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ABSTRACT

The mouse utricle model system is the best-characterized ex vivo preparation for studies of mature mam-
malian hair cells (HCs). Despite the many advantages of this model system, efficient and reliable quan-
tification of HCs from cultured utricles has been a persistent challenge with this model system. Utricular
HCs are commonly quantified by counting immunolabeled HCs in regions of interest (ROIs) placed over
an image of the utricle. Our data indicate that the accuracy of HC counts obtained using this method
can be impacted by variability in HC density across different regions of the utricle. In addition, the com-
monly used HC marker myosin 7a results in a diffuse cytoplasmic stain that is not conducive to auto-
mated quantification and must be quantified manually, a labor-intensive task. Furthermore, myosin 7a
immunoreactivity is retained in dead HCs, resulting in inaccurate quantification of live HCs using this
marker. Here we have developed a method for semi-automated quantification of surviving HCs that com-
bines immunoreactivity for the HC-specific transcription factor Pou4f3 with labeling of activated caspase
3/7 (AC3/7) to detect apoptotic HCs. The discrete nuclear Pou4f3 signal allowed us to utilize the binary
or threshold function within Image] to automate HC quantification. To further streamline this process, we
created an Image] macro that automates the process from raw image loading to a final quantified image
that can be immediately evaluated for accuracy. Within this quantified image, the user can manually cor-
rect the quantification via an image overlay indicating the counted HC nuclei. Pou4f3-positive HCs that
also express AC3/7 are subtracted to yield accurate counts of surviving HCs. Overall, we present a semi-
automated method that is faster than manual HC quantification and identifies surviving HCs with high
accuracy.
Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

adults (Huth et al., 2011; Petersen and Rogers, 2015). These high
incidences of hearing loss emphasize the importance of develop-

Aminoglycoside antibiotics are widely used to treat life-
threatening bacterial infections, and cisplatin is a platinum-based
chemotherapy drug that is highly effective in treating a variety
of cancers. However, both treatments have ototoxic side effects
that lead to permanent loss of sensory hair cells (HCs) in the in-
ner ear, resulting in permanent hearing loss and/or balance disor-
ders. Cisplatin is the most ototoxic drug in clinical use, resulting
in permanent hearing loss in up to 90% of patients (Coradini et al.,
2007; Fausti et al., 1994; Marshak et al., 2014), while aminoglyco-
side treatment causes hearing loss in approximately 20% of treated

HCs, Hair cells; SCs, Supporting cells; AC3/7, Activated caspase 3/7; ROI, Region
of Interest; ES, Extrastriola; P-ES, Posterior extrastriola; M-ES, Medial extrastriola;
L-ES, Lateral extrastriola; SD, Standard deviation; NGS, Normal Goat Serum.
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ing therapies to prevent or reverse ototoxicity.

Whole-organ cultures of utricles from adult mice represent a
well-characterized ex vivo preparation for studying the responses
of mature mammalian HCs and supporting cells (SCs) to ototoxic
drugs (Bucks et al., 2017; Burns et al., 2012a; Cunningham, 2006;
Jen et al.,, 2019; Kaur et al., 2015; Sayyid et al., 2019). The mature
mouse utricle contains approximately 3200-4000 HCs (Burns et al.,
2012b; Desai et al., 2005; Golub et al., 2012). Thus, manually
counting all utricular HCs is labor-intensive and time-consuming.
To bypass these challenges, utricular HC survival is often quantified
within preselected regions of interest (ROIs). Within these ROIs,
myosin 7a-positive HCs are manually counted to calculate the aver-
age HC density (Baker et al., 2015; Breglio et al., 2020; Sayyid et al.,
2019; Zhang et al.,, 2020). However, this method can inaccurately
reflect the HC counts from the whole utricle due to the variability
of HC density in different regions of the utricle. For instance, the
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striolar region contains fewer HCs than the extrastriolar region (ES)
and is considerably more susceptible to ototoxic drug treatment
(Cunningham et al., 2004; Ono et al., 2020; Woodson, 2013). Here,
we have explored how ROI placement across the utricle impacts
the accuracy of HC counts. We observed differential susceptibility
to ototoxic drug treatment across different ES regions of the utri-
cle. Consequently, these regional differences result in inconsistent
HC counts that depend on the placement of the ROIs on the utricle.
We have eliminated the dependency on ROI placements by devel-
oping a method to semi-automatically quantify HCs in the entire
utricle, thus, removing any regional bias. Our method uses Pou4f3,
a well-characterized HC nuclear marker conducive to automated
cell counting. This automated counting enables HC quantification
from the entire utricle. In addition, our method uses co-labeling
with activated caspase 3/7 (AC3/7) to distinguish living vs. dead
HCs. To further automate HC quantification, we created a macro
written in the Image] software package (NIH, Bethesda, MD) to
streamline this process. Upon comparison with manual HC counts
from four independent researchers, the semi-automated approach
was significantly faster while reliably producing accurate and re-
producible HC counts.

2. Methods

Animals. All animal procedures were approved by the com-
bined ACUC of the National Institute on Deafness and Other Com-
munication Disorders (NIDCD) and the National Institute of Neu-
rological Disorders and Stroke (NINDS) (protocol no. 1327). 4-
10-week old C57BL/6] (stock no. 000664) or CBA/] (stock no.
000656) mice were purchased from The Jackson Laboratory (Bar
Harbor, ME, USA). HC-specific Gfi1<"/* mice (generated by Lin
Gan, University of Rochester, Rochester, NY, USA) were a kind gift
from Ronna Hertzano (University of Maryland, College Park, MD,
USA). Offspring of Gfi1<"¢/+ mice were crossed with a transgenic
reporter mouse line B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze|]
(The Jackson Laboratory, stock no. 007914) to generate mice
that express tdTomato in HCs (Gfil-tdTomato). Quantification of
tdTomato-positive HCs from this breeding scheme revealed >90%
recombination efficiency in HCs from cultured utricles in addition
to Cre recombination in resident macrophages of the inner ear
as previously described (Matern et al., 2017; Sadler et al., 2020;
Stone et al,, 2018). In a pilot experiment, approx. 1% of cells in
the sensory epithelium of control utricles were [tdTom+/Pou4f3-],
suggesting they were tdTom+ cells that were not HCs; while ap-
proximately 0.4% of cells were [tdTom-/Pou4f3+], suggesting they
were dead HCs (data not shown). Approximately equal numbers of
male and female mice were used in each experiment. Mice were
exposed to the standard alternating 12 h light /12 h dark cycle.

Utricle cultures. Mice were euthanized using CO, followed by
decapitation. Utricles were dissected from both left and right in-
ner ear and cultured as previously described (Brandon et al., 2012;
Cunningham, 2006). Briefly, the bony labyrinth of the mouse inner
ear was removed and placed in Medium 199 (Gibco, Thermo Fisher
Scientific, cat# 12350-039). Utricles were further dissected from
the bony labyrinth, and otoconia were removed using eyelash tool
(Ted Pella Inc., cat# 113) under sterile conditions. Dissected utricles
were transferred to complete medium that contained DMEM/F12
(Thermo Fisher Scientific, cat# 11320-033), 5% heat-inactivated Fe-
tal Bovine Serum (Thermo Fisher Scientific), and 50U/ml penicillin
G (MilliporeSigma). Free floating utricles were cultured overnight
in 24- or 48-well culture plates at 37°C and 5% CO, prior to any
experimental manipulation.

Neomycin sulfate solution (final concentration 3mM, 140mg/ml,
VetOne) or cisplatin (final concentration 30ug/ml, WG Critical
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Care, LLC, Paramus, NJ) was supplemented in complete medium
and equilibrated in the incubator for at least 2 h to reestab-
lish a neutral pH. Utricles were then treated with either com-
plete medium or medium supplemented with neomycin or cis-
platin and incubated at 37°C and 5% CO, for 24 or 45 h. To la-
bel apoptotic cells, we incubated utricles in medium containing
7uM CellEvent™ (ThermoFisher Scientific, cat# C10423) that de-
tected activated caspase 3/7 for one hour. Subsequently utricles
were fixed for 2-3 h at room temperature in 4% paraformalde-
hyde (PFA), which was diluted from 16% PFA (Electron Microscopy
Sciences, cat# 15710-S) in PBS. The CellEvent™ can only be used
in living biological samples, but the fluorescent substrate is sta-
ble and retains fluorescence after formaldehyde-based fixation
methods.

Immunostaining and confocal image acquisition. Fixed utri-
cles were incubated in blocking buffer (0.3% Triton X-100, 3%
NGS, and 2% BSA in PBS) for 1-3 h at room temperature, fol-
lowed by incubation in primary antibodies (diluted in blocking
buffer) overnight at 4°C. The primary antibodies used in this study
were directed against myosin 7a (Proteus Bioscience, cat# 25-
6790, 1:200), Pou4f3 (Santa Cruz Biotechnology, cat# sc-81980,
clone QQ8, 1:200), or oncomodulin (Santa Cruz Biotechnology, cat#
sc-7446, 1:200). Utricles were then incubated with Alexa Fluor-
conjugated fluorescent secondary antibodies (Thermo Fisher Scien-
tific, 1:500-1:2000 in blocking buffer) for 1 to 2 h at room tem-
perature. Subsequently, utricles are mounted on glass slides us-
ing Fluoromount-G aqueous mounting medium (Southern Biotech,
cat# 0100-01) and coverslipped to flatten the utricle under the
weight of the coverslip. However, due to the three-dimensional
bowl-shaped architecture of the utricle, the macula in a whole-
mount utricle will not be flat after mounting. Instead, the center
of the utricle will be farther away from the coverslip, and the pe-
riphery of the macula will be closer to the coverslip. This curvature
remains visible under the confocal laser-scanning microscope and
increases the number of z-stack images that are required to cap-
ture all regions of the macula. Confocal z-stacks with a step size
of 0.5 pm will usually generate 25-38 z-stack images that suffi-
ciently capture the entire macula despite the curved surface of the
utricle. Additionally, maximum intensity projection accurately rep-
resents the z-stack images and only minimally affects the perfor-
mance of the automated quantification of HCs. However, quantifi-
cation performed on maximum intensity projection of z-stack im-
ages can cause the automated cell counting algorithm to miscount
two or more overlapping nuclei as a single nucleus. Therefore, we
emphasize the importance of the manual correction step following
the automated step.

Z-series images through the entire utricular macula were col-
lected using a x20 0.8 N.A. Plan-Apochromat objective (x0.7 optical
zoom) and an Axiovert 200M inverted microscope with a confocal
scan head (Carl Zeiss Microscopy LSM780 or LSM880) equipped
with an Airyscan detection unit controlled by Zen v2.3 software.
Identical settings for pinhole, gain, and offset were used between
samples for each experiment. Acquired Airyscan data sets were
processed using Zen 2.3 SP1 Black software (Carl Zeiss version
14.0.0.0).

Quantification of HCs. Two methods of HC quantification were
performed using the freely available, open-source Image] soft-
ware (Fiji; version 2.1.0; National Institutes of Health, Bethesda,
MD). First, we manually quantified myosin 7a-positive HCs from
50 x 50um (2500um?2) regions of interest (ROIs) selected from
four different regions of each utricle: 5 ROIs in the posterior ex-
trastriola (P-ES), 4 ROIs in the lateral extrastriola (L-ES), 4 ROIs in
the medial extrastriola (M-ES), and 4 ROIs in the striola (Fig. 1B).
Free statistical computing R software (https://www.r-project.org/)
was used to compute all 320 possible combinations of average HC
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counts calculated by selecting one ROI from each region within an
individual utricle as shown below.

Hair cell counts/2500um?
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Second, Pou4f3-positive HC nuclei in the entire utricle were
quantified both manually and semi-automatically. For semi-
automated counts, confocal z-stack images of utricles were im-
ported to Image] and merged to generate maximum intensity pro-
jection images. The clear separation between the nuclear Pou4f3
fluorescent signal and background allowed for image segmenta-
tion using the “Make Binary” command, which automatically cal-
culated the threshold by analyzing the histogram. For lower reso-
lution/quality images, the signal threshold was set manually using
the “Threshold” command. Due to the abundance of HCs in con-
trol utricles, maximum intensity projection images often contained
HC nuclei that appeared to be partially overlapping. To increase
the accuracy of the semi-automated quantification, these overlap-
ping nuclei were separated using the “Watershed” command and
were counted using the “Analyze Particle” command that gener-
ated a numbered outline around each nucleus. The “Analyze Parti-
cle” settings (size (micron"2) = 21-infinity and circularity = 0.3-
1) were adjusted to reflect the average area of the Pou4f3 signal
observed in living HCs, which ranged between 20 and 68 pm?
(data not shown). These results were added to the "ROI manager"
to allow the overlay of the nuclear outlines on the original z-slice
image to visually verify HC count accuracy. Finally, a macro was
developed to integrate a series of Image] commands to simplify
the process of automated HC quantification. Examples of the orig-
inal utricle images, the macro code, and an instructional video are
included in the website (https://www.nidcd.nih.gov/research/labs/
section-sensory-cell-biology). Following the automated HC count,
the original image that was overlayed with the Pou4f3 signal out-
line was further assessed for mis-quantified HCs and manually cor-
rected using the “Multi-point Tool” to add or subtract HCs in Im-
age] to obtain the final HC count. Manual counts were also per-
formed using the “Multi-point Tool” function.

Myosin 7a immunoreactivity and tdTomato expression in utri-
cles from Gfil-tdTomato mice were used to count HCs using
the approach described above. Specifically, tdTomato+ HCs were
semi-automatically quantified and myosin 7a+ HCs were manually
quantified (myosin 7a-label fills the HC cytoplasm while excluding
the nucleus and therefore does not allow for automated counting)
from the whole utricle. HC counts from using all three markers
were then compared to each other.

The area of the sensory epithelium in control utricles were
slightly larger than the area in neomycin-treated utricles in both
C57BL/6 and CBA/] mice (Supplemental Fig. 2C). Thus, to stan-
dardize the area for our counts, we normalized all the HC counts
from the whole utricle to 180,0004m?2, which was determined by
averaging the area of the sensory epithelium from control and
neomycin-treated utricles.

Quantification of activated caspase 3/7 signal in the sensory ep-
ithelium. To quantify dead or dying cells exclusively in the mac-
ula of the utricles, activated caspase 3/7 (AC3/7) signal that was
detected outside the boundaries of the sensory epithelium or in
the stromal layer (where no Pou4f3 labeling is observed) was se-
lectively removed throughout the confocal z-slices using a custom
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Image] macro that is included in the supplementary information.
The AC3/7 signal in the sensory epithelium in these images was
subsequently quantified using the same macro that was developed
to quantify Pou4f3-positive HCs.

Statistics. All statistical analyses were performed using Prism
8 software (GraphPad, San Diego, CA). The Shapiro-Wilks normal-
ity test was used to confirm the normal distribution of the data.
Student’s t-test was used to compare two groups. Comparisons of
multiple groups were subjected to ordinary one-way ANOVA with
Tukey’s post-hoc multiple comparisons test. Data are presented as
mean + SD throughout. Statistical significance is indicated as: (*) P
< 0.05, (**) P < 0.01, (***) P < 0.001, (****) P < 0.0001. P-value
above 0.05 (P>0.05) was considered non-significant and is indi-
cated as “ns”.

3. Results
3.1. HC numbers vary by region within the utricle

A widely used method to quantify utricular HCs is to manu-
ally count myosin 7a-positive HCs in selected ROIs and average
the number of HCs per unit area for each utricle (Baker et al.,
2015; Burns et al., 2012a; Sayyid et al., 2019; Zhang et al., 2020).
To investigate the variability of HC density within the same re-
gion of the utricle, HCs in control and neomycin-treated utricles
from C57BL/6 WT mice were labeled using myosin 7a and im-
aged (36x magnification). Five 50 x 50um (25004m?2) ROIs were
placed in the posterior extrastriolar region (P-ES), and HCs were
quantified for each ROI (Fig. 1A). A representative image of a sin-
gle utricle from the control group showed low variability (6.7%)
ranging from 63 to 75 HCs per ROl In contrast, HC counts from
neomycin-treated utricle exhibited higher variability (30.5%) rang-
ing from 19 to 41 HCs per ROI (Fig. 1A). The high variability in
neomycin-treated utricle compared to control utricle was verified
across multiple utricles (Table 1). Specifically, within neomycin-
treated utricles, lower HC counts were consistently observed in ROI
#2 (19 HCs) compared to either ROI #1 (41 HCs; **p = 0.029) or
ROI #5 (37 HCs; *p = 0.0491) (Fig. 1A, data not shown). Variabil-
ity was assessed using coefficient of variation using the formula
(HCsp/HCmean) X 100 (Table 1).

Next, we examined whether a regional variation in HC den-
sity across the utricle may impact HC counts obtained using
the ROI counting method. Control and neomycin-treated utricles
from C57BL/6 and CBA/] WT mice were labeled with HC markers
myosin 7a, Pou4f3, and the striolar marker oncomodulin. HCs were
counted in 4-5 50 x 50pum (25004m?2) ROIs placed in four utric-
ular regions (P-ES, L-ES, M-ES, and striola) and averaged. Fig. 1B
shows placement of these ROIs in a control utricle. In both con-
trol and neomycin-treated utricles, the density of HCs was lower
in the striolar region than in the ES regions. Interestingly, while
the density of HCs was similar in all three ES regions in the con-
trol utricles, the M-ES region in the neomycin-treated utricles was
more susceptible to neomycin-induced HC death than the P-ES and
L-ES regions (Fig. 1C,D), highlighting the variance in HC counts
introduced by ROI placement using this method. To investigate
the extent to which HC counts vary by ROI selection, we ran-
domly selected one ROI from each of the four regions and aver-
aged the number of HCs for both control and neomycin-treated
utricles (Fig. 1E-H). All 320 possible combinations of ROIs per utri-
cle (P-ES: 5 ROIs, L-ES: 4 ROIs, M-ES: 4 ROIs, Striola: 4 ROIs) were
used to calculate average HC counts using a free statistical com-
puting software R (https://www.r-project.org/). Depending on the
ROI selection within the same utricle, a difference of up to 18 HCs
(<5.9% variability) and 13 HCs (<8.3% variability) per 2500.m?
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Fig. 1. Regional variation in HC density across the utricle

Utricles were cultured in control or neomycin-containing medium for 24 h and labeled with antibodies against Pou4f3 (yellow), myosin 7a (gray), or oncomodulin (magenta,
outlined in yellow dashed line). (A) Five ROIs for HC counting were placed in the P-ES region of both a control and a neomycin-treated utricle. The neomycin-treated utricle
demonstrates variable HC densities in the five selected ROIs. Scale bar: 50um. (B) 4-5 50 x 50um (2500.m?) ROIs were placed in four utricular regions (P-ES, L-ES, M-ES,
and striola). Scale bar: 100xm. (C,D) HC counts within each ROI were assessed from (C) C57BL/6 and (D) CBA/] WT mice, and the averaged HC density was determined. Each
data point represents the average HC density of an individual utricle. In both mouse strains, striolar HC densities are significantly reduced compared to those in the ES in
control and neomycin-treated conditions. In addition, HC densities from M-ES are lower than HC densities from other ES regions in the neomycin-treated utricles. (E-H) ROI
selection within a region impacts HC quantification. Using one ROI from each of the four regions of the utricle, all 320 possible combinations of ROIs were used to calculate
average HC densities from control and neomycin-treated utricles from either (E,F) C57BL/6 or (G,H) CBA/] WT mice. Each data point represents the average HC density of one
ROI combination. X-axes labeled in (E-H) indicate individual utricles (Ctrl 1-3 and Neo 1-5). Data indicate the mean & SD for n = 3-5 utricles per condition. Significance was
assessed by one-way ANOVA, followed by Tukey’s test to account for multiple comparisons. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, and P > 0.05 was denoted as
“ns”.

Table 1
Variability in HC density per 2500.m? ROL

Postertor ES region: 50x50um (2500um?) ROI #1-5

Hair Cell Counts

Mouse Stain Treatment HCpin HCrax Range Mean SD Coefficient of Variation
l'[Cmax‘HCmin (HCSD/HCmean ) x100

C57BL/6 (n=3 urticles from 3 mice) Control 56 66 10 61 5.38 8.82

CBA/] (n=3 urticles from 3 mice) Control 48 55 7 50 7.51 15.02

C57BL/6 (n=3 urticles from 3 mice) Neomycin 23 38 15 29 6.92 23.86

CBA/] (n=5 urticles from 5 mice) Neomycin 29 39 10 34 8.21 24.15

HC counts were obtained from five 50 x 50m (2500m?) ROIs placed in the posterior utricular region (P-ES). Average maximum and minimum HC counts
from 3 to 5 utricles per group are shown. Standard deviation (SD) was used to derive coefficient of variation using the formula, (HCsp/HCmean) x 100,
suggesting that neomycin-treated utricles have higher variability in HC density compared to the control utricles. n values represent the number of utricles.

3.2. Pou4f3 is a reliable HC nuclear marker suitable for automated
HC quantification

were observed for control and neomycin-treated utricles respec-
tively (Fig. 1E-H). These data confirm that ROI selection within a
region can significantly affect average HC counts, and they empha-
size the demand for more accurate and unbiased methods of HC
quantification.

To obtain accurate HC counts, we sought to quantify the en-
tire population of HCs from the utricle, thereby avoiding any re-
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Fig. 2. Pou4f3 is a reliable HC nuclear marker suitable for automated HC quantification

Utricles from Gfil-tdTomato mice expressing tdTomato in HCs were cultured in either control or neomycin-containing media for 24 h. (A,B) Representative confocal images
showing the three HC markers: Pou4f3 (yellow), tdTomato (magenta), and myosin 7a (blue). (A’,B’) Magnified inset images (from area in the red box in panel A,B) show the
posterior region of the utricle. Scale bars: (A,B) 100m, (A’,B’) 20pum. (C) HC density obtained using each of the three HC markers resulted in similar HC counts within each
group. (D) Compared to controls, neomycin-treated utricles contained significantly more [myosin 7a+/tdTomato-] HC corpses. A similar increase was observed in [myosin
7a-+[Pou4f3-] HCs. Data indicate the mean + SD for n = 6-7 utricles per condition. Significance was assessed by one-way ANOVA, followed by Tukey’s test to account for
multiple comparisons. ****P < 0.0001 and P > 0.05 was denoted “ns”.

gional bias. Previous studies have shown that the number of HCs supplemented medium for 24 h, fixed, and labeled with all three
in freshly dissected and immediately fixed utricles from healthy HC markers, Pou4f3, tdTomato, and myosin 7a. Single-color and

adult mice ranges from 3200 to 4000 (Burns et al., 2012b; De- two-color fluorescent images of HC markers showed similar ex-
sai, et al., 2005; Li et al., 2008). Manually counting all utricular pression patterns and colocalization for all three HC markers
HCs, especially in a large data set, is thus a labor-intensive and (Fig. 2A,A’,B,B’). Quantification of HCs using each HC marker indi-
time-consuming task. Additionally, the commonly used HC marker vidually as well as a combination of two markers showed no statis-
myosin 7a results in a diffuse cytoplasmic stain that is not con- tical differences within each treatment group (Fig. 2C). Meanwshile,
ducive to automated quantification and HCs must be counted man- we observed a statistically significant reduction in HC counts be-
ually. More importantly, myosin 7a immunolabeling is retained in tween control and neomycin groups regardless of which HC mark-
dead HCs, making it impossible to accurately quantify surviving vs. ers was used (Fig. 2C). This suggests that all three HC markers
dead HCs after ototoxic drug treatment (Monzack et al., 2015). resulted in similar HC counts. Using tdTomato as a live cell indi-

Pou4f3 is a HC-specific transcription factor that is present in cator (Monzack et al., 2015), we found 4-fold increase of [myosin
both developing and mature HCs and is critical for their survival 7a+[tdTomato-] dead HCs (HC corpses) in neomycin-treated utri-
(Erkman et al., 1996; Xiang et al., 1997a). Immunofluorescent stain- cles compared to controls (Fig. 2D). These data are consistent with
ing of Pou4f3 results in a highly specific and discrete nuclear signal our previous report indicating that myosin 7a immunoreactivity
in HCs in the adult mouse cochlea and utricle, making it suitable is retained in dead HCs. Interestingly, most of these myosin 7a-

for automated quantification (McInturff et al., 2018; Tong et al., positive corpses were Pou4f3-negative, suggesting that Pou4f3 im-
2015). To identify whether Pou4f3 is a suitable HC marker munolabeling is less likely than myosin 7a to be retained in dead
for automated quantification and labels live HCs, we examined HCs in neomycin-treated utricles.

utricles from adult Gfi1<e/* x B6.Cg-Gt(ROSA)26Sortm14(CAG-

tdTomato)Hze/] (Gfil-tdTomato) mice for tdTomato-positive HCs. 3.3. Pou4f3 and activated caspase 3/7 co-labeling indicates HC

This tdTomato label was selected because we have previously  viability

demonstrated that, unlike myosin 7a, tdTomato fluorescence is

not retained in dead HCs (Monzack et al., 2015). Utricles from To develop a reliable method for confirming HC survival that
these transgenic mice were cultured in control or neomycin- does not require the use of transgenic mice expressing tdTomato,
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CellEvent™ was used to label activated caspase 3/7 (AC3/7) in control and neomycin-treated utricles from Gfil-tdTomato mice. HC markers, Pou4f3 (yellow), tdTomato
(magenta), and myosin 7a (blue), were assessed along with AC3/7 (dead/dying cells; cyan). (A,B) Confocal images of whole-mount utricles show that neomycin results in
an increase in AC3/7-positive cells. Scale bar: 100um. (B’) Magnified inset images (from yellow box in panel B) show that AC3/7 expression did not co-localize with either
Pou4f3+ cells (white circles) nor tdTomato+ cells (yellow circles) in neomycin-treated utricles. Scale bar: 30um. (B”) Magnified inset images (from white box in panel B’)
show myosin 7a immunoreactivity in HCs expressing AC3/7. Scale bar: 15um. (C) Compared to control utricles, neomycin-treated utricles showed a significant increase in HCs
expressing AC3/7. (D) In control conditions, <0.25% of HCs (43 HCs per 3476 total HCs) expressing AC3/7 retained tdTomato or immunoreactivity for myosin 7a or Pou4f3. In
contrast, neomycin-treated tissue shows a significant increase in HCs that express AC3/7 while retaining myosin 7a immunoreactivity (90/1864 HCs, <5%). Significantly fewer
AC3/7-positive HCs retained Pou4f3 immunoreactivity or tdTomato (14/1803 HCs, <0.8%). Data indicate the mean + SD for n = 6-7 utricles per condition. Significance was
assessed by one-way ANOVA, followed by Tukey’s test to account for multiple comparisons. ****P < 0.0001 and P > 0.05 was denoted “ns”.

we tested the activated caspase 3/7 (AC3/7) marker, CellEvent™,
to detect apoptotic cells in the utricle. Control and neomycin-
treated utricles from Gfil-tdTomato expressing mice were labeled
for AC3/7. AC3/7 was detected in both the sensory epithelium
and the stromal layer of neomycin-treated utricles, suggesting that
neomycin killed not only HCs but also cells in the stromal layer.
To quantify AC3/7 signals exclusively in the sensory epithelium,
an Image] macro was generated to remove AC3/7 signal in the
stromal layer (Supplemental Fig. 1). Compared to control utricles,
neomycin-treated utricles contained significantly more cells ex-
pressing AC3/7 (Fig. 3A-C), indicating that AC3/7 efficiently detects
dead or dying HCs. On average, only 14 Pou4f3+ or tdTomato+
HCs (<1% of HC population) were positive for AC3/7 per neomycin-
treated utricle. This comparison of the AC3/7 signal with tdTomato
labeling, a living HC marker (Monzack et al., 2015), verifies that
AC3/7 is a reliable marker of HC death. Importantly, both td-
Tomato and Pou4f3 signal inversely correlated with AC3/7 label-

ing, suggesting that Pou4f3 labeling correlated with living HCs in
the neomycin-treated condition (Fig. 3B’). In contrast, an average
of 90 myosin 7a+ HCs (>5% of all myosin 7a+ HCs) were also pos-
itive for AC3/7 in the neomycin-treated utricles, again confirming
that these were dead HCs that retained myosin 7a immunoreactiv-
ity (Fig. 3B”,D). Together these data demonstrate that Pou4f3 is a
reliable HC nuclear marker that is less likely than myosin 7a to be
retained in dead HCs.

3.4. Semi-automated quantification of Pou4f3-positive HC nuclei

Quantification of HC density by counting a subset of HCs in
ROIs reduces the accuracy and increases the variability of HC
counts due to the intrinsic differences in HC density across dif-
ferent regions of the utricle (Fig. 1). Given that Pou4f3 is a suit-
able HC marker with a highly specific and discrete nuclear sig-
nal, we developed a method for semi-automated quantification of
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Fig. 4. Semi-automated quantification of Pou4f3-positive HC nuclei using Image] macro
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(A) Semi-automated analysis algorithm. (B-D,D’) Z-stack images of utricles stained for Pou4f3 were acquired using confocal microscopy, imported to Image], and processed
using an Image] macro that automates Pou4f3-positive (magenta) HC quantification. (B) Pou4f3-positive nuclear signal (magenta) was converted to (C) black and white image
(binary image) based on the selected threshold. The “Threshold” function allows the user to choose a cutoff value, determined either manually or automatically by analyzing
the histogram of the current image (Image] >> Image >> Adjust >> Threshold), in which only pixels above the cutoff value are considered signal. The “Analyze Particles”
command measures objects, draws an outline around the signal, and counts the outlined signal in the binary image. The output results can be reviewed via a (D) Pou4f3
signal outline overlay (cyan outline) indicating the counted nuclei, and any mis-quantification can be (D’) manually corrected. If more than one Pou4f3 nucleus was present
within a single outline after the automated count, the additional Pou4f3 nucleus was manually marked using a yellow dot and added to the overall cell count. Scale bars:
(B-D) 100um (D) 30pum. (E-F) HCs from control and neomycin-treated utricles were quantified by 3-4 observers (Individuals A-D) using both the manual and the semi-
automated methods. “Macro Raw” indicates HC counts obtained from the automated method, “Macro Adjusted” indicates the final HC counts following manual correction
of HC counts of the automated method (semi-automated method), and “Manual” indicates HCs counted entirely manually using the “Multi-point Tool” function in Image].
Significance was assessed by one-way ANOVA, followed by Tukey’s test to account for multiple comparisons. (G,H) The semi-automated method significantly reduced the
time required to quantify HCs in both (G) control and (H) neomycin-treated utricles. Data indicate the mean + SD for n = 6-7 utricles per condition. Significance between
two groups was assessed by unpaired student’s t-test. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, and P > 0.05 was denoted as “ns”.

all the HCs in the entire utricle by staining adult utricles using
this marker. To define the nuclear Pou4f3 signal in HCs, images
of Pou4f3-stained utricles were processed using the “Threshold”
command within Image], a function that allows the users to de-
fine both low and high threshold values and only pixels that fall
within this specified range are used to generate a binary image.
Additionally, the watershed function was utilized to define nuclei
borders in areas where nuclei in the maximum intensity projection
images were overlapping. The output results were reviewed using
the Pou4f3 outline overlay displaying counted HC nuclei, and any
mis-quantification was manually corrected (Fig. 4A-D,D’). Lastly, we
scripted an Image] macro to streamline the entire workflow from
raw image loading to the generation of the final quantified image.

To test the accuracy of our semi-automated quantification
across users, HCs were counted by 3-4 independent observers (In-
dividuals A-D) using both the manual and the semi-automated
methods. While the HC counts using the automated method
(Macro Raw; gray upside-down triangle) were initially lower than
manual counts (Manual; orange circle) in control conditions, this
difference was abolished after users corrected the automated
counts using the overlay of Pou4f3 outlines obtained from the au-
tomated quantification (Macro Adjusted; blue diamond) (Fig. 4E).
In contrast, HC counts from neomycin-treated utricles were not

significantly different between manual counts and semi-automated
counts for any individual observer (Fig. 4F). Moreover, the semi-
automated method significantly reduced the time required to
quantify HCs in both control and neomycin-treated utricles. The
semi-automated method was on average 21 min faster (time spent
reduced by 31%) when counting control utricles and 30.6 min
faster (time spent reduced by 66.9%) when counting neomycin-
treated utricles (Fig. 4G-H). Together, these data show that the ad-
justed semi-automated counts were as accurate as manually count-
ing all HCs within an individual utricle, while having the benefit of
significantly decreasing the time required to perform the quantifi-
cation.

3.5. Neither myosin 7a nor Pou4f3 are reliable markers for HC
viability in cisplatin-treated utricles

Our previous work demonstrated that SCs actively phagocy-
tose HCs in neomycin-treated utricles, and this phagocytic ac-
tivity was impaired in cisplatin-treated utricles. This lack of SC-
mediated phagocytic activity of dead HCs results in a significantly
higher number of [myosin 7a+/tdTomato-] dead HCs (HC corpses)
in cisplatin-treated utricles relative to neomycin-treated utricles
(Monzack et al., 2015). Given the differences in the cellular re-
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Fig. 5. Cisplatin-treated utricles require a live/dead cell indicator in addition to Pou4f3

Control or cisplatin-treated utricles (24 and 45 h) were labeled for AC3/7, Pou4f3, and myosin 7a. (A-C) Confocal images of cisplatin-treated utricles show increased numbers
of cells with AC3/7 at 24 and 45 h compared to control utricles. (A’-C’) Magnified inset images (from yellow box in panels A-C). (B’) Utricles exposed to cisplatin for 24h
exhibited minimal overlap between AC3/7 and Pou4f3 ([AC3/7+/Pou4f3-], white squares). (C') In contrast, utricles exposed to cisplatin for 45 h displayed a significant increase
in HCs that showed co-localization of Pou4f3 and AC3/7, indicating that Pou4f3 immunoreactivity is retained in dead HCs at 45 h, ([AC3/7+/Pou4f3-+], white circles; [AC3/7-
/Pou4f3+], yellow circles). Scale bar: (A-C) 100um and (A’-C') 30um. (D) HC density was reduced while (E) AC3/7 expression increased with increasing duration of cisplatin
treatment. (F) The percentage of dead/dying HCs (AC3/7-positive) that retain both myosin 7a and Pou4f3 immunoreactivity in cisplatin-treated utricles at 45 h. (D-F) Each
data point represents cell counts from an individual utricle. Data indicate the mean & SD for n = 8-10 utricles per condition. Significance was assessed by one-way ANOVA,
followed by Tukey’s test to account for multiple comparisons. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, and P > 0.05 was denoted “ns”.

sponses to these two ototoxic drugs, we tested whether Pou4f3 la-
beling was co-localized with AC3/7-labeling during cisplatin treat-
ment, contrary to what was observed in neomycin-treated utri-
cles. Control or cisplatin-treated (24 and 45 h) utricles were la-
beled for AC3/7, Pou4f3, and myosin 7a. Cisplatin-treated utricles
showed a significant increase in cells with AC3/7 at both time-
points compared to the control utricles (Figure 5A-C). The num-
ber of living HCs [Pou4f3+/AC3/7-] was reduced and AC3/7 ex-
pression increased with prolonged duration of cisplatin treatment
(Fig. 5D,E). Utricles exposed to cisplatin for 24h exhibited mini-
mal co-expression of AC3/7 and Pou4f3, similar to our observa-
tions in neomycin-treated utricles (Fig. 5B’). In contrast, utricles
exposed to cisplatin for 45h displayed significant co-expression of
AC3/7 and Pou4f3, indicating that Pou4f3 immunoreactivity is re-
tained in dead HCs in cisplatin-treated utricles (Fig. 5C’). A dis-
cernable variability in the intensity of the Pou4f3 immunoreactivity
suggested that [Pou4f3+/AC3/7-] HCs may display stronger Pou4f3
signal intensity compared to [Pou4f3+/AC3/7+] HCs (Fig. 5C).
However, this difference did not eliminate the need to confirm cell
survival and death using a secondary method such as AC3/7 label-
ing. In addition, similar percentages of Pou4f3-positive and myosin

7a-positive HCs also expressed AC3/7 (Fig. 5F). These results high-
light the importance of the use of a secondary method (such as
AC3/7 labeling) to confirm HC viability in utricle explants treated
with ototoxic drugs, since dead HCs can retain both myosin 7a and
Pou4f3 immunoreactivity in cisplatin-treated utricles.

4. Discussion

Whole-organ cultures of utricles from adult mice represent a
well-characterized and widely used ex vivo preparation for studies
of mature mammalian HCs and SCs, particularly in response to oto-
toxic drugs (Breglio et al., 2020; Burns et al., 2012a; Hartman et al.,
2010; Sayyid et al., 2019). Many investigators (ourselves included)
who utilize this model system to study the HC responses to oto-
toxic drugs have visualized HCs by immunostaining cultured utri-
cles for the HC marker myosin 7a. Myosin 7a immunostaining re-
sults in cytoplasmic staining that is not conducive to automated
cell counting methodologies and must be quantified manually. The
standard method to quantify myosin 7a-positive HCs is by placing
multiple ROIs in the ES region of each utricle, manually count HCs
from each ROI, and calculate the average HC density (Baker et al.,
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2015; Burns et al., 2012a; Sayyid et al., 2019; Stone et al., 2018;
Zhang et al., 2020). This method assumes that HCs are uniformly
distributed throughout the utricle, and that HCs in each ROI are
equally susceptible to ototoxic drug-induced HC death. However, in
both control and neomycin-treated utricles, the average HC counts
per ROI from four regions (P-ES, L-ES, M-ES, and striola) showed
variable HC density emphasizing that the specific placement of the
ROIs, placed either regionally or broadly across the utricle, can in-
troduce substantial variability in the HC quantification within a
single utricle (Fig. 1). Therefore, our results indicate that the most
accurate quantification would require counting of all the HCs in
the utricle, a time-consuming and labor-intensive task using man-
ual counting methods.

To improve the accuracy and time efficiency of HC quantifica-
tion, we used the HC-specific transcription factor Pou4f3 to de-
velop a method for automated HC quantification. Pou4f3 is a tran-
scription factor that is selectively expressed in HCs and plays an
essential role in their maturation and maintenance in the cochlea
and vestibular system (Erkman et al., 1996; McInturff et al., 2018;
Tong et al., 2015; Xiang et al., 1997b; Zhang et al., 2016). Impor-
tantly, its discrete expression pattern in the nucleus makes Pou4f3
a suitable marker for automated HC quantification.

A number of software applications are available for auto-
mated cell quantification including, Image] (Schindelin et al., 2012;
Schneider et al., 2012), CellProfiler (Carpenter et al., 2006), and
Matlab (Mathworks Ltd, Natick, MA). Methods for the quantifica-
tion of branched microglial cells, apoptotic retinal ganglion cells,
or fluorescently labeled migrating cells using a semi-automated
cell counting algorithm have been successfully developed in Mat-
lab (Al-Khazraji et al.,, 2011; Bizrah et al., 2014; de Gracia, et al.,
2015; Talebizadeh et al., 2017). However, this commercially avail-
able software is expensive and requires computer coding skills.
Both CellProfiler and Image] are free, open-source image process-
ing packages designed to analyze multidimensional images. In this
study, a semi-automated image analysis method was developed
in Image] to quantify HC nuclei that were labeled with Pou4f3
from the entire utricle. Similar approaches have been used to
semi-automatically count a variety of cell features/types, includ-
ing fluorescently labeled bone marrow-derived macrophage nuclei,
dendritic spines, or senescent cells (Lozano-Gerona and Garcia-
Otin, 2018; Orlowski and Bjarkam, 2012; Trout and Holian, 2019).
Our study is the first to apply this method to counting the HCs
from the entire utricle.

While the fully automated approach consistently missed ap-
proximately one-third of the total number of HCs in control utri-
cles (23054107 HCs | 32544313 total HCs), the semi-automated
approach adds a manual correction step following the automated
step (approx. 950 HCs). This addition of a manual correction step
resulted in HC counts with an accuracy similar to those obtained
manually (Fig. 4E). The incomplete detection of HCs in the auto-
mated step is primarily attributable to the close proximity of the
HC nuclei. When z-stack images of the utricle are projected into
a single 2D image, adjacent Pou4f3-positive HC nuclei in different
planes may partially overlap, causing the automated cell counting
algorithm to miscount two or more overlapping nuclei as a sin-
gle nucleus. This is in part due to the normal positioning of nu-
clei of the two types of HCs in the utricle, in which type I HC nu-
clei are generally located deeper in the sensory epithelium than
type II HC nuclei, which are located closer to the luminal surface
(Pujol et al., 2014; Sun et al., 2015). This unique three-dimensional
anatomical location of HC nuclei poses a challenge to using a fully
automated algorithm alone to count HCs. These overlapping nu-
clei are observed quite frequently in control utricles due to the
dense population of HCs. Compared to control utricles, neomycin-
treated utricles demonstrated fewer instances of miscounted “over-
lapping” HCs, with less than 10% error prior to manual adjustment.
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On average, 1538 HCs were detected by the automated algorithm
in neomycin-treated utricles, and 131 HCs were added manually
to obtain a total of 1668 HCs. The improved accuracy of the auto-
mated cell count in utricles treated with neomycin was likely due
to neomycin-induced HC death, which reduced the density of HCs
and thus resulted in fewer "overlapping” nuclei. Although our data
show no statistical differences between automated (Macro Raw)
and semi-automated (Macro Adjusted) HC counts in neomycin-
treated utricles (Fig. 4F), we manually check the HC count of every
utricle regardless of experimental condition, and we recommend
this approach as a mean to maximize accuracy and reproducibility
of HC quantification.

The main advantages of the semi-automated method are that
it results in accurate counts that are not impacted by regional
variation in HC density, and it reduces the time required for HC
quantification. Our data indicate that HC quantification using the
semi-automated method presented in this study is approximately
21 min faster (time spent reduced by 31%) in control utricles and
30.6 min faster (time spent reduced by 66.9%) in neomycin-treated
utricles compared to the manual quantification method (Fig. 4G,H).
This is a significant reduction in the time required for quantita-
tive studies, particularly since most studies require several utri-
cles (n = 5-20) in each experimental group (Baker et al., 2015;
Breglio et al.,, 2020; Ku et al., 2014; Li et al., 2008; Wang et al.,
2015).

A prerequisite for accurate HC counts using this method of
analysis is the requirement to obtain high resolution images of
the whole utricle. In this study, we used a Zeiss LSM780 confo-
cal microscope equipped with an Airyscan detector and a 20x/0.8
N.A. lens for the acquisition of high-resolution images. Images
of neomycin-treated utricles acquired using traditional confocal
microscopy resulted in sufficient resolution to perform semi-
automated quantification with high accuracy due to the reduced
density of HCs. However, optical resolution required for reliably de-
tecting all HCs in certain utricle regions using the semi-automated
method can be at times insufficient in control utricles with dense
HC populations. Due to the unique bowl-shaped architecture of the
utricle, utricular regions that are farther away from the coverslip
will receive more out of focus light, increasing the possibility of
spherical aberrations, and reducing the image resolution. Perform-
ing semi-automated counts on images acquired under these condi-
tions increases the number of misquantified HCs that users must
manually correct. This can be addressed by selecting optimal sam-
pling frequencies, i.e., choosing a sampling interval (the number of
pixels and the distance between pixels) equal to twice the highest
spatial frequency of the specimen to accurately preserve the spa-
tial resolution in the resulting digital image to achieve the Nyquist
criterion, or using an Airyscan detector with improved resolution
and signal-to-noise ratio (Huff, 2015).

HCs quantified from the entire utricle can be presented as ei-
ther “HCs per utricle” or normalized to the area of the macula (e.g.
HC density or HC per unit area). Given our observation that the
area of the sensory epithelium decreases in neomycin-treated tis-
sue (Supplemental Fig. 2C), presumably due to HC loss, we decided
to present HC counts using the latter method. Nonetheless, either
choice for presenting utricular HC counts is appropriate and can
be used with the semi-automated quantification described herein.
Previous reports for total HC numbers from adult animals indi-
cate that utricles from C57BL/6 mice contain more HCs per utri-
cle (3,849+46, P50 and 3,770+106, P80) compared to CBA/] mice
(3246458, adult), consistent with our observation (Burns et al.,
2012b; Desai, et al., 2005) (Supplemental Fig. 2A). While the HC
counts differed between the two mouse strains, the variability of
HC counts was very low (1-3%). Assuming no damage was intro-
duced during utricle dissection, this low variability in the number
of HCs across multiple utricles within the same mouse strain sug-
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gests that untreated adult utricles contain a consistent HC num-
ber. Therefore, when utricles are exposed to ototoxic drugs (e.g.
cisplatin or neomycin), the loss of HCs can be solely attributed to
the effect of the treatment without any normalization procedures.

However, mouse utricles are small and fragile, and me-
chanical damage during utricle dissection is a common occur-
rence. In addition, we have observed that utricles treated with
neomycin shrink slightly, leading to variability in the utricle size.
The average area of the sensory epithelium in control utricles
(C57BL/6 = 194,585+10,234um?; CBA/] = 186,125+8,229m?)
are slightly larger than the area in neomycin-treated utricles
(C57BL/6 = 183,984+6,995um?; CBA/] = 176,041+4,167um?) (Sup-
plemental Fig. 2C). Therefore, normalization to the macula area can
allow the inclusion of utricles with minimal damage incurred dur-
ing dissection. The average macula area of all utricles, from both
control and neomycin treatment groups, used in this study was
approximately 180,0004m2. We used this value to normalize HC
counts obtained from the entire utricle. Because 180,000um? is
generally smaller than the macula area size of control utricles, the
number of HCs can appear lower than what has been reported by
others that displayed HC counts per utricle (Burns et al., 2012b;
Desai et al.,, 2005; Golub et al.,, 2012; Li et al., 2008) (Supplemen-
tal Fig. 2A,C). While this normalization can be an effective method
to include minimally damaged utricles, it is also important to note
that experiments in which the treatment itself can affect the mac-
ula area, such as HC regeneration or HC rescue experiments, have
the potential to mask the changes in the HC counts when normal-
ized to area size and plotted as HC density. Therefore, when plot-
ting HC counts as density, it is important to confirm that the data
agree with data presented as “per utricle”.

This semi-automated counting method using the Image] macro
script can be modified to utilize other tissue biomarkers and is
therefore widely applicable for quantifying other subpopulations
of cells in the utricle. For example, CellEvent™ is comprised of
a non-fluorescent dye conjugated with tetrapeptide sequence Asp-
Glu-Val-Asp (DEVD) recognized by caspase 3/7. Activation of cas-
pase 3/7 in apoptotic cells leads to cleavage of the DEVD pep-
tide and the dye translocates to the nucleus where it binds to
DNA, resulting in fluorescent signal. Therefore, utricles labeled
with CellEvent™ provide a robust nuclear signal that allows quan-
tification of cells undergoing apoptosis using the semi-automated
method (Supplemental Fig. 1). In addition, utricles from Gfil-
tdTomato mice express tdTomato in both the cytoplasm and the
nucleus of HCs (Monzack et al., 2015), showing discrete tdTomato
signal for each HC, making it possible to use the semi-automated
method to count tdTomato-positive HCs. Finally, Sox2 is a tran-
scription factor expressed in the nucleus of SCs and type II HCs but
not in type I HCs in the utricle (Bucks et al., 2017; Oesterle et al.,
2008). The difference in the 3D spatial location, in which type I
HC nuclei are located just above the SC nuclei closer to the lumi-
nal surface allows easy identification of the two cell types from
confocal images of the utricle (Pujol, et al.,, 2014). Thus, utricular
SCs and type Il HCs labeled with Sox2 could, in theory, be quanti-
fied, respectively, using the semi-automated method presented in
this study.

The ability to distinguish between living vs. dead cells is im-
perative for most studies that utilize HC quantification as an out-
come. While Pou4f3 is a well-characterized HC marker, its relia-
bility to detect exclusively living HCs or both living and dead HCs
had not been previously examined. We reported that expression of
tdTomato in HCs from Atohl-tdTomato transgenic mice served as
a reliable indicator that a HC is alive, while loss of tdTomato ex-
pression coincided with loss of membrane integrity and HC death
(Monzack et al., 2015). We also reported that the common HC
marker myosin 7a is present in both living and dead HCs and can-
not be used to indicate HC survival (Monzack et al., 2015). Al-
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though Atoh1-tdTomato expression in HCs reliably reports HC vi-
ability, it is not practical for all studies to incorporate a transgenic
mouse model for this purpose. In this study, we examined whether
Pou4f3 immunostaining is retained in dead HCs. Our data indicate
that (1) myosin 7a immunoreactivity is retained in dead HCs, con-
sistent with our previous work, and (2) compared to myosin 7a,
Pou4f3 immunoreactivity is less likely to be observed in dead HCs
in neomycin-treated utricles. However, it is important to note that
Pou4f3 immunoreactivity was observed in both live and dead HCs
in cisplatin-treated utricles, as discussed below.

In contrast to neomycin treatment, Pou4f3+ HCs corpses were
frequently observed in cisplatin-treated utricles (Fig. 5C’). Previ-
ous studies have shown that dead HCs are phagocytosed by sur-
rounding SCs to clear cellular debris in both the cochlea and
the utricle (Bird et al, 2010; Bucks et al., 2017; Forge et al.,
1998; Hayashi et al, 2020; Li et al, 1995; Monzack et al,
2015; Raphael and Altschuler, 1991). Our live-cell imaging stud-
ies showed that SCs actively phagocytose HCs that were killed by
neomycin treatment, while this phagocytic activity was impaired
in cisplatin-treated utricles (Monzack et al., 2015). Our observation
of Pou4f3 immunoreactivity in HCs killed by cisplatin exposure is
consistent with this model in which cisplatin damages SCs, impair-
ing their ability to engulf and remove dead HCs and resulting in
the accumulation of HC corpses in the sensory epithelium.

The duration of myosin 7a or Pou4f3 retention in dead HCs is
unknown and determining how long this retention persists will
likely require a live imaging approach similar to the one we em-
ployed in our previous study (Monzack et al., 2015). Dead HCs are
removed by the phagocytic activity of the surrounding SCs (Bird
et al., 2010; Monzack et al., 2015). Our previous study suggests that
SC phagocytic activity is reduced by nearly 50% in cisplatin-treated
utricles compared to neomycin-treated utricles (Monzack et al.,
2015). These data are in agreement with our observation that both
myosin 7a and Pou4f3 immunoreactivity are retained in dead HCs
in cisplatin-treated utricles. Therefore, it is possible that myosin
7a or Pou4f3 may be retained in dead HCs indefinitely until they
are engulfed by phagocytes (either SCs or macrophages). Thus, it is
critical to use a cell death marker in conjunction with HC mark-
ers to identify living HCs. CellEvent™ is limited to treating tissue
culture cells or ex vivo preparations of organ wholemounts. There-
fore, staining with an antibody against cleaved caspase-3 or TUNEL
labeling are also appropriate methods for detecting apoptotic
cells.

In conclusion, our data indicate that Pou4f3 is a suitable HC
nuclear marker for semi-automated HC quantification. However,
Pou4f3 immunoreactivity alone does not report whether the la-
beled HC is alive or dead, particularly in the cisplatin-treated con-
dition, in which dead HCs are not efficiently removed from the
sensory epithelium. Thus, for studies in which HC survival is an
important outcome measure, it is essential to confirm HC viabil-
ity using a secondary method, such as AC3/7 labeling. The semi-
automated method we present in this study uses an Image] macro
to quantify Pou4f3-positive HCs in the entire utricle, increasing the
accuracy of the quantification of HCs while significantly reducing
the time required for accurate quantification. The Image] macro
code and video providing step by step instructions for using the
Image] macro cell counter can be found on the website (https:
//www.nidcd.nih.gov/research/labs/section-sensory-cell-biology).
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