereas in extrastriolar regions, this ratio initially
reaches 97 %. These high rates of asymmetric
divisions gradually decline over the course of the
first 3 days post-damage to 47 % in the striola and
74 % in extrastriolar regions. Our calculations are
based on our EdU cell fate experiments and do not
include cells that re-entered the cell cycle after
4 days post-damage, when symmetric supporting cell
divisions might become more prevailing. Neverthe-
less, we conclude from our experiments that most
utricle supporting cells that respond to
aminoglycoside-induced hair cell loss are re-
entering the cell cycle and asymmetrically generate
a hair cell and a supporting cell. This response
behavior is typical for a somatic stem cell and raises
the question whether the majority of supporting cells
in the post-hatch chicken utricle are facultative
somatic stem cells (Grompe 2012). We should note
that our analyses assume that the bioavailability of
EdU after a single systemic injection is less than 24 h.
Pharmacokinetic studies for EAU and BrdU in
rodents estimate half-lives of these tracers of a few
hours, based on serum levels (Cheraghali et al. 1994;
Matiasova et al. 2014). In the newborn mouse utricle,
the bioavailability of systemically injected EdU has
been directly determined to be 1 h or less (Burns
et al. 2012). The EdU-labeling results shown in our
study suggest a bioavailability of EAU of less than
12 h, which is a conclusion based on the timing

Regeneration
supporting cells and phenotypic conversion/transdifferentiation of
supporting cells into new hair cells may occur largely in parallel. (c)
We hypothesize that transdifferentiating supporting cells are being
replenished by symmetric divisions of supporting cells. Illustrations
were inspired by Burns and Corwin (2013) and Meyers et al. (2009)

between suppression of cell cycle re-entry (Fig. 4a, b;
6 h and 1 day) and the increase of responding cells
observed 12 h post-streptomycin (Fig. 5a, b;
10.5 days).

Symmetric Division Replenishes Supporting Cells
That Directly Convert into Hair Cells

Of all cell divisions observed in striolar regions
between 12 h and 3-4 days poststreptomycin, less
than 40 % resulted in symmetric pairs of SOX2-
expressing supporting cells. This proportion was
lower in extrastriolar regions, where it accounted
for only 16 % of all tracked divisions. We interpret
the occurrence of symmetric divisions of supporting
cells as a replenishment mechanism, which in turn is
an indirect measure of the extent of direct trans-
differentiation of supporting cells into new hair cells.
We also observed that the proportion of symmetric
divisions of supporting cells increased between the
second and third day post-damage, which suggests
that replenishment of supporting cells will potential-
ly be more prevalent toward the termination of the
regenerative response. This interpretation is based
on the observation that symmetric divisions of
supporting cells are strongly increased after
streptomycin-induced hair cell loss and our finding
that the density of supporting cells during the whole
regenerative time period is not changing. We cannot
directly measure the rate of direct transdifferentia-
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tion, and consequently, we cannot correlate this
measure with symmetric supporting cell divisions. As
a result, hair cell regeneration in the chicken utricle
via direct transdifferentiation remains a concept that
requires direct proof.

The different ratios of asymmetric versus symmetric
divisions between the striolar and extrastriolar regions
suggest that the rate of direct transdifferentiation in
these distinct areas is either generally different or that
the differences are linked to the higher hair cell loss
in striolar regions. In the latter scenario, the rate of
supporting-cell-to-hair-cell phenotypic conversion
would be proportionally linked to the degree of
damage, which could be tested by the establishment
of a refined dose-response paradigm.

Our results reveal an interesting insight into the
precise orchestration of hair cell regeneration in the
utricle. It appears that phenotypic conversion of
supporting cells into hair cells and asymmetric
division of supporting cells into hair cells and
supporting cells get initiated largely in parallel
between 12 and 24 h after streptomycin-induced hair
cell loss. Replenishment of supporting cells that
converted into new hair cells commences with a delay
of a few hours in striolar regions and at least for
another 12 h in extrastriolar regions. Throughout
these processes, the overall supporting cell number
and density in all regions of the utricle remain
constant. This suggests that the individual events
comprising the regenerative response in the utricle
are inter-coordinated with respect to onset, extent,
and speed. We anticipate that this coordination
requires global and local crosstalk. Our study contrib-
utes to setting a frame work for future in vivo
investigations of the concerted actions that happen
in the regenerating chicken utricle in response to
aminoglycoside damage.
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