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Age-related changes
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Age-related hearing loss (ARHL) is a debilitating disorder for millions worldwide. While there are
multiple underlying causes of ARHL, one common factor is loss of sensory hair cells. In mammals, new
hair cells are not produced postnatally and do not regenerate after damage, leading to permanent
hearing impairment. By contrast, fish produce hair cells throughout life and robustly regenerate

these cells after toxic insult. Despite these regenerative abilities, zebrafish show features of ARHL.
Here, we show that aged zebrafish of both sexes exhibited significant hair cell loss and decreased cell
proliferation in all inner ear epithelia (saccule, lagena, utricle). Ears from aged zebrafish had increased
expression of pro-inflammatory genes and significantly more macrophages than ears from young
adult animals. Aged zebrafish also had fewer lateral line hair cells and less cell proliferation than young
animals, although lateral line hair cells still robustly regenerated following damage. Unlike zebrafish,
African turquoise killifish (an emerging aging model) only showed hair cell loss in the saccule of aged
males, but both sexes exhibit age-related changes in the lateral line. Our work demonstrates that
zebrafish exhibit key features of auditory aging, including hair cell loss and increased inflammation.
Further, our finding that aged zebrafish have fewer lateral line hair cells yet retain regenerative
capacity, suggests a decoupling of homeostatic hair cell addition from regeneration following acute
trauma. Finally, zebrafish and killifish show species-specific strategies for lateral line homeostasis that
may inform further comparative research on aging in mechanosensory systems.

Over 33% of people 60 and up, and at least 50% of those over 75, experience age-related hearing loss (ARHL),
also called presbycusis. With an aging baby boomer population and a treatment cost of over $30 billion per year
worldwide, ARHL is a major societal issue associated with increased isolation, depression, and lost economic
opportunity'—. Despite the widespread incidence of age-related hearing impairment and the resulting impact on
human relationships, we don’t fully understand the underlying mechanisms involved; this information is critical
to develop preventative or restorative therapies.

Classic studies of human temporal bones classified ARHL into discrete categories including metabolic, sen-
sory, neural, cochlear conductive, and mixed (a combination of multiple pathologies)*®. Many of these studies,
as well as research in aged gerbils, suggest that metabolic hearing loss may be the most common age-related
impairment® . Metabolic hearing loss is associated with atrophy of the stria vascularis; the structure responsible
for ion transport into cochlear fluids and maintenance of the endocochlear potential**!!. By contrast, sensory
hearing loss results from death of cochlear hair cells, a phenotype commonly associated with exposure to noise
or ototoxic drugs'?-1. Several studies demonstrate that hair cell loss, either alone or in combination with strial
damage, is likely a major contributor to ARHL”!>"!8. These findings suggest that hair cell regeneration is a valid
therapeutic strategy to slow or reverse hearing loss in the elderly.

While mammals do not regenerate hair cells, non-mammalian vertebrates such as chickens and fish dem-
onstrate robust regenerative capacity’*-?!. In addition, fishes produce hair cells throughout life, providing an
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excellent model for homeostatic hair cell addition in a developed animal?>-**, In the past few decades, zebrafish
(Danio rerio) have emerged as an exciting model organism for studies of inner ear development, hearing loss and
protection, and hair cell regeneration'*?>%. Despite their regenerative abilities, recent studies show that zebrafish
exhibit age-related auditory deficits, including increased auditory thresholds and a decline in the number of
hair cells in the saccule (primary auditory organ)**®. However, the mechanisms underlying ARHL in zebrafish
are unknown. The primary goal of this study was to understand the degree to which cell turnover and changes
in inner ear gene expression are correlated with hair cell loss in the aging zebrafish ear. We examined the age-
related changes in cell turnover and inflammation in all three inner ear epithelia (saccule, utricle, and lagena)
in adult zebrafish. We also examined age-related changes in the lateral line; a series of hair cell-bearing sensory
organs (neuromasts) on the head and body of the fish that mediate behaviors such as orientation to current and
schooling®. As an externally located mechanosensory system, the lateral line is advantageous for pharmacologic
manipulation and visualization of hair cells in the adult animal.

While zebrafish are an excellent model for auditory research, their lifespan (3-4 years) is similar to that of
other vertebrate aging models such as mice®, limiting the speed and scalability of aging experiments. By contrast,
African turquoise killifish (Nothobranchius fuzeri) have a dramatically short lifespan (4-6 months) and show
several hallmarks of natural aging®*-**. We therefore asked if killifish showed an age-related decline in inner
ear and lateral line hair cells. If so, killifish would represent a tractable model to study hearing loss in a rapidly
aging vertebrate.

We show that aged zebrafish exhibit reduced hair cell density in both the inner ear and lateral line, likely due
to increased inflammation and a shift in the balance of cell proliferation and cell death. However, lateral line hair
cells still robustly regenerate in aged zebrafish, albeit to a lower baseline set point, suggesting a decoupling of
acute regeneration from homeostatic hair cell addition. By comparison, aged killifish largely maintain hair cell
number, with hair cell loss only detected in the saccule of 4-6-month-old males. Our study positions zebrafish
as a tractable model for ARHL research and provides a platform to determine the mechanisms responsible for
hair cell regeneration vs. maintenance.

Results

Fish populations and age categories

These experiments classified animals as “young” or “old”, with the age range dependent on species. Zebrafish
have an average lifespan of 36 months in laboratory conditions, attain sexual maturity ~ 3 months of age and
begin to show an age-related decline in fecundity after 12 months of age**-*. Therefore, we defined “young”
animals as between 3.5 and 7 months old. “Old” zebrafish were at least 24 months old based on prior research
showing senescent phenotypes at this age, including age-related hearing loss?”**. For African turquoise killifish,
the median lifespan is 4-6 months in the laboratory®. Therefore, we classified ~2 month-old fish as “young”
and 4-6-month-old fish as “old”. We used both male and female animals for each experiment, except for “middle
aged” (3-month-old) killifish, where we only had access to males. Size, age, and sex distribution of all zebrafish
and killifish used for these experiments is shown in Tables 1 and 2, respectively. Specific sample sizes for each
experiment are given in the figure legend associated with that experiment. Note that some fish were used for
multiple assays (e.g., lateral line hair and inner ear cell counts). Therefore, the total number of fish used for this
project is less than the sum of the sample sizes for each experiment; this choice was made to reduce the number
of animals required.

Age class (age in months) Male total length (N) Female total length (N)
Young (3.5-7) 3.09+1.10 (44) 3.53+0.23 (38)
Old (24-38) 4.13+0.37 (43) 4.25+0.46 (36)

Table 1. Zebrafish age, sex, and size distribution. Age is calculated in months based on the date at which the
eggs were fertilized. This table includes all zebrafish used in the study, regardless of genetic line. Some fish were
used for more than one assay (e.g., lateral line hair cell assessment, inner ear cell death quantification). Total
length is measured in cm and denoted as average 1 s.d.

Age class (age in days) Male total length (N) Female total length (N)
2-month-old (58-78) 4.98+0.08 (9) 3.43+0.17 (8)
3-month-old (94) 5.05+0.16 (6) NA

4-6 month old (116-174) 5.37+0.20 (9) 4.02+0.28 (9)

Table 2. Killifish age, sex, and size distribution. Age is calculated from the hatch date when the fish breaks free
of the chorion since the embryonic stage is of variable length in this species and controlled by environmental
factors. Total length is measured in cm and denoted as average 1 s.d. Only male animals were available in the
middle age class.
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Zebrafish hair cell quantification and cell turnover

In mammals, ARHL is commonly associated with loss of hair cells. Therefore, we first quantified hair cells in
zebrafish inner ear epithelia, selecting three regions of the saccule and utricle and two regions of the lagena
(Suppl. Figure 1). We used inner ears from both AB and Tg(mpeg: YFP) transgenic animals for this experiment.
There was no difference in hair cell number between lines (p>0.25 in all cases); therefore, data were pooled
for analysis. As shown in Fig. 1, old zebrafish have significantly fewer phalloidin-labeled hair cells than young
zebrafish, with significant effects of age within each epithelium (p < 0.05 for the main effect of age in each two-way
ANOVA, see Fig. 1 legend for statistics). In the saccule, there was a significant reduction in hair cells in the caudal
region of old fish, while in the utricle, this difference manifest in the extrastriolar region (region 3) (Fig. 1b).
There were significant pairwise differences between young and old fish in both regions of the lagena (Fig. 1b).
These data demonstrate an age-related decline in both auditory and vestibular regions of the zebrafish inner ear.
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Figure 1. Young zebrafish have more inner ear hair cells. (a) Representative confocal images of inner ear
epithelia from young (top row) and old (bottom row) adult zebrafish. The scale bar in the top left image applies
to all images. (b) Quantification of phalloidin-labeled hair bundles from young (green bars) and old (gray bars)
zebrafish epithelia. Hair bundles were counted in three 50 X 50 um regions of interest (ROI) per epithelium for
the saccule and utricle and two 50 X 50 um ROI for the lagena. Graphs show hair bundle quantification for each
epithelium separated by ROL There is a significant main effect of age for each epithelium. Saccule, F, g5=8.593;
p=0.0043; utricle F, g, =11.89, p=0.0009; lagena F, 5,=15.68, p=0.0002. There is no significant age-by-region
interaction for any epithelium (saccule, F, g4=1.08, p=0.344; utricle F, 5, =1.98, p=0.144; lagena F, 55=0.09,
p=0.770). Bonferroni-corrected post-hoc tests, *p <0.05, **p < 0.01. Data are presented as mean+ 1 s.d. and dots
represent individual fish. N =16 young fish, n=14 old fish.
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Old zebrafish in our hair cell quantification dataset were significantly larger than young zebrafish (t-test,
p<0.0001). Therefore, hair cell density may decrease as the fish grows, such that hair cells spread out as the
epithelium expands. To test this hypothesis, we performed a regression analysis for each epithelium, separated
by age class (Fig. 2). In the saccule, there was little correlation between fish length and hair cell density in young
zebrafish (R?=0.0073) (Fig. 2a). In old fish, however, fish length was positively correlated with saccular hair cell
number (R*=0.5839), in contrast to our hypothesis. There was no apparent correlation between fish length and
hair cell density in the utricle or lagena for fish from either age class (Fig. 2b,c). Therefore, the age-dependent

decrease in hair cell density is likely not due to fish growth.
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Figure 2. Hair cell density in zebrafish is not tightly correlated with fish length. (a—c) Linear regression of
total length (TL, measured in cm) by hair bundle density for the summed ROI for the saccule (a), utricle (b),
and lagena (c) (see Fig. 1. Legend and Suppl. Figure 1 for ROI details). (a) There is little correlation between
TL and hair cell number in the saccule of young fish (green dots; R*=0.0073) and the slope of the regression
line is not significantly different from zero (F; ;,=0.1031, p=0.7529). The correlation is larger in the saccule of
old fish (gray triangles) (R?=0.5839; slope F, ;,=16.84, p=0.0015). (b) There is little correlation between hair
cell number and fish length in the utricle for either age class. Young fish: R*=0.0088. Slope not significantly
different from zero (F, ,=0.1254, p=0.7286). Old fish: R?=0.1436. Slope not significantly different from zero

(F},1,=2.012, p=0.1815). (c) There is little correlation between hair cell number and fish length in the lagena for
either age class. Young fish: R*=0.1988. Slope not significantly different from zero (F, ,=3.473, p=0.0835). Old

fish: R*=0.0131. Slope not significantly different from zero (F, ;,=0.1592, p=0.6969). N=16 young fish, n=14
old fish.
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Reduction in hair cell number could result from decreased cell addition, increased cell death, or changes in
both processes. We used a BrdU incorporation assay to quantify cell proliferation and TUNEL labeling to assess
cell death. Ears from young zebrafish had significantly more proliferating (BrdU+) cells than old fish (two-way
ANOVA, p<0.0001 for the main effect of age) (Fig. 3). Differences were observed in all three epithelia, with
decreases of 46.4%, 43.7%, and 61.2% observed in the saccule, utricle, and lagena, respectively. By contrast, there
was no significant difference in the number of dying (TUNEL+) cells between ears of young and old fish (two-way
ANOVA; p=0.8777) (Fig. 4). However, the large variability in TUNEL+ cells in the utricle (9-63 cells in the young
utricle alone) may obscure trends in the other epithelia and it is also possible that there are epithelium-specific
differences. Using Bonferroni-corrected t-tests for multiple comparisons, we see significantly fewer TUNEL+ cells
in both the saccule and lagena of young fish as compared to old fish (saccule p=0.030, lagena p =0.048). Taken
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Figure 3. Cell proliferation is higher in the ears of young zebrafish. (a) Representative confocal images of
inner ear epithelia from young (top row) and old (bottom row) adult zebrafish. The scale bar in the top left
image applies to all images. Epithelia are outlined with white dotted lines. (b) Quantification of BrdU + cells in
each epithelium in young (green bars) and old (gray bars) adult zebrafish. There is a significant effect of age on
BrdU + cell count (2-way ANOVA, F, ,=78.32, p<0.0001). All Bonferroni-corrected pairwise comparisons
are significant **p <0.01, ***p <0.0001. Data are presented as mean+ 1 s.d. and dots represent individual fish.
N =14-17 epithelia from young fish, n=13-14 epithelia from old fish.
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Figure 4. Cell death doesn't significantly change with age in the zebrafish ear. (a) Representative confocal
images of inner ear epithelia from young (top row) and old (bottom row) adult zebrafish. The scale bar in
the top left image applies to all images. Epithelia are outlined with white dotted lines. (b) Quantification of
TUNEL + cells in each epithelium in young (green bars) and old (gray bars) adult zebrafish. There was not a
significant effect of age on the number of TUNEL + cells (two-way ANOVA, F, |,5=0.003, p=0.96). Data are
presented as mean + 1 s.d. and dots represent individual fish. N =11-13 epithelia from young fish, n=14-16
epithelia from old fish.
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together, the data suggest that both reduced cell addition and increased cell death may contribute to the reduc-
tion in hair cells observed in the inner ears of old zebrafish, with cell proliferation likely playing a greater role.

Next, we asked if age-related differences were apparent in the zebrafish lateral line (Fig. 5). We briefly
immersed live fish in DAPI to specifically label lateral line hair cells*”*%. We first quantified the number of
superficial neuromasts on the caudal edge of the operculum; a region with relatively stereotyped neuromast
position (Suppl. Figure 2). We did not see a significant difference in neuromast number with age (p=0.088),
although there was a trend toward more neuromasts in older animals. Young zebrafish had 53.8 + 6.8 neuromasts
(mean +s.d.), while old fish had 64.9 + 17.1 neuromasts, with a greater range of neuromast number in old animals
(43-63 neuromasts in young fish, 45-98 neuromasts in old fish) (Fig. 5b).

Old zebrafish had significantly fewer hair cells per neuromast than young zebrafish; young fish had 17.7£2.2
hair cells per neuromast, compared to 14.2+ 1.2 in old fish, a 19.6% reduction in hair cell number (Fig. 5¢). There
was a negative correlation between the number of neuromasts and hair cell number per neuromast, regardless
of age class (Fig. 5d). The age-related loss of lateral line hair cells was accompanied by a reduction in cell prolif-
eration in opercular neuromasts (Fig. 5e). Young vs. old zebrafish had 3.11+0.74 and 2.108 +0.60 BrdU + cells/
neuromast, respectively; 32.2% fewer cells in the old animals. Taken collectively with the data from the inner
ear, hair cell loss is a common feature of mechanosensory systems in aging zebrafish, likely due, at least in part,
to decreased cell proliferation.

Lateral line hair cell regeneration

Given that zebrafish robustly regenerate hair cells, we then asked if there were age-related differences in lateral
line regeneration. We incubated zebrafish in the aminoglycoside neomycin, a known ototoxin, then assessed hair
cells immediately after damage and again 48 and 96 h after neomycin treatment. Neomycin damaged hair cells
in both young and old zebrafish, with no age-related difference in damage susceptibility (Fig. 6). Immediately
after neomycin exposure, young zebrafish had 4.4+ 1.5 hair cells per neuromast and old fish had 4.0 + 1.2 hair
cells per neuromast (Fig. 6a). However, there was a significant effect of age on hair cell regeneration when we
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Figure 5. Young zebrafish have more hair cells and more dividing cells per lateral line neuromast. (a)
Representative confocal images of opercular neuromasts from a young (left) and old (right) zebrafish. Hair

cell nuclei were live-labeled with DAPI. Scale bar applies to both images. (b, ¢) Comparisons of superficial
neuromast number (b) and hair cell number (c) on zebrafish opercula between young (green bars) and old (gray
bars) fish. (b) There is no age difference in the number of superficial opercular neuromasts (Mann Whitney U
test, p=0.088). N =13 fish/age class. (c) Young fish have significantly more hair cells per neuromast (2-tailed
t-test, p<0.0001). N=16-17 fish/age class. (d) There is a negative relationship between neuromast number and
hair cells/neuromast (R?=0.3716; n=7 fish/age class). (e) Young fish have significantly more BrdU + cells per
opercular neuromast (2-tailed t-test, p=0.0069). N =8-13 fish/age class. Confocal images on the left in panel (e)
show DAPI + hair cell nuclei in blue and BrdU + cells in red. White arrowhead points to an example BrdU + cell
and the scale bar applies to both images. Data represent the average of 10 neuromasts per fish for each dataset.
**p<0.01, ¥***p <0.0001. Data are presented as mean * 1 s.d. and dots represent individual fish.
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Figure 6. Lateral line regeneration does not change with age in zebrafish. (a) There is a significant effect of age
when data are analyzed using the average number of hair cells (HCs) per caudal neuromast (mixed-effects model,
F,,,=12.93, p=0.0016 for the fixed effect of fish age), with significantly fewer hair cells in old fish at baseline and
again 96 h after neomycin damage (Bonferroni-corrected posthoc t-test, **p <0.01). (b) There is no age effect
when data are normalized to the number of baseline hair cells for each fish (mixed-effects model, F, ,,=0.2979,
p=0.5907 for the fixed effect of fish age). N=_8-12 fish/treatment, data are presented as mean +1 s.d. and dots
represent individual fish. Note the lack of error bars for baseline values in b; each fish was set to 100%.

analyzed the raw data (mixed effects model, fixed effect of age p=0.0016). Since older zebrafish have fewer lateral
line hair cells under homeostatic conditions (Figs. 5¢ and 6a), we normalized hair cell number to the baseline
(pre-neomycin) value for each fish to allow us to quantify the relative degree of hair cell regeneration. Using the
normalized values we did not observe an age-related difference in hair cell regeneration (mixed-effects model,
p=0.5907 for the fixed effect of fish age); by 96 h post-neomycin, young fish regenerated 74.0% of their hair cells,
while old fish regenerated 68.7% (Fig. 6b).

Based on published results* we expected greater hair cell regeneration in young animals and suspected
that DAPI retention by existing hair cells may have caused damage. We therefore repeated the experiment
using Tg(myo6b:EGFP) transgenic fish. Similar to our findings in wildtype, DAPI-labeled animals, we found
significantly fewer GFP +lateral line hair cells in old fish at baseline; young transgenic fish had 13.1+1.9 hair
cells per neuromast, while old fish had 9.3 £0.9 hair cells per neuromast. Again, we normalized to baseline for
each animal and found no significant age effect on hair cell regeneration (mixed-effects model, main effect of
age, p=0.2592). Furthermore, we still didn’t observe 100% regeneration in either age class; 96 h after hair cell
ablation, young fish regenerated 89.5% of their hair cells and old fish regenerated 90.7%. These data suggest that
there is no age-related loss of regeneration in the zebrafish lateral line.

Gene expression and inflammation

We then conducted an RNA-Seq study to begin exploring mechanisms of age-related changes in the adult
zebrafish ear. We used the ear rather than lateral line due to the relative ease of dissecting inner ear tissue vs. iso-
lating neuromasts from the surrounding skin. We identified 5,413 expressed transcripts in our dataset. 1414 were
upregulated at least twofold in young zebrafish ears, and another 1378 were upregulated at least twofold in aged
zebrafish ears. GO term analysis of differentially expressed genes showed that young ears were highly enriched
for genes associated with development and cell addition, with over-representation of biological processes such
as axon guidance, neuron development, and neuron differentiation (Fig. 7a). By contrast, old ears were highly
enriched for genes associated with inflammation and immune activation (Fig. 7b).
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Figure 7. Age-dependent differences in gene expression profiles. GO term analysis for biological process from
bulk RNA-Seq data in (a) young zebrafish and (b) old zebrafish. Ears from young fish show enrichment of genes
for neural development, while genes for inflammation and immune function are upregulated in ears from old
fish. Circle size represents the number of genes contained within a given GO term, while colors represent fold
enrichment. Note that the circle size and color scale differ between panels (a) and (b).

To further understand the role of inflammation in the aging zebrafish ear, we quantified macrophages in
Tg(mpeg:YFP) transgenic fish. Old zebrafish had significantly more inner ear macrophages than young animals
(p=0.028; Fig. 8). In the saccule, for example, young fish had 18 +9.2 macrophages across the three regions of
interest, while old fish had 34 +25.1 macrophages. There was considerable variability in the old fish; we observed
as few as 4 macrophages in the saccule of one old animal and 78 in another animal from the same cohort. While
at least one macrophage was present in the epithelial layer of each sample, the majority were observed in the
stromal layer underlying the epithelium (Fig. 8b). We therefore quantified the z-dimension for each epithelium
to ask if age-related differences in macrophage number could be attributed to differences in tissue thickness.
There was no age-related difference in tissue thickness (saccule F, 5,=0.189, p=0.6655; utricle F, 45=0.4643,
p=0.4989; lagena F, 3,=3.792, p=0.0603). Therefore, the age-related increase in macrophage number is likely
not attributable to age-related changes in tissue morphometrics.

Killifish inner ear and lateral line

With a short median lifespan of 4-6 months, African turquoise killifish present an exciting model for a range of
studies in vertebrate aging. We therefore asked if killifish exhibit age-related hair cell loss as a critical first step
to use these animals as a model for aging in the auditory system. We quantified hair cells in the inner ear and
lateral line in 2-month-old (58-78 days), 3-month-old (94 days), and 4-6-month-old (116-174 days) fish; 2- and
4-6-month-old populations contained both male and female animals, while we only had access to 3-month-old
males. We did not see a sex difference in inner ear hair cells within an age class (two-way ANOVA, 2-month-old
fish F, ;,=0.005014 p =0.9439; 5-month-old fish F, ;s=3.017 p=0.0892), Therefore, we pooled both sexes for
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Figure 8. Older fish have more inner ear macrophages. (a, b) Representative confocal images (maximum

z projection) of saccules from (a) young and (b) old zebrafish, showing YFP + macrophages in green. Scale

bar in a applies to both images. (¢) xy projection of the image from b, showing YFP + macrophages in green
and phalloidin-labeled hair bundles in magenta. The white arrowhead points to an example of a macrophage
in the epithelial layer and the yellow arrow shows a macrophage in the stromal layer, where the majority of
macrophages were observed. (d) Quantification of YFP + macrophages from young (Y) (green bars) and old
(O) (gray bars) zebrafish epithelia. Macrophages were counted in three 150 X 150 pm ROI per epithelium for
the saccule and utricle and two 150 X 150 um ROI for the lagena. The data show the sum of all ROI for a given
epithelium. There is a significant effect of age on macrophage number (2-way ANOVA, F, 5,=5.064, p=0.028),
although there are not pairwise differences within an epithelium (Bonferroni-corrected posthoc testing). Data
are presented as mean + 1 s.d. N=10-11 fish per group.

analysis and included the 3-month-old males in our dataset. Unlike zebrafish, we did not observe an age-related
loss of hair cells in the killifish inner ear (Fig. 9). Given the short lifespan in this species, we hypothesized that
grouping the fish into three distinct age classes may miss more subtle age-related changes. We therefore per-
formed a linear regression analysis of age in days by hair cell number. There was a significant negative relation-
ship between fish age and hair cell number in the saccule of male killifish (p = 0.04) but not in females (p=0.82)
(Fig. 9¢). No significant relationship between age and hair cell number was observed in the lagena or utricle of
either sex (male utricle p=0.58, male lagena p =0.88, female utricle p=0.19, female lagena p=0.55).

In the lateral line, we found an age-dependent decline in the number of superficial opercular neuro-
masts (Fig. 10), with 13.08 £4.14, 10.0 £4.90, and 8.09 + 3.24 neuromasts in 2-month-old, 3-month-old, and
4-6-month-old fish, respectively (Fig. 10b). Interestingly, this age effect was driven by differences in males
(Fig. 10¢); 2-month-old male killifish had 15.0 +4.15 neuromasts, while 4-6-month-old males had 6.80 +3.77
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Figure 9. Age and sex effects in killifish inner ear hair cells. (a) Representative confocal images of inner ear
epithelia from a 2-month-old (top row) and a 5-month-old (bottom row) adult killifish. The scale bar in the
top left image applies to all images. (b) Quantification of phalloidin-labeled hair bundles from 2-month-old
(green bars), 3-month-old (white bars) and 4-6-month-old (gray bars) killifish epithelia. Hair bundles were
counted in three 50 X 50 pm ROI per epithelium for the saccule and two 50 X 50 um ROI for the utricle and
lagena. The data show the sum of all ROI for a given epithelium. There is no significant effect of age on hair
bundle density (2-way ANOVA, main effect of age F, )y, =0.112, p=0.894). Data are presented as mean=+1 s.d.
and dots represent individual fish. (c) Linear regression of saccular hair cells by age for male (left) and female
(right) killifish. The slope is significantly different from zero for males (F, ,, =4.78, p=0.0402) but not females
(F,,;5=0.06, p=0.8166). N=7-8 2-month old females, n=7-8 2-month old males, n =4-6 3-month-old males,
n=9 4-6-month-old females, n=7-9 4-6-month-old males.

neuromasts; over a 50% decline during this time period. By contrast, 2-month-old female killifish had 11.2+3.43
neuromasts and 4-6-month-old females had 9.6 +2.61 neuromasts. Male killifish therefore had more neuromasts
at the earliest time point (2 months) and showed greater neuromast loss with age.

We also observed both age and sex effects on the number of hair cells per opercular neuromast. In contrast
to zebrafish, hair cell number per neuromast in killifish increased with age, with an average of 23.18 £5.50 to
30.20 +£4.19 hair cells/neuromast in 2-month-old vs. 4-6-month-old killifish (sexes combined, Fig. 10d). In
this dataset, the effect was largely driven by changes in females (Fig. 10e). Two-month-old female killifish had
19.13 +3.24 hair cells/neuromast, which increased to 28.64 + 6.18 in the 4-6-month-old fish. Male fish had more
hair cells/neuromast at the 2-month-old time point (27.22+4.11), which increased to 32.02 + 2.18 at 4-6 months
of age, a smaller and not statistically significant effect. These data suggest that aging killifish may have a different
lateral line homeostasis strategy than aging zebrafish, with complex sex and age interactions.

Discussion

We show that zebrafish exhibit an age-related decline in hair cells in all inner ear epithelia. Hair cell loss likely
results from decreased cell proliferation, and to a lesser degree, increased cell death. These patterns are also
reflected in our RNA-Seq data; younger ears are enriched for genes associated with cell proliferation and dif-
ferentiation while older ears upregulate immune-related genes, accompanied by an increase in the number of
macrophages. We also observed a decline in lateral line hair cells in aged zebrafish. Despite having fewer hair
cells and reduced cell proliferation at baseline, aged zebrafish robustly regenerated lateral line hair cells following
ototoxin exposure, with no age-related difference in the magnitude of regeneration. These results suggest that
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Figure 10. Neuromast number and size varies with killifish age. (a) Representative images of DAPI-labeled
superficial neuromasts from killifish opercula. Images show variation in neuromast size, rather than neuromasts
from fish of different ages, to demonstrate the size variability seen in all age classes. Scale bar in the left image
applies to all images. (b) Quantification of superficial neuromasts on the opercula of 2-, 3-, and 4-6-month-old
killifish, data combined from both sexes. There is a significant age-dependent decrease in neuromast number
(one-way ANOVA, F, 4s=4.651, p=0.019). (c) Neuromast quantification separated by sex. There is a significant
decrease in neuromast number in 4-6-month-old male killifish (p=0.017) but not female killifish (p=0.249)
(Mann-Whitney U tests). (d) Quantification of the number of hair cells (HCs) per superficial neuromast (sexes
combined). We quantified hair cells in up to 10 opercular neuromasts per fish (or all visible neuromasts, for fish
with fewer than 10), then calculated the average hair cell number for each fish. There was an age-dependent
increase in hair cell number per neuromast (one-way ANOVA, F, ,,=6.674, p=0.043). Tukey’s multiple
comparison posthoc tests show a significant difference between the 2- and 4-6-month-old age classes. (e) HC
counts per neuromast separated by sex. There is a significant increase in average HC numbers in old females

as compared to young females (p=0.008) but no age difference in males (p=0.065) (Mann-Whitney U tests).

N =12-13 fish per group for 2 and 4-6-month-old groups, even split between males and females. N =5-6 for the
3-month-old group, with only male animals represented. *p <0.05, **p <0.01.
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different cell signaling mechanisms may be responsible for homeostatic hair cell addition vs. rapid cell prolifera-
tion following acute damage.

While our primary objective was to determine cellular correlates of ARHL in zebrafish, we also examined
African turquoise killifish. Killifish show typical molecular and cellular age-related phenotypes such as telomere
shortening and reduced neurogenesis***!. We therefore hypothesized that we would observe age-dependent hair
cell loss in the inner ear and lateral line in this species, similar to our findings in zebrafish. However, African
turquoise killifish showed more complex age-related changes in the inner ear and lateral line that differed from
aging zebrafish. In killifish, inner ear hair cell loss was only observed in saccules of 4-6-month-old males, with
no changes observed in female saccules or in the utricle or lagena of either sex. In the lateral line, 2-month-old
male killifish had more neuromasts and more hair cells per neuromast than females and showed comparatively
greater neuromast loss with age. By contrast, female killifish added more hair cells per neuromast as they aged.
Our results suggest that aging in the killifish inner ear and lateral line is more complex and likely involves multiple
simultaneous strategies (e.g., loss of neuromasts but growth of remaining neuromasts). Further studies would
help demonstrate the degree to which the killifish auditory system changes with age in comparison to the onset
of age-related deficits in other tissues in this species.

Age-related changes in the inner ear

In the saccule of aged zebrafish, hair cell loss was greatest in the caudal region. Prior studies show that exposure
to a 100 Hz pure tone (179 dB re: 1 uPa) for 36 h also caused damage to the caudal saccule in zebrafish, while
broadband white noise (24 h, 150 dB re: 1 uPa) resulted in more widespread hair cell damage across the rostral-
caudal axis*»**. Therefore, the caudal saccule may be particularly sensitive to multiple types of damage. In our
study, age-related hair cell loss was also greatest in the extrastriolar region of the utricle, with no region-specific
differences observed in the lagena. In adult zebrafish, striolar hair cells in the utricle appear more susceptible to
acute insult from the ototoxic antibiotic gentamicin, as compared to extrastriolar regions; no data on the lagena
were shown in this study**. In a cichlid fish (Astronotus ocellatus, the oscar), gentamicin toxicity is greatest in the
utricular striola and the mid-rostral and mid-caudal regions of the lagena*® (both of our lagenar ROI fall within
this region). Therefore, there may be hair cell- and epithelium-specific differences in damage susceptibility in
fishes, with the caudal saccule and areas of the lagena being particularly sensitive to hair cell loss.

Cell and tissue-specific damage responses are also seen in the mammalian inner ear*-*’. For example, cochlear
outer hair cells are more susceptible to noise, age, and many ototoxic drugs than are inner hair cells, and hair
cells in the base of the cochlea are also more susceptible to damage than cells in the apex'>***!. Future studies
should compare transcriptomic or proteomic responses of basal vs. apical cochlear hair cells with rostral vs.
caudal saccular hair cells in zebrafish under different damage conditions (e.g., noise vs. age). These experiments
could provide further insight on factors that mediate hair cell susceptibility to damage.

In mammals, cumulative noise exposure compounds age-related hearing loss”'”*2. Noise levels in the zebrafish
facility at Washington State University Vancouver average 123-127 dB RMS (re: 1 pPa). These values are below
the noise levels that cause hair cell damage in zebrafish under acute conditions* but could contribute to the
age-related hair cell decline we observed. Zebrafish have modified vertebrae called Weberian ossicles that couple
the swim bladder and inner ear, which is thought to increase frequency bandwidth and reduce thresholds®*>*.
Therefore, zebrafish and related otophysan fishes may be more susceptible to the concurrent effects of noise
and aging than fishes without accessory auditory structures. To our knowledge, there is no information about
hearing capabilities in any killifish species. Auditory evoked potential recordings in the Atlantic molly (Poceilia
mexicana), a fish in the same order as killifish (Cyprinodontiformes), show very high thresholds (~ 140 dB re:
1 pPa) at frequencies above 1 kHz and this species lacks a swim bladder-inner ear connection often found in fish
with more sensitivity hearing thresholds®>*. Consistent with these results we did not observe morphological
specializations that would enhance hearing in killifish. Therefore, it’s likely that African turquoise killifish would
be relatively resistant to noise-induced hearing loss and perhaps also to the combined impacts of noise and age.

We did not measure hearing thresholds so we cannot conclusively demonstrate hearing loss in the aged
zebrafish in our study. However, prior work shows a strong correlation between saccular hair cell density and
auditory thresholds in multiple species of fish, including zebrafish***”. Wang et al.?” demonstrated age-related
threshold shifts in 16 to 20-month-old zebrafish and Zeng et al.*® noted a threshold shift at 37 months, but not at
20 months. Wang et al. used inbred AB zebrafish, while Zeng et al. used an outbred line (AB/WIK cross). Adult
WIK and outbred zebrafish have lower auditory thresholds (i.e., better sensitivity) than inbred AB fish and it
is likely that there are also strain-related differences in ARHL similar to those observed in mice’*-%°. We used
inbred AB zebrafish and defined “aged” as 24 months or older, making it highly likely that our fish exhibited
physiological hearing deficits.

Age-related changes in the lateral line

We also found fewer lateral line hair cells in aged zebrafish. These results contradict a prior study that reported no
age-related difference in lateral line hair cells between 1- and 3-year-old zebrafish®. Cruz et al.* used a combina-
tion of transgenic zebrafish lines (sqet20Et X Tg(Ca-tubala:tdTomato)), while we used either a single transgenic
line (Tg(Myo6b:EGFP) or vital dye labeling. It is possible that differences in hair cell visualization or genetic
background led to the observed differences between studies. We consider this hypothesis unlikely since we used
two different methods of hair cell visualization. Interestingly, young (one-year-old) fish in the prior study had ~ 12
hair cells/neuromast®, while the young (3.5-7-month-old) fish in our study had over 15 hair cells/neuromast.
Lateral line hair cell loss may be accelerated in 6-12 month-old fish such that 1-year-old animals already show
an aged phenotype. If so, this result would present an exciting opportunity to study hair cell aging in relatively
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young animals. Given the external location of the lateral line, this system offers advantages for ARHL studies,
such as easy pharmacologic manipulation and amenability to longitudinal analysis.

In zebrafish of both sexes, we observed a negative correlation between the number of hair cells per neuromast
and the number of opercular neuromasts, with a trend towards more opercular neuromasts in aged fish. Increased
neuromast number may help to maintain spatial resolution as the fish grows by preserving neuromast spacing
on the body surface. In larval zebrafish, neuromasts are deposited by lateral line primordia that migrate along
the developing animal®"¢%. During the larval-juvenile transition, additional neuromasts are formed by budding
off from these founding neuromasts®. It’s therefore likely that as the animal ages, more neuromasts continue
to bud off from existing neuromasts, consistent with our observations. However, given the robust proliferative
ability in neuromast supporting cells, we would expect newly formed neuromasts to maintain consistent hair
cells numbers. We observed fewer dividing cells in the lateral line of aged zebrafish, suggesting that a loss of
proliferative potential contributes to reduced hair cell numbers with age. The age-related reduction in hair cells
per neuromast would likely reduce afferent nerve stimulation. In larval zebrafish lateral line, multiple hair cells
with the same polarity synapse on a single afferent®*®. Therefore, smaller neuromasts would likely contain fewer
hair cell-afferent synapses, potentially reducing afferent excitability.

In contrast to zebrafish, aging Killifish have fewer opercular neuromasts but more hair cells per neuromast.
These effects were sex-dependent, with neuromast loss occurring in males but the increase in hair cell number
observed in females. The loss of neuromasts as the fish grows would likely reduce spatial resolution in male
killifish, opposite the scenario described above for zebrafish. However, the increase in hair cells in aged female
killifish may increase stimulation of lateral line afferent neurons. Future experiments in both species will quantify
age-related changes in supporting cells and afferent innervation and lateral line-mediated behaviors to under-
stand the complex dynamics associated with lateral line aging.

Reduced cell proliferation in aging zebrafish

In both the inner ear and lateral line hair cells are interdigitated with supporting cells, glial-like cells that also
represent proliferative precursors in regenerative vertebrates, including fish'**-%. Based on our data showing
reduced expression of proliferative genes and fewer BrdU+ cells in aging zebrafish ears, as well as reduced pro-
liferation in aged lateral line, we hypothesize that supporting cells will show substantial age-related differences.
Prior studies have identified multiple supporting cell populations in the larval zebrafish lateral line, including
supporting cells that rapidly divide to replenish damaged hair cells and slowly proliferating supporting cells that
likely give rise to new supporting cells®””%->. Distinct supporting cell sub-populations are also seen in the adult
zebrafish lateral line®. Less is known about supporting cell subtypes in the inner ear, nor how different types of
supporting cells change with age. Future studies using single-cell RNA-Seq are needed to characterize supporting
cell populations in the aging inner ear and lateral line.

Species-specific sex differences

While we saw robust age-related deficits in the zebrafish inner ear and lateral line, we did not detect sex differ-
ences in this species, in contrast to our results in killifish. In human populations, some studies report greater
ARHL in males than females, although it is often hypothesized that this sex difference is due to greater occupa-
tional noise exposure in males ”'77477. Both human and animal studies show that females are less susceptible
to noise-induced hearing loss, likely due to protective effects of estrogen signaling’®*3. Our future studies will
examine the interplay of noise damage, sex, and age in zebrafish, including how modulation of estrogen signaling
impacts age-related auditory phenotypes.

Inflammation in aging zebrafish ear

Young zebrafish had increased expression of genes associated with neurogenesis and synapse formation, con-
sistent with our data showing increased hair cell number and cell proliferation in ears from young animals. By
contrast, ears from old zebrafish showed upregulation of inflammatory factors, consistent with our data showing
more macrophages in the ears of aged zebrafish and with studies in mammals showing age-related inflammation
(termed “inflammaging”) in the cochlea®-%¢. Studies in aging rodents and in human temporal bones show that
resident cochlear macrophages are prevalent in surrounding tissue including the osseus spiral lamina and stria
vascularis, although macrophages may invade the organ of Corti at sites of active hair cell degeneration35788,
Inner ear tissue in our RNA-Seq dataset included both the sensory epithelium and underlying stromal tissue.
In zebrafish, it’s likely that the primary site of inflammation is the tissues surrounding the sensory epithelium,
rather than the epithelium itself, similar to observations in the cochlea. This hypothesis is supported by our
confocal images showing that more macrophages were present in the stromal layer than in the epithelial layer
(Fig. 8). Future work using microdissected regions of the zebrafish inner ear is necessary to determine the gene
expression profiles of the hair cell, supporting cell, and stromal layers during aging.

One limitation of our study is that fish don’t have a stria vascularis, a site of significant degeneration in mam-
malian ARHL*>7!%, Age-related strial pathology includes changes to capillary number and morphology, blood-
labyrinth barrier permeability, and increased macrophage activation®”#-3, However, macrophage activation
and associated inflammation is also observed in the aging organ of Corti*®®2. As described above, we found
increased expression of pro-inflammatory genes and activated macrophages in the aging zebrafish ear, consistent
with mammalian studies. Future work is needed to further characterize macrophage populations and determine
if macrophages in the zebrafish ear are causative or correlative in aging pathology.
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Conclusion

Zebrafish are a popular model system for studies of hair cell damage due to ototoxic drugs and noise, allowing
for detailed understanding of the cell signaling mechanisms that contribute to hair cell loss and subsequent
regeneration!>?738439495 However, very few studies have used this model for the most prevalent cause of hearing
impairment-advanced age. Our work conclusively shows that zebrafish exhibit age-related hair cell loss in the
inner ear and lateral line, likely due to a progressive decline in hair cell addition that is insufficient to balance
ongoing cell death. African turquoise killifish did not show robust age-related hair cell loss but did exhibit other
age-related changes, particularly in the lateral line.

Understanding the mechanisms that underlie homeostatic hair cell addition and loss of that homeostatic
process during ARHL can provide avenues for therapeutic development. Our findings suggest that studying
acute regeneration following hair cell injury may present an incomplete picture of the cell signaling events neces-
sary to maintain hair cell addition long-term or to drive cell addition under less damaging conditions. Further,
homeostatic hair cell replacement produces relatively few hair cells, as opposed to the substantial increase in cell
proliferation and hair cell addition following acute trauma. Identifying the pathways operating under homeostatic
conditions may yield therapeutic targets that generate fewer cells-not ideal under conditions of massive hair cell
loss—but perhaps sufficient to augment remaining hair cells while reducing the potential for tumor formation. As
a genetically tractable model with a lateral line system highly amenable to in vivo manipulation and observation
for longitudinal studies, zebrafish are an excellent vertebrate system to understand the mechanisms of ARHL
and to test restorative therapies.

Materials and methods

Animals

We used wildtype zebrafish (Danio rerio) of the *AB strain unless specifically noted. We used Tg (mpegl:YFP)
transgenic fish (a kind gift from M. Warchol at Washington University St. Louis) to visualize YFP + macrophages
in the inner ear®®”. For a subset of regeneration experiments we used Tg (myo6b:EGFP) transgenic fish, which
express cytosolic enhanced green fluorescent protein (EGFP) in hair cells®>%. All fish were obtained from paired
or group matings in the Coffin Lab zebrafish facility at Washington State University Vancouver and reared in the
same facility with a stocking density of 2—4 fish/liter in a recirculating aquaculture system. Fish were maintained
with a 14:10 h light:dark cycle at 28 °C with a pH ~ 7.3 (range 6.8-7.5) and conductivity 900-1100 pSiemens
(uS/cm).

All experiments utilizing African turquoise killifish were performed with the GRZ strain. Killifish were
maintained in the Stanford Research Animal Facility at Stanford University on a 12:12 light:dark cycle in a 26 °C
circulating water system, with conductivity kept between 3500 and 4500 uS/cm, pH between 6-7.5, and a daily
exchange of 10% of system water replaced with fresh water treated by reverse osmosis. Killifish embryos were
hatched in 4 °C 1 g/L humic acid (Sigma-Aldrich) in MilliQ water and incubated overnight at room temperature.
Fry were transferred to 0.8 L tanks with approximately 4 fry/tank for the first two weeks, then fry were split to
two fry per tank for the final two weeks, before animals were upgraded and individually housed in 1.8 L tanks
(males) or group-housed in 9.8 L breeder tanks (females).

Zebrafish experiments were approved by the Institutional Animal Care and Use Committee at Washington
State University (Protocol #6024). Killifish experiments were approved by the Stanford Administrative Panel
on Laboratory Animal Care (Protocol #13,645). All methods were performed in accordance with the relevant
guidelines and regulations and conform to the ARRIVE guidelines®.

For most experiments quantification was performed by a researcher blinded to animal age to reduce experi-
menter bias. The exception was for the lateral line regeneration experiments where cells were counted in live,
anesthetized animals. In this case, the size difference between old and young animals prevented accurate blinding.

Hair cell labeling and quantification

We quantified hair cells in the inner ear and lateral line of zebrafish and killifish. For the inner ear, zebrafish
were euthanized with 0.002% MS-222 and killifish, with 0.2% MS-222, then decapitated. We removed the lower
jaw, then opened a hole in the ventral portion of the braincase to expose the ears. Heads were placed in 4%
paraformaldehyde (PFA) diluted in phosphate-buffered saline (PBS) and fixed for 1-2 h at room temperature
or overnight at 4 °C. Heads were then rinsed twice in fresh PBS and the inner ears were carefully dissected and
trimmed to individually isolate the saccule, utricle, and lagena. Inner ear epithelia were labeled with fluorescently-
conjugated phalloidin to visualize the actin-rich hair bundle at the apical surface of the hair cells’”'%. Epithelia
were incubated for 1 h at room temperature in 1% Alexa 488 or Alexa 568 phalloidin (Fisher Scientific) diluted
in PBS, then rinsed in PBS and mounted on slides using Fluoromount G.

Epithelia were imaged on a Leica SP8 confocal microscope using the 20X objective and 4X digital zoom. We
imaged three saccular regions (25%, 50%, and 75% positions along the rostral-caudal axis), two regions of the
lagena, and three (zebrafish) or two (killifish) regions of the utricle (Supplemental Fig. 1). Imaging locations were
the same across epithelia within a species. We imaged one of each epithelium type (saccule, utricle, or lagena) for
each animal, selecting the epithelium that was intact (some epithelia showed signs of dissection damage, such
as forceps marks or torn edges). Hair cells were quantified from 50 X 50 um regions of interest in the center of
each image, using the cell counter plugin in Image].

Lateral line hair cells were labeled with DAPI, which serves as a hair cell-specific vital dye*”*%. Live fish were
incubated for 10 min in 1% DAPI diluted in fish water, rinsed in fresh fish water, then euthanized with MS-222
and decapitated. Opercula (gill covers) were dissected and fixed in 4% PFA as described above, then rinsed
twice in PBS and stored in 1:1 PBS:glycerol. Opercular (in PBS:glycerol) were placed on bridged coverslips and
viewed on a Leica DRMB compound microscope equipped for epifluorescence. We quantified the number of
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DAPI-labeled superficial neuromasts from each operculum using the UV filter and 200X total magnification.
Then, we randomly selected five superficial neuromasts from the caudal edge of each operculum (10 neuromasts
per fish) and quantified the number of hair cells per neuromast using the same Leica compound microscope
and 400X total magnification. Representative neuromasts were imaged with a Leica SP8 confocal microscope
using a 63X oil objective.

Cell proliferation and cell death

We used a bromodeoxyuridine (BrdU) incorporation assay to visualize cell proliferation. Zebrafish were briefly
anesthetized with 0.001% MS-222 and injected into the dorsal musculature with 50 ul of 5 mg/ml BrdU (Sigma-
Aldrich) diluted in sterile PBS. Fish were removed from anesthesia and placed in holding tanks for four hours
to allow for BrdU incorporation. We then euthanized the animals, fixed in PFA, and either dissected the ears or
the opercula (for lateral line analysis) as described above. BrdU + cells were visualized using an immunolabeling
protocol modified from Schuck and Smith*? all steps were performed at room temperature unless noted. Tissue
was incubated in 1 M HCl for 1 h at 37 °C, rinsed in 0.1 M borate buffer (pH 8.5), rinsed three times in PBS,
the incubated overnight at 4 °C with mouse monoclonal anti-BrdU (Fisher Scientific) diluted 1:100 in PBS sup-
plemented with 1% goat serum and 0.5% Triton-X. Tissue was rinsed with PBS containing 0.1% Triton-X, then
incubated for 3-4 h in goat anti-mouse secondary (Alexa Fluor 488 or 568) diluted 1:400 in PBS containing 0.1%
Triton-X. Ears were further rinsed with PBS before mounting and coverslipping. Opercula were rinsed in PBS
and stored in PBS:glycerol at 4 °C prior to imaging.

We used a TUNEL assay to detect cells undergoing programmed cell death. Zebrafish were euthanized and
inner ears were fixed and dissected as described above. TUNEL + cells were detected using the ApopTag Red or
ApopTag Fluorescein in situ detection kits (Sigma-Aldrich) using the manufacturer’s protocol with modifications
from Wilkins et al.!”!. Epithelia were mounted and coverslipped as above.

For inner ear tissue, BrdU+ or TUNEL+ cells were counted from the entire epithelium (saccule, utricle, lagena)
using a Leica DRMB compound microscope and 400X total magnification. We selected this method for the inner
ears because the epithelial boundaries are readily apparent and the supporting cells are contained within those
boundaries. For lateral line tissue, opercula were imaged on a Leica SP8 confocal microscope using the 40X oil
immersion objective. Image stacks were imported into FIJI'® (v. 2.14) and analyzed using a custom macro that
draws a circle 10 um from the edge of the DAPI-labeled hair cells at the center of the neuromast. We quantified
the number of BrdU+ cells within this 10 um boundary to encompass peripheral supporting cells.

Hair cell regeneration

We assessed zebrafish lateral line hair cell regeneration following damage with the aminoglycoside antibiotic
neomycin. We conducted a longitudinal experiment and assessed hair cells in each fish prior to damage (base-
line, day 0), immediately following neomycin damage (day 1), and after 48 and 96 h of recovery post-neomycin
exposure (days 3 and 5, respectively). Fish were held in individual 1 L tanks during the experiment and fed daily.
Fish were incubated with DAPI (see above) at baseline, 48 h post-neomycin, and 96 h post-neomycin, to label
pre-damage (baseline) and newly generated hair cells (48 and 96 h time points). DAPI label was retained for at
least 24 h, so hair cells labeled for baseline assessment were still apparent immediately after neomycin exposure.

At each time point, fish were briefly anesthetized with 0.001% MS-222 and placed in glass depression dishes
with MS-222 to maintain anesthesia. Using a Leica DRMB compound microscope, we quantified hair cells in 10
neuromasts on the caudal peduncle (base of the tail); we selected this region, rather than the operculum, because
the opercular movement in anesthetized fish made it difficult to visualize the cells. We then placed each fish in
a tank containing fresh fish water and returned them to the fish facility.

To damage hair cells, we incubated fish for 30 min in 400 uM neomycin (Sigma-Aldrich) diluted in E2 embryo
medium (EM); we used EM because the magnitude of neomycin-induced hair cell damage is dependent on the
divalent cation concentration in the medium and we wanted precise control over ion concentration!®. After
neomycin treatment, fish were rinsed twice in fresh EM and held in EM for 1 h to allow for maximum hair cell
death prior to assessment as described above!%®. We repeated the DAPI incubation protocol and assessment at
48 and 96 h post-neomycin exposure.

DAPI is a DNA-binding dye and we were concerned that long-term DAPI incorporation by living cells may
be toxic. We therefore repeated the damage and regeneration timeline described above using Tg(myo6b:EGFP)
transgenic fish as a secondary validation; lateral line hair cells in this line express cytosolic EGFP and therefore
no vital dye labeling was necessary®.

RNA-Seq

Inner ears were dissected from freshly euthanized adult zebrafish and stored in RNALater at -20 °C. Samples
were not microdissected and therefore contained sensory epithelia (saccule, utricle, and lagena), semicircular
canals, some 8 nerve endings, and underlying stromal tissue, allowing us to observe gene expression patterns in
the inner ear on a broader scale. We used ears from 3-4 animals as one pool (N =2 pools per age class) for each
sample to maximize yield. RNA was extracted with a Qiagen RNeasy Plus micro kit, and library preparation was
conducted with the SMARTer Universal kit for low input RNA samples (Takara Bio). Samples were sequenced
with an Illumina HiSeq 2500. QC analysis, sequencing, and bioinformatics analysis were performed by the
Genomics Core at WSU Spokane as previously described!®. Briefly, sequence data (FASTQ files) were aligned
to the Danio rerio reference genome (GRCz10, Ensembl) using HISAT2. Gene expression quantification and
differential expression were analyzed using featureCounts and DESeq2, respectively'®*!%>. We then generated a
dataset of genes that were differentially expressed by at least twofold between ears from young and old fish and

Scientific Reports |

(2024) 14:6670 | https://doi.org/10.1038/s41598-024-57182-z nature portfolio



www.nature.com/scientificreports/

removed genes that were not expressed in both datasets. We conducted a gene ontology (GO term) analysis using
ShinyGo v 0.77'%, with a focus on biological process annotations.

Macrophage analysis

Inner ears were dissected from euthanized Tg(mpeg: YFP) zebrafish and the YFP signal amplified using an anti-
body to GFP. Briefly, epithelia were blocked in PBS containing 0.1% Triton-X and 5% goat serum, then incubated
at 4 °C overnight in rabbit anti-GFP (ThermoFisher) diluted 1:250 in PBS with 0.1% Triton-X and 1% goat serum.
Tissue was rinsed in PBS containing 0.1% Triton-X, incubated in goat anti-rabbit Alexa Fluor 488 secondary
antibody (ThermoFisher), further rinsed in PBS, then mounted and coverslipped. Epithelia were imaged on a
Leica SP8 confocal microscope using a 20X objective and 4X digital magnification. We quantified macrophages
from three 150 X 150 pm regions per saccule and utricle and two regions per lagena, using the same epithelial
locations as described for phalloidin-labeled hair bundles.

Statistical analysis

We used one- or two-way ANOVA or t-tests to assess significant differences between sexes, depending on the
type of data and number of comparisons. We did not detect sex differences in any zebrafish experiment (p>0.05
in all cases; Supplemental Table 1). Therefore, we pooled data from both sexes for zebrafish analysis. Analysis of
sex differences in killifish is shown with the data associated with each experiment. We examined the main effects
of age and epithelium (for inner ears), or only for age (lateral line). In cases where the assumptions of normality
and equal variance were not met we used a Mann Whitney U test. For the hair cell regeneration experiments
we used a mixed-effects model, which is appropriate for a repeated measures experiment with unequal sample
sizes. Bonferroni-corrected t-tests or Tukey’s multiple comparisons tests were used for posthoc comparisons.
The specific tests used are described in the figure legends. All analyses were conducted using GraphPad Prism v.
10. Data are presented as mean + s.d. unless noted. All raw data are available upon request.

Data availability

All data are available upon request from the corresponding author.
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