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Abstract

Fishes are capable of regenerating sensory hair cells in the inner ear after acoustic trauma. However,
atime course of auditory hair cell regeneration has not been established for zebrafish. Adult zebrafish
(Danio rerio) were exposed to a 100 Hz pure tone at 179 dB re 1 pPa RMS for 36 hours and then
allowed to recover for 0 to 14 days before morphological analysis. Hair cell bundle loss and recovery
were determined using phalloidin to visualize hair bundles. Cell proliferation was quantified through
bromodeoxyuridine (BrdU) labeling. Immediately following sound exposure, zebrafish saccules
exhibited significant hair bundle damage (eg., splayed, broken, and missing stereocilia) and loss (ie.,
missing bundles and lesions in the epithelia) in the caudal region. Hair bundle counts increased over
the course of the experiment, reaching pre-treatment levels at 14 days post-sound exposure (dpse).
Low levels of proliferation were observed in untreated controls, indicating that some cells of the
zebrafish saccule are mitotically active in the absence of a damaging event. In sound-exposed fish,
cell proliferation peaked two dpse in the caudal region, and to a lesser extent in the rostral region.
This proliferation was followed by an increase in numbers of cuticular plates with rudimentary
stereocilia and immature-like hair bundles at 7 and 14 dpse, suggesting that at least some of the
saccular cell proliferation resulted in newly formed hair cells. This study establishes a time course
of hair cell bundle regeneration in the zebrafish inner ear and demonstrates that cell proliferation is
associated with the regenerative process.
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1. Introduction

Mammalian cochlear hair cells are damaged or lost due to loud or prolonged noise-exposure
(Lim, 1976; Lindeman and Bredberg, 1972; Stockwell et al., 1969), ototoxic drugs (Lim,
1976; Theopold, 1977), and age (Coleman, 1976; Keithley and Feldman, 1982). Limited hair
cell regeneration has been reported in mammalian utricular sensory epithelium via mitosis in
vitro (Warchol et al., 1993; Zheng et al., 1997) and via non-mitotic hair cell replacement in
vivo (Rubel et al., 1995). Hair cell replacement has also been reported in cultured embryonic
mouse cochleae and neonatal supporting cell cultures (Kelley et al., 1995; White et al.,
2006); however, hair cell regeneration does not appear to take place in the sensory epithelium
of the intact postnatal cochlea (Roberson and Rubel, 1994) in mammals, leading to permanent
deafness.
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In contrast, non-mammalian vertebrates such as fish and birds spontaneously regenerate hair
cells in both the vestibular and auditory portions of the inner ear (Cotanche, 1987b; Corwin
and Cotanche, 1988; Ryals and Rubel, 1988; Lombarte et al., 1993; Weisleder and Rubel,
1993; Smith et al., 2006). Following noise- or drug-induced trauma in the avian ear, supporting
cells appear capable of giving rise to new hair cells through mitosis (Corwin and Cotanche,
1988; Hashino and Salvi, 1993; Raphael, 1992; Ryals and Rubel, 1988; Stone and Cotanche,
1994) or direct transdifferentiation (Adler et al., 1996; Baird et al., 1996; Baird et al., 2000;
Roberson et al., 1996; 2004; Taylor and Forge, 2005). Post-embryonic hair cell production has
been observed in the lateral line neuromast organs of amphibians and fish (Stone, 1937; Wright,
1947; Tester and Kendall, 1969; Corwin, 1986; Corwin et al., 1989). Hair cell regeneration
has been reported in the saccule and lateral line of urodele amphibians (Jones and Corwin,
1996; Taylor and Forge, 2005), and in the crista ampullaris of lizards (Avallone et al., 2003).

Similarly, hair cell regeneration occurs in fishes. This has been demonstrated in the goldfish
saccule (Smith et al., 2006), the oscar utricle and lagena (Lombarte et al., 1993), and the
zebrafish lateral line (Harris et al., 2003). Although hair cell regeneration has been reported
inthe zebrafish lateral line exposed to copper sulfate or aminoglycosides (Song et al., 1995;
Harris et al, 2003; Hernandez et al., 2007), the regenerative abilities of the zebrafish inner ear
hair cells have not been characterized.

The zebrafish (Danio rerio) is an emerging model organism for vertebrate inner ear
development and deafness (Whitfield, 2002), and genetic diseases associated with hearing loss
such as Usher 1B syndrome (Ernest et al., 2000), Long QT syndrome (Arnaout et al., 2007)
and Branchio-oto-renal syndrome (Kozlowski et al., 2005). The zebrafish is a useful model
organism because the basic structure and function of the fish inner ear is similar to that of other
vertebrates (Popper and Fay, 1999) and mammals share homologous genes with zebrafish that
are known to affect inner ear structure and/or function. For instance, the zebrafish Mariner
mutant possesses a missense mutation in the gene encoding Myosin VIIA and presents
functional and morphological hair cell defects that are similar to those found in mice defective
in Myosin VIIA (Ernest et al., 2000). Foxil(aka Fkh10), a gene expressed in otic precursor
cells, is necessary for normal inner ear development in both mice (Hulander et al., 1998;
2003) and zebrafish (Solomon et al., 2003). Atoh1 (atonal homolog 1), a gene also known as
Mathl, is a key regulator of differentiation of precursor cells that become hair cells in mice
(Bermingham et al., 1999; Zheng and Gao, 2000). The presence of zebrafish atohl homologs
are prominent during development and are necessary for hair cell fate selection in the lateral
line and inner ears of zebrafish (Itoh and Chitnis, 2001; Millimaki et al., 2007). Since zebrafish
share inner ear developmental and differentiation genes with mammals, examination of gene
expression in the zebrafish during naturally occurring hair cell regeneration may uncover
targets for genetic manipulation in mammals to provide new ways to treat deafness.

The purpose of this study was to establish the time course and extent of hair cell regeneration
in the zebrafish saccule in response to acoustic trauma, in preparation for subsequent work
exploring gene expression patterns during this process. In addition, we wanted to determine
whether hair cell bundle recovery is associated with mitosis in the adult zebrafish saccule, as
mitosis is associated with hair cell regeneration following acoustic trauma in the avian basilar
papilla (Corwin and Cotanche, 1988; Hashino and Salvi, 1993; Raphael, 1992; Ryals and
Rubel, 1988; Stone and Cotanche, 1994). We chose to examine the saccule specifically since,
of the three otolithic organs (utricle, saccule, and lagena), the saccule has been most fully
characterized as a sound detector in fishes (reviewed in Popper and Fay, 1973, 1999).
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2. Materials and Methods

2.1. Experimental animals

Wild Type adult breeder zebrafish were obtained from a commercial supplier (Segrest Farms,
Gibsonton, FL) and maintained in 170-L flow-through aquaria under conditions of constant
temperature (25 °C) and a 12-h light/12-h dark schedule. Fish total lengths ranged from 36 to
44 mm. All work was done under the supervision of the Institutional Animal Care and Use
Committee of Western Kentucky University.

2.2. Acoustic exposure

Zebrafish were exposed to a 100 Hz tone at a source level of 179 dB re 1 pPa root mean squared
(RMS) at 1 cm directly above the center of the speaker. A preliminary study had shown that
this stimulus was capable of producing significant hair bundle damage in the saccule. The
sound was generated by a B&K Precision function generator (4017A) connected to a 5.3 amp/
200 watt Audiosource monoblock amplifier and University Sound UW-30 underwater speaker
placed in a 19-L sound exposure chamber. A total of 56 fish were sound-exposed for 36 hours
at 24.5-25 °C. Three sound exposure experiments were performed. One for phalloidin labeling
and two for BrdU labeling. Fish in the bromodeoxyuridine (BrdU)-labeling experiment were
divided into two groups. Following sound exposure, fish in the first group were allowed to
recover for 0, 2, and 4 days before dissection, and fish in the second group were allowed to
recover 1, 3, and 10 days before dissection. Two groups of sound-exposed fish were needed
because the process used to label BrdU incorporation was too time-consuming to allow
consecutive daily dissections.

2.3. Phalloidin labeling

Hair bundles were quantified through visualization of stereocilia stained with Alexa Fluor 488-
conjugated phalloidin at 0, 2, 7, and 14 days post- sound exposure (dpse), plus controls (n =5
per group). Phalloidin binds with actin, a primary component of hair stereociliary bundles and
cuticular plates, permitting visual identification of hair cells. Fish were sacrificed in a solution
of tricaine methanesulfonate (MS-222, Argent, Redmond, WA), a fish anesthetic, and the heads
were removed and fixed with 4% paraformaldehyde overnight. After rinsing 4 x 10 min in
0.1M phosphate buffered saline solution (PBS), the inner ears were dissected out of the head,
the saccules isolated from the ears, and excess tissue was trimmed away to allow the saccules
to lie flat. Saccules were then placed in concavity wells and incubated in 1:100 fluorescein
phalloidin (Invitrogen) in PBS at room temperature in a dark box for 30 minutes. Following
incubation, saccules were mounted on glass slides using Prolong Gold Antifade reagent with
DAPI (Invitrogen), which allows visualization of nuclei. Slides were viewed under a Zeiss
Axioplan 2 epifluorescent microscope with FITC and DAPI filters. Images were captured using
an AxioCam MRm camera under 5, 10, 20, and 100X objectives. Images were analyzed with
Zeiss Axiovision 4.4 software. Saccular length was determined for each sample, and 2500
um? sampling squares were placed along the center length of the saccule at 5, 25, 50, and 75%
of the length from the rostral tip of the saccule (Fig. 1). The hair cell bundle densities at the
most caudal tip of saccules (100% of length measured from the rostral tip) were too high to
accurately quantify; therefore, we chose not to attempt quantification of hair bundle density in
this area of the saccule. Phalloidin-labeled hair bundles fluoresced green under the FITC filter,
allowing their number to be counted in each square. Due to extensive DAPI staining of nuclei
through multiple layers of cells, we abandoned attempts to quantify numbers of nuclei.
However, we did note qualitative decreases in DAPI staining in areas of the saccular epithelia
that were missing hair bundles.

Two non-overlapping 100X images totaling 12,000 um? were obtained from the caudal portion
of each phalloidin-stained saccule at 75% of the length from the rostral tip, where hair bundle

Hear Res. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schuck and Smith

Page 4

counts had previously been obtained. These images were visually scanned for abnormal
features visible via phalloidin staining. Since phalloidin binds with f-actin in cell membranes,
cuticular plates, and hair bundles, we were able to observe some abnormal features on the
surface of sound-exposed saccular epithelia, as well as differences in hair bundle appearance.

The abnormal features we identified included short hair bundles (between a quarter and half
of the length of neighboring bundles), thin hair bundles (< half the width of neighboring
bundles), immature-like hair bundles (very short, compact hair bundles less than one quarter
of the length of neighboring mature hair bundles), scars (regions where supporting cells had
expanded surfaces that formed adjoining boundaries) and bundle-less cuticular plates with
emerging strands of stereocilia (rudimentary hair cell features). The numbers of short hair
bundles, thin hair bundles, immature-like hair bundles and bundle-less cuticular plates were
counted for each image. We also observed putative lesions in the epithelia, which were
presumably areas in which damaged hair cells had been ejected from the epithelia. Lesions
were defined as areas that were much darker than the surrounding cells and bounded on at least
three sides by lighter-colored cells. It was sometimes difficult to determine whether a dark area
near the edge of the image was caused low illumination or a missing cell. Additionally, it was
not possible to determine how many missing cells each lesion represented, as lesions differed
in size. In order to avoid subjective decision-making concerning the origins of each putative
lesion, we counted all dark areas bounded on at least three sides by lighter- colored cells, relying
on the assumption that the occurrence of dark areas caused by low illumination would be
consistently random across samples.

2.4. BrdU labeling

Fish were exposed to the acoustic stimulus and allowed to recover for 0, 1, 2, 3, 7 and 10 days
following sound exposure. Controls were placed in the treatment setup but no sound was
administered (n=6 for each exposure group and controls). Cell proliferation in saccules of these
fish was then quantified through visualization of cells labeled for BrdU, which is a synthetic
thymidine analog that is incorporated into cellular DNA during S-phase. BrdU (Sigma-
Aldritch, St. Louis, MO) was dissolved into normal Ringer’s solution (Westerfield, 1994) at a
concentration of 5 mg BrdU/ml. Fish were injected intraperitoneally with 0.02 ml BrdU/
Ringer’s solution and then placed in a separate tank. After four hours, the fish were euthanized
with an overdose of MS-222. The heads were removed and placed in 4% paraformaldehyde
overnight at 4°C. The heads were then rinsed 4 x 10 min in 0.1M PBS and the inner ears
dissected out under a stereomicroscope. The saccules were isolated from the ears and excess
tissue was trimmed away to allow the saccules to lie flat. The saccules were bathed in 1IN HCL
for one hour at 37°C to denature DNA, 0.1M borate buffer (pH 8.5) for 10 min to neutralize
tissue pH, and washed 3 x 10 min in PBS. Saccules were incubated overnight at 4°C in mouse
monoclonal anti-BrdU antibody (Invitrogen, Carlsbad, CA) diluted to 1:100 in 1% BSA/0.5%
Triton X-100/PBS. Saccules were washed 3 x 10 min and incubated for 30 min at room
temperature in 1:500 Alexa Fluor 568—conjugated rabbit anti-mouse antibody (Invitrogen) in
PBS. Saccules were again washed 3 x 10 min in PBS and mounted with Prolong Gold Antifade
reagent with DAPI (Invitrogen). The slides were cover-slipped and viewed under an Zeiss
Axioplan 2 epifluorescent microscope with rhodamine and DAPI filters. Images were captured
with an AxioCam MRm camera and analyzed with Zeiss Axiovision 4.4 software. Alexa Fluor
568-labeled cells were counted in both the rostral and caudal halves of the saccule to quantify
cell proliferation.

2.5. Data analysis

Preliminary analyses showed no statistical differences between right and left saccules in terms
of numbers of hair bundles, abnormal features, or BrdU-labeling, so data from both ears were
pooled for all subsequent analyses. Differences in hair bundle density along the rostral-caudal
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axis of control saccules was tested using analysis of variance (ANOVA) with counting box
location as the independent variable. Hair bundle loss and recovery were tested using a separate
ANOVA for each sampling location (5, 25, 50, and 75% of saccule from rostral tip; Fig. 1) for
phalloidin-labeled cells, with recovery dpse as the independent variable.

The data for thin hair bundles were square root normalized, and the effect of dpse on numbers
of thin hair bundles, short hair bundles, and putative lesions were tested using separate
ANOVAs. The effect of dpse on numbers of immature-like bundles and bundleless cuticular
plates was analyzed using separate Kruskal-Wallis analysis of variance tests.

The effect of recovery on cell proliferation in the fish saccule was tested using separate
ANOVAs for the caudal and rostral portions of the saccule, with dpse as the independent factor.
Tukey’s post-hoc test was used to make pairwise comparisons between days when significant
main effects were found through ANOVAs. Wilcoxon’s signed rank test was used to make
pairwise comparisons when significant main effects were revealed by the Kruskal-Wallis tests.

3.1. Hair bundle density varies along the length of the saccule

Hair cell bundle density among control fish varied significantly by percent distance from the
rostral tip of the saccule (p <0.001; Fig. 2). Hair bundle density changed in a graduated manner
across the length of the saccule, with the greatest density occurring near the rostral tip,
decreasing toward the center, and increasing again in the caudal region.

3.2. Auditory hair bundle loss and recovery

Phalloidin staining revealed hair bundles that had survived the sound exposure, and structural
changes that occurred at the epithelial surface following acoustic damage and subsequent
repair, including evidence of new hair bundles.

Immediately following cessation of the sound exposure, saccular epithelia exhibited ragged,
splayed, and fractured stereocilia, and reduced stereocilia density indicating hair bundle
damage. A variety of abnormal structures were observed in the region of hair bundle loss over
the time course of recovery, including short hair bundles, thin hair bundles, putative lesions,
immature-like hair bundles, and bundle-less cuticular plates (Fig. 3). Short hair bundles, thin
hair bundles, lesions, and scars formed by expanded supporting cells were most often observed
immediately following sound exposure and at 2 dpse. Numbers of short hair bundles, thin hair
bundles, and putative lesions varied significantly by dpse (p = 0.001, 0.029, and p < 0.001,
respectively; Fig. 4). Short hair bundles were defined in this study as being < half the length
of neighboring cells. The stereocilia of many short hair bundles at 0 and 2 dpse were more
splayed, ragged, and disordered (Fig 3a) than short hair bundles on 7 and 14 dpse (Fig. 3f),
suggesting that there were two types of short hair bundles represented by the short hair bundle
counts--damaged bundles and new bundles. Short hair bundle counts were highest 2 dpse, but
counts were significantly greater than control on days 0, 2, and 7 (p =0.004, 0.001, and 0.017,
respectively) with no other significant differences found between time points.

Thin hair bundles appeared to possess fused stereocilia and/or fewer stereociliary fibers than
most other hair bundles. Thin hair bundle counts were significantly greater O dpse compared
to controls (p = 0.029) with no other significant differences found between time points. Lesions
were observed most often in saccules collected immediately following cessation of sound
exposure and were significantly greater than controls at 0 and 2 dpse (p < 0.001), subsequently
decreasing over time. Lesion counts were significantly greater on day 0 than on days 7 and 14
(p = 0.003 and p < 0.001, respectively), and significantly greater on day 2 than on day 14 (p
<0.001), indicating that the number of lesions decreased over the time course of recovery.
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Although we noted regions of the sound-exposed caudal saccular epithelium where supporting
cells had expanded surfaces forming scars, we chose to quantify only cuticular plates with
absent or rudimentary emerging stereocilia because these structures stained most readily with
phalloidin and were reliably visible. Additionally, the arrangement of hair cells is not as orderly
and predictable in fishes as it is in other vertebrates, making it more difficult to determine with
certainty whether the arrangement of a particular group of supporting cells was truly a scar.

Zebrafish surviving for 7 and 14 dpse exhibited evidence of hair cell recovery-specifically,
bundle-less cuticular plates, immature-like hair bundles, and an increase in hair bundle density.
Numbers of both bundle-less cuticular plates and immature-like bundles significantly differed
over time (p = 0.006 and p < 0.001, respectively; Fig. 5). Bundle-less cuticular plates with
rudimentary stereocilia-like structures were not evident in phalloidin-stained samples taken
immediately following sound exposure, but were found at subsequent time points. Cuticular
plate counts were highest at 7 dpse, and were significantly greater than both control and day 0
(p=0.007, and 0.011, respectively). Cuticular plate counts were also significantly greater than
controls on day 14 (p = 0.039).

Immature-like hair bundles were characterized as being approximately a quarter of the length
of neighboring mature bundles but longer than the emerging stereocilia associated with bundle-
less cuticular plates. Immature-like hair bundles were compact, and appeared to possess fewer
stereocilia than larger neighboring cells. Immature-like hair bundles were observed at all time
points, but the greatest numbers of them were observed after a week of recovery from sound
exposure. Immature-like hair bundle counts were significantly greater at 7 dpse than all other
time points (p <0.005 for all) and were also significantly greater on day 14 than day 2 (p =
0.042).

We observed that hair bundle density significantly decreased (43%) in the caudal region (at
75% of the total distance from the rostral tip) following sound exposure (p <0.001; Fig. 6) and
increased by days 7 and 14. There was also a slight reduction in bundle density in the central
rostral region (at 25% of the total distance from the rostral tip) immediately following sound
exposure, although this trend was not significantly different than controls. Specifically, hair
bundle densities in the caudal region were significantly lower than controls at 0 and 2 dpse (p
<0.001 and p = 0.003 respectively). No significant differences were found for other regions
or time points. Areas of the caudal epithelium exhibiting hair bundle loss also showed patches
of reduced nuclear staining immediately following sound exposure and 2 dpse, indicating that
whole cells were probably lost (Fig. 7; see the web version of this paper at
www.sciencedirect.com to view the color rendering of this image, which better illustrates DAPI
staining in the saccules). Hair bundle density in the caudal region was not significantly different
from controls at 7 and 14 dpse, suggesting that hair cell recovery had occurred.

3.3. Cell proliferation

Control saccules treated for BrdU detection were observed to contain labeled cells within the
sensory epithelium (Fig. 8). The mean (£SE) number of BrdU-labeled cells in control saccules
was 6.6 (x0.7), with labeling being approximately equal between rostral and caudal halves of
the saccule. Although there was some variability between individuals, labeled cells were most
frequently found near the rostral tip, the narrow portion of the tissue between the caudal and
rostral halves of the saccule, and the edges of the epithelium in the caudal half of the saccule.
Labeled cells were found in other, more central locations of the saccule as well.

Among animals exposed to the acoustic stimulus, BrdU labeling was significantly greater than
controls only at 2 dpse (p <0.001); however labeling was much greater in the caudal compared
to the rostral half (p <0.001; Figs. 8 & 9). Proliferating cells at 2 dpse were noted over most
of the caudal half of the saccule, in the narrow region between the caudal and rostral halves,
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and at the rostral tip. Additionally, some fish exhibited BrdU-labeled cells in the center of the
rostral half of the saccule. On subsequent days, proliferation declined in the central regions of
the saccule. By day ten, BrdU-labeled cells were found primarily near the edges of the caudal
and rostral halves of the saccule.

4. Discussion

Our study characterizes some of the structural changes that take place following acoustic
damage to, and during recovery of, the zebrafish saccule, and demonstrates that zebrafish are
capable of restoring auditory hair cell bundle density to control levels within fourteen days
following sound exposure. We also show that increased cell proliferation takes place during
the time course of hair bundle recovery, and is greatest in the same region where significant
hair bundle loss occurs, suggesting that the mitotic production of new cells is part of the
recovery process in the zebrafish saccule following sound exposure. Hair bundle recovery also
occurs in the saccule of the goldfish Carrasius auratus (an otophysan fish closely related to
zebrafish) following noise-induced damage (Smith et al., 2006). The present study documents
asimilar phenomenon in the zebrafish model and extends the finding to include full hair bundle
recovery, which was not demonstrated in goldfish since the time frame investigated was shorter
than the current study (8 vs. 14 days). Interestingly, full recovery of the ciliary bundles of
utricles and lagenae in gentamicin-treated oscars (Astronotus ocellatus) occurs within a similar
time frame (approximately 10 days; Lombarte et al., 1993) as the hair bundle recovery found
in this study.

4.1. Location of damage

We observed that exposure to the 100 Hz tone produced significant hair bundle loss only in
the caudal region of the zebrafish saccule, immediately and 2 dpse, and a non-significant but
noticeable bundle loss in the central portion of the rostral region (25% of saccular length from
the rostral tip) 0 and 2 dpse. Enger (1981) found that low frequency tones primarily damaged
hair cells in the caudal region of the saccule of cod (Gadus morhua). Additionally, Enger
observed that higher frequency tones produced hair cell damage in the rostral region, and
suggested that coarse frequency discrimination occurred peripherally in the fish saccule.
Previous studies in our lab have shown that goldfish exposed to intense low frequency tones
(100 Hz) exhibit hair cell damage in the caudal portion of the saccule, while those exposed to
high frequency tones (4000 Hz) exhibit damage to the rostral portion of the saccule (Michael
Smith, unpublished data). Our results with zebrafish are consistent with these previous studies.

Further work will be needed to determine whether tonotopic mapping of frequencies takes
place in the zebrafish saccule. Whether or not tonotopy is responsible for the caudal localization
of significant damage seen in our study, the minimal bundle loss observed in the rostral region
may have been due to the high sound intensity that was used. Cotanche et al. (1987) found that
chicks, which have a tonotopically organized basilar papilla, exhibited a secondary lesion site
in the basilar papilla when exposed to high sound intensities, while lower intensities produced
only a single lesion site.

4.2. Hair cell loss and scar formation

In a noise-exposure study performed with goldfish, Smith et al. (2006) observed that hair
bundle counts were not significantly different from hair cell nuclear counts from the hair cell
layer in either control or noise-exposed saccules. In that study, the number of nuclei present
in the saccule decreased following noise exposure, indicating disappearance of the entire hair
cell following acoustic trauma. Although DAPI staining in our study was too diffuse to quantify
cell loss, we found that the region of the saccule in which hair bundles were missing also
exhibited patches devoid of DAPI staining, which strongly suggests that nuclei were lost. This
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same region of the saccule showed a significant increase in small, hole-like lesions (visualized
with phalloidin) at 0 and 2 days following cessation of sound exposure, also suggesting that
whole cells were lost in the zebrafish saccule following acoustic exposure. Two basic types of
hair cell loss have been observed following acoustic injury. Investigators have noted that
severely damaged hair cells may be ejected from the epithelium (Cotanche, 1987b; Cotanche
etal., 1987; Cotanche and Dopyera, 1990) or disintegrate in situ (Raphael, 1993). In our study,
it appears that hair cell ejection was a likely source of hair cell loss, given the presence of
lesions in the saccular epithelium.

Holes in the reticular lamina have been observed following exposure to intense noise and
ototoxic drugs (Baird et al., 1993; Baird et al., 1996; Bohne, 1972, 1976; Bohne and Rabbitt,
1983; Lim, 1976), similar to those seen in our study with zebrafish. As part of the healing
process, supporting cells expand to fill spaces that were previously occupied by hair cells or
concurrently occupied by dying hair cells (Cotanche and Dopyera, 1990; Forge, 1985; Marsh
et al., 1990; Raphael and Altschuler, 1991a, 1992) forming scars that preserve the integrity of
the luminal membrane (Raphael and Altschuler, 1991a) and protect the sensory epithelium
from leakage of endolymph (Bohne and Rabbitt, 1983). Scars appear rapidly in the auditory
epithelium following damaging events- as early as 9 hours in the mammalian cochlea following
exposure to ototoxic drugs (Raphael and Altschuler, 1991b). In the mammalian organ of Corti,
scars formed by supporting cells are permanent (Bohne, 1976; Hawkins and Johnson, 1981;
Raphael and Altschuler, 1991a). However, scar formations in the inner ears of non-amniotes
are transient; supporting cells can directly transdifferentiate into hair cells or proliferate and
produce daughter cells that differentiate into hair cells (Balak et al., 1990; Jones and Corwin,
1996; Raphael, 1992; Tsue et al, 1994; Warchol and Corwin, 1996).

4.3. Cell proliferation

Stone and Cotanche (1994) found that chicks surviving for long periods after noise exposure
and BrdU injection exhibit BrdU-labeled hair cells, suggesting that some of the daughter cells
of precursor cells differentiate into hair cells. Supporting cells serve as mitotic precursor cells
in the avian cochlea (Tsue et al, 1994; Warchol and Corwin, 1996) the fish saccule (Wilkins
etal., 1999) and the lateral line systems of axolotls (Balak et al., 1990; Jones and Corwin,
1996), suggesting that the ability of supporting cells to serve as precursor cells for hair cell
replacement may be a conserved feature in multiple species and organs.

The greatest number of proliferating cells seen in our study was observed in the caudal region
of the saccule, the same region that exhibited significant hair bundle loss (Figs. 6 and 8).
Similarly, Warchol and Corwin (1996) noted that regenerative proliferation occurred within
or near (<200um) lesion sites created by laser microbeam in hatchling avian cochleae. In chicks,
acoustic damage induces a spatio-temporal pattern of cell proliferation that adheres to the
spatio-temporal pattern of hair cell loss as well (Hashino and Salvi, 1993). Others have
observed that supporting cells exhibiting clear signs of direct transdifferentiation (DT) or DNA
synthesis are located near the area of hair cell loss (Corwin and Cotanche, 1988;Raphael,
1992;Ryals and Rubel, 1988), suggesting that supporting cells respond largely to local damage-
related signaling.

The acoustically-exposed zebrafish in our study exhibited a spike of BrdU labeling at 2 dpse.
Smith et al. (2006) reported significant apoptosis in noise-exposed goldfish saccules from 0 to
2 dpse. Cell proliferation in the fish saccule may be initiated by a reduction in cell density
following apoptosis, as cultured pieces of chick utricle exhibit proliferative rates that are
inversely related to local cell density (Warchol, 2002). Given that regenerative proliferation
occurs locally, it seems likely that diffusible mitogens from the lesion site prompt proliferation
(for a review of possible signals, see Stone and Cotanche, 2007). Atoh1, a proneural
transcription factor necessary for hair cell fate determination, has been detected in nuclei of
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the supporting cell layer in avian cochleas as early as 15h post-ototoxin treatment, prior to clear
demonstration of hair cell damage, demonstrating that signaling for hair cell replacement
occurs very early following a damaging stimulus (Cafaro et al., 2007).

Hair cell proliferation may occur in the absence of damage. Fishes are capable of producing
additional hair cells postembryonically as the animal continues to grow (Corwin, 1981,
1983). In our study, a low level of BrdU labeling was seen in the saccules of untreated control
zebrafish, consistent with a previous study in which non-acoustically exposed adult zebrafish
exhibited hair cells labeled for BrdU, five days after BrdU injection (Higgs et al., 2002). BrdU-
labeled hair cells have also been identified in thin sections of control goldfish saccules (Lanford
et al., 1996). In contrast, auditory hair cells and supporting cells in the post-embryonic chick
basilar papilla/cochlea are quiescent in the absence of a damaging stimulus (Corwin and
Cotanche, 1988; Katayama and Corwin, 1989).

Onset of damage-related mitosis appears to be rapid in the larval zebrafish lateral line.
Proliferative cells identified 12 h following neomycin treatment gave rise to new hair cells 24—
48 h following exposure (Harris et al., 2003), while we saw a spike in mitotic activity much
later in the adult saccule at 48 h following acoustic overexposure. Given that the onset and rate
of mitosis may be different in larvae than in adults, it is difficult to generalize about the origin
of new hair cells in the saccule based on time post-sound exposure. However, it seems likely
that DT of non-dividing precursor cells, or repair of hair bundles, are modes of cell recovery
responsible for the early increase in hair bundle density we observed at 2 dpse (see discussion
below), and mitosis that occurred at approximately 2 dpse supplied additional daughter cells
that differentiated into hair cells by days 7 and 14.

4.4. Cellular repair and direct transdifferentiation

Transdifferentiation of supporting cells into hair cells may account for part of the increase in
hair bundle density we observed; however, hair bundle repair may have also played a role. Hair
cells that do not undergo apoptosis may repair stereociliary bundles, as demonstrated in
mammalian utricular cultures exposed to gentamicin (Zheng et al., 1999), and in cochlear
cultures exposed to mechanical injury (Sobkowicz et al., 1996). However, it appears that
surviving hair cells do not always regenerate stereociliary bundles following injury. In the
chick cochlea, surviving hair cells with damaged or lost stereocilia have been observed even
after 10 days of recovery following acoustic trauma (Cotanche, 1987b). Chick regenerating
hair cells go through the same sequence of developmental steps as hair cells in the embryonic
ear (Cotanche, 1987a, 1987b; Tilney et al., 1986). We noted that immature-like hair bundles
in sound-exposed saccules were indistinguishable from putative new hair bundles in control
saccules (personal observation), suggesting that the process of stereociliary bundle
regeneration or repair following acoustic trauma takes a similar course as hair bundle formation
seen during natural hair cell addition in the zebrafish.

In chicks continuously infused with mitotic markers, about one third of new hair cells were
not labeled for mitotic markers (Roberson et al., 1996), indirect evidence for direct
transdifferentiation (DT), a change in cell fate that does not involve mitosis (Beresford,
1990). Studies of DT point to supporting cells as the precursor cells for hair cell replacement
in the lateral line and inner ear. Some regenerating cells in the inner ear show an intermediate
morphology, possessing features of both hair cells and supporting cells (Forge et al., 1998; Li
and Forge, 1997; Steyger et al., 1997). However, in the bullfrog saccule, sublethally damaged
hair cells take on morphological and immunological markers of supporting cells, and a number
of apparently immature hair cells possess autophagic vacuoles, suggesting that some of the
transitional cells that could be identified as former supporting cells were actually damaged hair
cells (Baird et al, 2000).
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Further support for DT has been demonstrated in studies using mitotic blocking (Adler and
Raphael, 1996; Adler etal., 1997; Baird et al., 2000). For example, chicks administered mitotic
blockers show hair cell recovery through DT after exposure to aminoglycoside antibiotics
(Baird et al., 2000), and acoustic overstimulation (Adler and Raphael, 1996; Adler et al.,
1997). New hair cells arising through DT are observed 24-48 hrs earlier than hair cells
produced via mitosis, and hair cell production after 6 d is usually mitotic in chicks exposed to
gentamicin (Roberson et al., 2004). Although DT has been demonstrated to occur early in the
process of hair cell recovery, mitotic replacement of hair cells in the avian auditory epithelium
can occur early as well. Raphael (1992) detected proliferation in chick basilar papillae 24 h
following noise exposure and many pairs of BrdU-labeled cells at 36 h. However, BrdU-labeled
chick supporting cells appear in sizable numbers at about 3 d post-damage (Bhave et al.,
1995), indicating that DT is most likely the main source of early hair cell replacement. We
found that the peak of BrdU labeling occurs at 2 dpse, one day earlier than in the chick, perhaps
illustrating species differences in the onset of mitosis in the inner ear.

4.5. Hair bundle damage

We noted that exposure to excessive sound produced structural changes such as fusion,
splaying, elongation, and fracturing in surviving zebrafish saccular hair cell bundles. These
traits have also been observed in the stereocilia of inner and/or outer hair cells of mammals
following noise exposure (Bredberg et al., 1970; Gao et al., 1992; Liberman, 1987; Mulroy
and Curley, 1982), indicating that the effects of acoustic trauma on hair bundles are similar
among species as evolutionally divergent as mammals and fish. It is not completely clear
whether the decline in prevalence of damaged hair bundles seen over time in our study was
due to ejection of old hair cells followed by development of new hair cells or stereociliary
repair, but it is possible that both mechanisms are involved.

4.6. Functional recovery

Fishes are capable of restoring hearing function after exposure to intense noise (Amoser and
Ladich, 2003; Scholik and Yan, 2001, 2002; Smith et al., 2004; Smith et al., 2006; Wysocki
and Ladich, 2005). For example, Scholik and Yan (2001) determined that hearing recovery in
fathead minnows exposed to white noise depended on the duration of noise exposure. Smith
et al. (2004) found that goldfish exposed to a loud white noise stimulus for 21 d exhibited
significant hearing loss, but hearing recovered to control levels by 14 d post-noise exposure.
It is interesting to note that 14 d is also the time needed for recovery of hair bundle density in
the current zebrafish study. It remains to be determined whether full hair bundle recovery is
required for full hearing recovery in the zebrafish, but Smith et al. (2006) found that in goldfish,
temporary threshold shifts declined to within 4 dB of control levels at seven days post-noise
exposure, even though full hair cell recovery had not yet occurred. Saunders et al. (1992)
demonstrated that full hair cell replacement was not required for recovery of near normal
hearing function in the chick. Factors such as tip link regeneration, which plays a role in the
rapid recovery of hearing levels observed in chicks (Husbands et al., 1999), and mechanical
changes at the cellular level (i.e. cell length and stiffness; Chan et al., 1998) may be at least
partially responsible for early hearing recovery, rather than cell regeneration.

4.7. Summary

Zebrafish have served as a useful model for investigating the development and function of the
vertebrate inner ear (reviewed in Whitfield, 2002), and may be a useful model for regeneration
in the inner ear as well. The current study shows that the zebrafish saccule is capable of
regenerating lost hair cell bundles, and that this regeneration is at least partially mediated via
cell proliferation. The presented time course of sound-induced hair cell damage and
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regeneration in the zebrafish inner ear will provide a framework for future studies examining
gene expression during the process of hair cell regeneration in zebrafish.
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Refer to Web version on PubMed Central for supplementary material.
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BrdU bromodeoxyuridine
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DAPI 4’ 6-diamidino-2-phenylindole
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DT direct transdifferentiation

dpse days post-sound exposure

FITC fluorescein isothiocyanate

h hour

HCL hydrochloric acid

Hz hertz

L liter

um micron

M molar
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min minute

uPa microPascal
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n number (ie., sample size)
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PBS phosphate buffered saline

RMS root mean square
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Figure 1.

Hair cell bundle count locations on the zebrafish saccule. Hair cell counts were sampled at four
predetermined locations: 5, 25, 50, and 75% of the total saccular length, as measured from the
rostral tip. A 2500 um? box was placed at each sampling area and labeled hair cell bundles
were counted within each box to determine hair cell density. D= dorsal, R= rostral; scale bar
=100um.
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Figure 2.
Mean (+ SE) hair cell bundle density across control zebrafish saccules as a function of distance
from the rostral tip of the saccule (n = 5).
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Figure 3.

Phalloidin visualization of morphological changes in hair cells of the zebrafish caudal saccule
following acoustic damage. (a, ¢, €) Hair cells observed immediately following sound exposure
(day 0). Many hair bundles in the caudal saccule are splayed, disordered, and exhibit broken
stereocilia. Note thin hair bundle characterized by fractured, sparse, and fused stereocilia
(arrow, a). Stereocilia in the short hair bundle (arrowhead, a) are noticeably shorter than those
of neighboring hair bundles, suggesting that tips have been lost through acoustic overexposure.
Lesions are also present in the caudal saccule (arrow, e). (b, d, f) Hair cells observed after 7
days of recovery. Cuticular plates (arrow, b), immature-like hair bundles (arrows, d), and
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compact, well-ordered short hair bundles (arrow, f) occur in the acoustically- damaged region.
Bar =5 pm.
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Figure 4.

Mean (£ SE) short hair cell bundle, thin hair cell bundle, and putative lesion counts as a function
of days post-sound exposure (dpse) in the caudal region (75% of the total saccular length as
measured from the rostral tip) (* p < 0.05; n =5).
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Figure 5.

Mean (£ SE) immature-like hair cell bundle and cuticular plate counts as a function of days
post-sound exposure (dpse) in the caudal region (75% of the total saccular length as measured
from the rostral tip) (* p < 0.05; n =5).
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Figure 6.

Mean (£ SE) hair cell bundle density as a function of days post-sound exposure (dpse) at 5,
25, 50, and 75% of the total saccular length as measured from the rostral tip (* p <0.01 for
days 0 and 2, compared to control).
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Figure 7.

Hair cell bundles in the caudal saccules of control and sound-exposed zebrafish immediately
following sound exposure (0 dpse). The reader is referred to the web version of this paper at
www.sciencedirect.com for this figure in color, which shows green phalloidin staining (for
hair cell bundles) and blue DAPI staining (for nuclei). Scale bar = 20 pm.
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Control

Figure 8.
BrdU-labeled proliferating cells in a control saccule and in saccules dissected for 2 and 10 days
post-noise exposure. C = caudal, R = rostral; scale bar = 100 pm.
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Figure 9.

Mean (+ SE) BrdU-labeled zebrafish saccular cells as a function of time following sound
exposure. (* p<0.001; n =6).
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