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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Aristidis Tsatsakis Carbonic anhydrase (CA) catalyzes reversible hydration of CO5 to HCO3™ to mediate pH and ion homeostasis.

Some chemical pollutants have been reported to have inhibitory effects on fish CA. In this study, we investigated

Keywords: effects of a CA inhibitor ethoxyzolamide (EZA) on neuromasts development during zebrafish embryogenesis,
Zebraﬁ?h since embryogenesis in aquatic organisms can be particularly sensitive to water pollution. EZA caused alteration
g:;gzn;;:;hiﬁrase of pH and calcium concentration and production of reactive oxygen species (ROS) in larvae, and induced
Hair cill apoptosis in hair cells especially in the otic neuromast, in which CA2 was distributed on the body surface. nRNA
Neuromast levels of apoptotic genes and caspase activities were increased by EZA, whereas anti-oxidants and apoptotic
Apoptosis inhibitors, Bax, NF-kB, and p53 inhibitors significantly relieved the induction of hair cell death. Also, mRNA

levels of Bip and CHOP, which are induced in response to ER stress, were upregulated by EZA, suggesting that
EZA induces otic hair cell apoptosis via the intrinsic mitochondrial pathway and ER stress. Our results demon-
strated an essential role of CA in neuromast development via maintenance of ion transport and pH, and that the

CA, which is directly exposed to the ambient water, shows marked sensitivity to EZA.

1. Introduction

Carbonic anhydrase (CA, EC 4.2.1.1.) catalyzes reversible hydration
of CO, to bicarbonate (HCO3™) in various processes, including pH
regulation, inorganic carbon (CO3 and HCO3 ™) and ion transport, and
maintenance of the hydroelectrolytic balance, in bacteria, plants and
animals [1,2]. Some heavy metals, pharmaceuticals, and agrichemicals,
which are recognized as important emerging environmental contami-
nants, were reported to have inhibitory effects on CA [3-7]. Thus, there
are growing concerns about ecotoxicity of these CA inhibitors [8-11].

Zebrafish (Danio rerio) has recently emerged as a promising verte-
brate model to evaluate the toxicity of chemical compounds, including
drug candidates [12]. The zebrafish system has been applied to the
assessment of novel CA inhibitors (anticancer inhibitors of CA IX [13,
14], inhibitors of Mycobacterium tuberculosis p-carbonic anhydrase [15]).
Some studies showed that CAs in gills and lateral line neuromasts
located on the body surface show marked sensitivity to CA inhibitors,
because these organs are directly exposed to the ambient environment

and are critical for maintaining body fluid homeostasis [16,17].

Our previous study demonstrated that a cytosolic isoform, CA2
(previously termed CA2a), and a membrane-bound isoform, CA15a, are
localized in hair cells and in the apical region of epithelial cells in the
inner ear at the beginning of zebrafish embryogenesis, respectively [5].
It has been suggested that these CA isoforms play a central role in the
transport of calcium, protons and bicarbonate ions, and thereby in
optimal pH regulation and fluid homeostasis in the inner ear [18,19].
Also, loss of function of anion exchanger 1 (AE1) and Cl”/HCO3~
exchanger, which are major regulators of intracellular pH, leads to
acidification of the endolymph in the inner ear and hair cell death in
neuromasts [20].

Hair cells are present not only in the inner ear but also in neuromasts
of the lateral line system, these cells being morphologically and func-
tionally similar to each other. Thus, we assumed that CA also plays a
significant role in the formation of neuromasts, and investigated the
molecular mechanism of EZA-induced hair cell death, measuring
changes in pH, the reactive oxygen species (ROS) and calcium levels,
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and the mRNA levels of apoptotic genes and caspase activities. Our re-
sults demonstrated that EZA effectively induces the intrinsic pathway of
apoptosis through caspase activation and ER stress, via generation of
ROS.

2. Materials and methods
2.1. Experimental animals

Zebrafish (RIKEN WT), which were kindly provided by RIKEN NBRP,
were maintained as previously descrived [5]. Fertilized eggs were
collected during the early hours of the morning and incubated in
0.3xDanieau’s solution [21] at 28 °C until they were used in the ex-
periments [5].

2.2. Drug treatment of embryos

Normally developing larvae at 6 h post-fertilization were selected,
and treated with EZA (Sigma-Aldrich, USA) and its solvent, DMSO [0.1
% (v/v)]-containing 0.3xDanieau’s solution. For the control group,
DMSO [final concentration, 0.1 %(v/v)] was added. For observation of
the effect of Ca>* on EZA-induced hair cell death, high calcium medium
containing CaCly (Fujifilm Wako Pure Chemical Corporation, Japan) at
five times the normal concentration was used [final concentration,
0.9 mM].

To assess the roles of anti-oxidants and apoptotic inhibitors in EZA-
induced hair cell death, the following drugs were used together with
80 ppb (310 nM) EZA from 6 h to 3 days post-fertilization (dpf). Each
agent, which had been dissolved in DMSO in advance, was diluted to a
final concentration of 0.1 % DMSO (v/v) with 0.3xDanieau’s solution,
and was used at the optimum concentration that affected hair cell death
without causing morphological changes.

Anti-oxidants included glutathione (GSH: 40 pM; Sigma-Aldrich,
USA), allopurinol (ALO: 1 mM; Sigma-Aldrich, USA), D-methionine
(MET: 100 pM; Sigma-Aldrich, USA). Buthionine sulfoximine
(BSO:1mM; Sigma-Aldrich, USA), which is a pro-oxidant, was used as a
negative control.

Apoptotic inhibitors included Bay 11-7085 (400 pM; Tokyo Chemical
Industry, Japan), SN-50 (1 mM; Fujifilm Wako Pure Chemical Corpo-
ration, Japan), (+)-1-(3,6-dibromocarbazol-9-yl)-3-piperazin-1-yl-
propan-2-ol (Bax inhibitor: 1 mM; Abcam, Japan), and Pifithrin-o (PIF-
a: 1 mM; Sigma-Aldrich, USA).

For morphological assessment, after exposure to various concentra-
tions of EZA from 6 h to 3 dpf, embryos in which some lesions and
mortality were observed were recorded, as described previously [5].

2.3. Carbonic anhydrase assay

CA activity of zebrafish larvae that had been treated with 0.3, 1.3, 5,
20, 80, 310, and 1240 ppb (1.2, 4.8, 19, 77, 310, 1200, 5000 nM) EZA
for 3 days was measured as previously described [5]. For each treat-
ment, three replicates of forty larvae (about 10 pL) were washed three
times and homogenized in 0.3 xDanieau’s solution (about 510 pL). To 20
pL of the resulting cytosol fraction, 80 pL of distilled water was added,
and then bubbled with CO». To initiate the reaction, 100 pL of imidazole
buffer (20 mM imidazole, 5 mM Tris, 0.2 mM p-nitro-phenol, pH 9.5)
was added to the solution, and CA activity was determined spectro-
photometrically at 410 nm. The activity was expressed as a percentage
of the control.

2.4. Staining of hair cells in neuromasts

Neuromast hair cells in zebrafish larvae were labeled with fluores-
cent dye YO-PRO-1 (Thermo Fisher Scientific, USA), which can stain
cellular nuclei by binding to DNA. Zebrafish larvae (four replicates,
three larvae each) were incubated in 0.3 xDanieau’s solution containing
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3 pM YO-PRO-1 for 15 min, rinsed three times with 0.3 xDanieau’s so-
lution, and then anesthetized with 0.001 % buffered MS-222. The
labeled hair cells in otic neuromasts were observed under a Leica
DM2500 microscope with a green fluorescence filter set and an Olympus
DP10 camera.

2.5. Morpholino-oligonucleotides injection

Antisense morpholino-oligonucleotides (MO) specific for CA2
(approximately 3 ng) in 1x Danieau’s solution were injected into the
yolk of one-cell embryos [22].

2.6. Immunohistochemical analysis

To examine the localization of CA2, zebrafish larvae at 1, 3, 5 dpf
were overanesthetized, fixed in 10 % neutral buffered formalin and then
embedded in paraffin. Tissue sections were de-paraffined and boiled for
20 min in a 1 mM EDTA (pH 9.0) solution by means of microwaving.
Subsequently, the sections were immersed in methanol containing 0.5 %
H,0; for 30 min at room temperature to inhibit endogenous peroxidase
activity, and then, blocked with 1% goat serum in PBS containing 0.25 %
Triton (PBST) to prevent the non-specific binding of the antiserum. The
sections were washed several times with PBST and incubated with
rabbit-CA2 antibody (diluted 1:1,000) for 30 min at room temperature.
After incubation, the antibody was visualized by using a Vectastain Elite
ABC kit (Vector Laboratories, USA) and a Vector SG peroxidase substrate
kit (Vector Laboratories, USA). After dehydration, the slides were
mounted with Entellan new (Merck Millipore, Germany).

2.7. pH imaging

For pH imaging, zebrafish larvae (three replicates, three larvae each)
were treated with 0.3, 1.3, 5, 20 and 80 ppb EZA for 3 days. The larvae
were incubated with 50 pM BCECF-AM (Invitrogen, USA) for 25 min at
room temperature. After washing three times with 0.3 xDanieau’s so-
lution, the larvae were anesthetized in 0.001 % buffered MS-222. The
fluorescence intensity was measured using a microplate reader (Spec-
traMax M5, Molecular Devices) with excitation at 438 nm or 513 nm
and emission at 535 nm. The fluorescence intensity ratio as to 513 and
438 nm excitation was determined.

2.8. Detection of ROS

The production of ROS in zebrafish larvae was determined using
membrane-permeable fluorescent dye 2’,7’-dichlorodihydrofluorescin
diacetate (Molecular Probes DCFH-DA; Thermo Fisher Scientific, USA)
according to the method of Zeng et al. [23] with a minor modification.
Three replicates of twenty larvae that had been treated with 0.3, 1.3, 5,
20 and 80 ppb EZA for 3 days were homogenized in CytoBuster protein
extraction buffer (Merck, Germany). And the homogenate was centri-
fuged at 15,000 x g at 4 °C for 20 min. The supernatant was incubated for
30 min with DCFH-DA in PBS (pH7.4). The fluorescence intensity was
measured using a microplate reader (SpectraMax M5, Molecular De-
vices) with excitation and emission at 485 nm and 530 nm, respectively.
The ROS levels were estimated based on a DCF (dichlorofuorescein)
standard curve, and expressed as an arbitrary unit (ug DCF /mg protein)
and as a percentage of a control.

2.9. Staining for mitochondrial membrane potential

For mitochondrial membrane potential staining, zebrafish larvae
(three replicates, three larvae each) were treated with 80 ppb EZA for 3
days were incubated in 10 nM TMRE (tetramethylrhodamine ethyl ester
perchlorate, dissolved in DMSO; Thermo Fisher Scientific, USA) for
20 min at 28.5 °C. After washing three times in 0.3 xDanieau’s solution,
the larvae were incubated with 3 pM YO-PRO-1 for staining of hair cells
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nuclei. Then samples were rinsed three times with 0.3xDanieau’s so-
lution and anesthetized with 0.001 % buffered MS-222. The labelled
cells in otic neuromasts were observed under a Leika DM2500 micro-
scope with a red fluorecence filter set for TMRE staining and a green
fluorescence filter set for YO-PRO-1 staining with an Olympus DP71
camera.

2.10. Calcium imaging

For calcium imaging, zebrafish larvae (three replicates, three larvae
each) were treated with 0.3, 1.3, 5, 20 and 80 ppb EZA for 3 days. The
larvae were incubated with 5 pM Fura-2 AM (Dojindo Chemicals, Japan)
for 30 min at room temperature, and then washed three times with
0.3xDanieau’s solution. The fluorescence intensity was measured using
a microplate reader (SpectraMax M5, Molecular Devices) with excita-
tion at 340 nm or 380 nm and emission at 510 nm. The fluorescence
intensity ratio as to 340 and 380 nm excitation was determined.

2.11. Cell proliferation assay

S-phase cells labeled with 5-bromo-2-deoxyuridine (BrdU) in otic
neuromasts in zebrafish larvae were counted according to the method of
Harris et al. [24] with a minor modification. Zebrafish larvae (three
replicates, three larvae each) treated with 80 ppb EZA for 3 days were
incubated in 10 mM 5-bromo-2-deoxyuridine (Sigma Aldrich, Japan) for
24 h at 28.5 °C starting at 1 h after EZA treatment. The larvae were then
fixed with a 4% paraformaldehyde phosphate buffer solution (PFA)
overnight at 4 °C. The fixed larvae were rinsed twice in fresh PBS and
then dehydrated in a graded methanol series. Then, larvae were digested
with 10 pM proteinase K (Sigma Aldrich, Japan) for 20 min, washed in
PBST, and refixed in 4% PFA for 20 min. After washing twice in PBST,
the larvae were incubated in 2 N HCI for 60 min at room temperature
and rinsed three times in PBST. The larvae were blocked in 10 % normal
goat serum for 1 h at room temperature and then incubated with the
monoclonal primary anti-BrdU antibody (1:200 dilution; Santa Cruz,
USA) overnight at 4 °C. After three washes, Alexa Fluor 488-conjugated
secondary antibodies (Thermo Fisher Scientific, USA) were added at a
dilution of 1:200 in the blocking solution, followed by incubation for 2 h
at room temperature. Nuclei were labeled with 4°,6-dia-
midino-2-phenylindole (DAPI; 1:1000 dilution; Thermo Fisher Scienti-
fic, USA) for 15 min at room temperature. Labelled cells in otic
neuromasts were observed under a Leika DM2500 microscope with an
Olympus DP71 camera.

2.12. Acridine orange/Ethidium bromide staining

Apoptotic cells in zebrafish larvae were labeled with Acridine orange
and Ethidium bromide (Thermo Fisher Scientific, USA). Zebrafish larvae
(three replicates, three larvae each) treated with 0.3, 1.3, 5, 20 and
80 ppb EZA for 3 days were incubated in 0.3xDanieau’s solution con-
taining 5 pM Acridine orange/Ethidium bromide for 20 min, rinsed
three times with 0.3xDanieau’s solution, and then anesthetized with
0.001 % buffered MS-222. Apoptotic cells appeared as obvious bright
spots in otic vecicle were observed under a Leica DM2500 microscope
with a green fluorescence filter set and an Olympus DP10 camera.

2.13. RNA isolation, cDNA synthesis and qRT-PCR

For quantitative reverse transcription-PCR (qRT-PCR) analysis,
zebrafish larvae treated with 80 ppb EZA for 3 days were used. Total
RNA was extracted from 3 replicates of 30-40 larvae or larvae’s inner
ears using Nucleo spin reagents (Takara Bio, Japan) according to the
manufacturer’s instructions. First strand cDNA was synthesized from
200 ng total RNA using a PrimeScript RT reagent kit (Takara Bio,
Japan). The PCR was performed using SYBR premix Ex Taq II (Takara
Bio, Japan) and a Takara Real-time PCR System. PCR thermal profiles
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comprised 45 cycles of 95 °C for 5 s and 60 °C for 30 s. The mRNA levels
were expressed relative to the transcription level of the reference gene,
B-actin. The relative quantification of gene expression was analyzed
from the measured threshold of cycle (CT) using the 2™ AACT ethod.
The primers used for the analysis are listed in Table 1 and Matsumoto
et al. [5].

2.14. Caspase activity

Three replicates of twenty-five larvae that had been treated with
80 ppb EZA for 3 days were washed in PBS and homogenized in cold
buffer [0.32 mM sucrose, 20 mM HEPES, 1 mM MgCl,, and 0.5 mM
phenylmethyl sulfonylfuoride (PMSF)]. The homogenate was centri-
fuged at 15,000xg at 4 °C for 10 min, and the supernatant was assayed
for caspase 3/7, 8, and 9 activities using Caspase-Glo reagents (Caspase-
3/7, 8, and 9 assay system; Promega Corporation, Japan) according to
the manufacturer’s instructions. Luminescence was recorded with a
microplate reader (SpectraMax M5, Molecular Devices). Caspase activ-
ities were expressed as percentages of the controls.

2.15. Statistical analyses

All experiments were independently repeated three to four times; all
data are represented as means and standard deviations. Statistical
analysis was performed using the SAS system for windows (version 9.3
TS level 1M2, SAS Institute Inc., CA, USA). Statistical comparisons were
made using the two-tailed Student’s t-test or, for multiple comparisons,
one-way ANOVA followed by a Dunnet test. Values are mean + S.D. P-
value of <0.05 indicates statistical significance.

3. Results
3.1. Effect of EZA on zebrafish larval neuromast development

Our previous study demonstrated that treatment of larvae with
80 ppb (310 nM) EZA from 6 h to 5 dpf specifically inhibits otolith
formation [5]. A similar tendency was also observed when treated from
6 h to 3 days post-fertilization (Fig. 1A). Then, the effect of EZA on CA
activity was examined with crude extracts of larvae treated for 3 days
(Fig. 1B). CA activity significantly decreased in all treated groups
(treatment with 0.3, 5, 80, 310, and 1240 ppb EZA caused about 15, 25,
35, 50, and 78 % reduction of CA activity, respectively, as compared to

Table 1
Sequences of primers for the apoptosis-related genes tested.

Gene Sequence of the primer (5’-3")
Bax F GGAGGCGATACGGGCAGT
R TTGCGAATCACCAATGCTGTG
Bel-2 F TGGGCTCATCTCCTTCTCC
R TCTCCTCACAGCTCCACATC
Bid F ATGGGACAGTGGTGCAGTTTT
R AATCTTTCACTTCTCTAACTGCTCAACA
P53 F GGCAATCCGAAAGTCGATAA
R CTGTCGTTTTGCGCCATT
Caspase-3 F GGCAGATTTCCTCTATGCATACTC
R CATGAGCCGGTCATTGTG
Caspase-8 F GATGAGAACCTGACAAGCGGTGATG
R GCTCATCCAGTCGCAGAATCAGGT
Caspase-9 F AAATACATAGCAAGGCAACC
R CACAGGGAATCAAGAAAGG
NF-xB p65 F AAGATGAGAACGGAGACACGC
R TACCAGCAATCGCAAACAACG
CHOP F AAGGAAAGTGCAGGAGCTGA
R TCACGCTCTCCACAAGAAGA
Bip F AAGAGGCCGAAGAGAAGGAC
R AGCAGCAGAAGCCTCGAAATA
. F ATTGCTGACAGGATGCAGAAG
practin R GATGGTCCAGACTCATCGTAC TC
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Fig. 1. Effects of EZA exposure on CA activity and otic neuromast development and location of CA in otic neuromasts. (A) Effects of EZA during zebrafish
development. Analysis was performed at 3 dpf; 20 embryos were observed for each dose. The values are percentage of abnormal embryos. NAD, no abnormality
detected; KT, kinked tail; PF, irregular pectoral fin; YE, Yolk edema; HE, Heart edema; OTO, small otolith. (B) Effects of EZA on CA activity. CA activity in the cytosol
fraction of larvae treated with various concentrations of EZA for 3 days was measured at 3 dpf. (C) Effects of EZA on CA mRNA levels. mRNA levels of CA2, 2b and
15a in larvae treated with 80 ppb EZA for 3 days was determined at 3 dpf. The mRNA levels were measured by quantitative real-time PCR using the comparative Ct
method. B-Actin was used as an internal control for normalization. (D) Effects of EZA on otic neuromast. Hair cells of otic neuromasts labeled with YO-PRO-1 after
exposure to various concentrations of EZA for 3 days were counted. (E, F) Location of CA in otic neuromast. Localization of CA2 in otic neuromasts of normal
zebrafish at 5 dpf (E) and 1-5 dpf (F) visualized by immunohistochemical staining. Transverse sections of otocysts in non-treated (E, F) and MO-injected (E) larvae
were stained with rabbit anti-CA antiserum. The values are expressed as arbitrary units and as percentages of the control. The data are means + SD (n = 3). Asterisks
indicate significant differences from the control (ANOVA followed by Dunnet’s test: *p < 0.05, **p < 0.01).

the control). This result, especially the decrease around 80 ppb, was
considered to reflect the EZA amount absorbed into larvae rather than
the CA concentration, since the CA expression did not seem to be
affected so much by EZA treatment at 80 ppb (Fig. 1C). In further ex-
periments, effect of up to 80 ppb of EZA on otic neuromast development
was investigated, because 80 ppb (310 nM) is high enough to inhibit CA
of zebrafish in vitro [the Ki of EZA for CAH-Z (CA2b in zebrafish) is
0.12 nM [25]], and EZA’s specific effect was clearly observed in otolith
formation at 80 ppb (Fig. 1A). For reference, LD5( of EZA at 5 dpf has
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been reported to be 9 pM [13], consistent with data in our previous
study [5].

To investigate the effects of EZA treatment during neuromast
development, we determined the number of hair cells in otic neuromasts
of zebrafish larvae after labeling hair cell nuclei with the fluorescent dye
YO-PRO-1, which specifically binds to DNA (Fig. 1D). The stained hair
cells in otic neuromasts decreased in a concentration-dependent manner
(8.3 £ 0.5 stained hair cells in control group, 8.0 + 0.8 stained hair cells
at 0.3 ppb, 7.5 + 0.6 stained hair cells at 1.3 ppb, 6.5 + 0.6 stained hair
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cells at 5 ppb, 5.8 + 1.0 stained hair cells at 20 ppb, and 5.5 + 0.6
stained hair cells at 80 ppb).

In the previous studies, we showed the distribution of CAs in the hair
cells of the inner ear epithelium during zebrafish development [5]. Since
the structure and function of hair cells in the inner ear epithelium are
similar to those of hair cells in neuromasts, CA was expected to be also
expressed in hair cells in otic neuromasts. Actually, cytosolic enzyme
CA2 was detected in hair cells of otic neuromasts, while CA2
MO-injected larvae hardly reacted with anti-CA2 antibodies (Fig. 1E).
During embryogenesis, CA2 was not detected at 1 dpf, while at 3 dpf,
when neuromast formation began, anti-CA2 antibodies labeled hair cells
(Fig. 1F). There is a possibility that the CA that was expressed in hair
cells of otic neuromasts contributed to maintenance of intracellular pH,
and homeostasis of redox and ionic balance, and its inhibition by EZA
treatment caused hair cell death during neuromast development.

3.2. Effects of EZA on pH and ROS level

The disruption of cellular homeostasis, including pH and ion bal-
ance, induces oxidative stress and apoptosis of hair cells [26,27]. Also, in
mammals, CA inhibitor was reported to induce apoptosis by increasing
the ROS level [28]. To examine the hypothesis that the increase in hair
cell damage can be accounted for by pH alteration and oxidative stress,
pH imaging and ROS measurement were performed. The pH alteration
in zebrafish larvae was detected as changes in fluorescence intensity of a
soluble pH-sensitive probe, BCECF-AM (Fig. 2A). The fluorescence ratio
(513 nm/438 nm) in larvae treated with 0.3 ppb EZA for 3 days was
clearly decreased as compared to in the control (Fig. 2A: 2.4 + 0.6 in
control, 1.5 + 0.3 at 0.3 ppb, 1.2 + 0.2 at 1.3 ppb, 0.8 + 0.5 at 5 ppb,
0.4 £ 0.2 at 20 ppb, and 0.7 &+ 0.4 at 80 ppb), indicating that CA inhi-
bition leads to a pH decrease in larvae. The fluorescence intensity ratios
in all treated groups were significantly lower than those in the control
group.

The generation of ROS was detected using DCFH-DA and the level
was expressed as a percentage of the control (Fig. 2B). The ROS level was
significantly increased above 1.3 ppb (203 % at 0.3 ppb, 260 % at
1.3 ppb, 240 % at 5 ppb, 276 % at 20 ppb, and 266 % at 80 ppb).

3.3. Effects of EZA on mitochondrial transmembrane potential and Ca®*
concentration

Oxidative stress can be a trigger of mitochondrial damage such as
alteration of membrane permeability, and disruption of Ca?* homeo-
stasis and the mitochondrial defense system [29]. Of these, we focused
on the mitochondrial transmembrane potential, which reflects mito-
chondrial functionability, assessing it using the TMRE staining assay. As
shown in Fig. 3, the fluorescence intensity in hair cells in otic
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neuromasts treated with 80 ppb EZA for 3days was clearly decreased
(Fig. 3A). At this dose, zebrafish larvae showed no obvious histopatho-
logical changes in otic neuromasts.

To determine the role of Ca?" in EZA-induced hair cell death, we
treated zebrafish larvae with 80 ppb EZA in high calcium medium
(including a 5-fold higher concentration of Ca2+) (Fig. 3B). There were
5.7 + 0.6 stained hair cells in otic neuromasts of 80 ppb EZA-treated
larvae for 3 days, which was significantly lower than in the control
(10.3 £ 0.6 hair cells per neuromast). With EZA treatment in high cal-
cium medium, significantly more hair cells (9.0 & 0.0 hair cells)
remained viable, when compared to EZA treatment alone for 3 days. The
number of hair cells on treatment with only high calcium medium
(9.7 £ 0.6 hair cells) was comparable to that in the control even after 3
days.

Further, the calcium level in zebrafish larvae was measured as
changes in fluorescence intensity of calcium indicator dye, Fura-2 AM
(Fig. 3C). The fluorescence ratio (340 nm/380 nm) in larvae treated
with EZA for 3 days was clearly decreased as compared to in the control
(1.2+0.3 in control, 1.0 £0.1 at 0.3 ppb, 0.9 +0.3 at 1.3 ppb,
0.5 + 0.04 at 5 ppb, 0.6 + 0.3 at 20 ppb, and 0.6 + 0.07 at 80 ppb),
indicating that CA inhibition leads to a calcium level decrease in larvae.

3.4. Hair cell death in otic neuromasts is prevented by anti-oxidants

Since the ROS levels in zebrafish larvae were significantly increased
by EZA (Fig. 2B), we further focused on the effects of anti-oxidants on
hair cell damage in otic neuromasts (Fig. 4). Zebrafish were co-treated
with EZA and GSH, allopurinol (ALO) or D-methionine (MET) as an
anti-oxidant, or buthionine sulfoximine (BSO), an inhibitor of GSH
synthesis, as a pro-oxidant. As shown in Fig. 4, the average number of
hair cells per otic neuromast on treatment with 80 ppb EZA was clearly
decreased as compared to in the control group, while co-treatment with
BSO and EZA significantly enhanced the hair cell death. In contrast, co-
treatment with all of the anti-oxidant agents significantly reduced the
EZA-induced hair cell death. There were 9.7 + 0.6 stained hair cells of
otic neuromasts in the control group, and 6.3 + 0.6 stained hair cells of
otic neuromasts on EZA treatment for 3 days, which was in clear contrast
to the anti-oxidant co-treatments. The numbers of stained hair cells of
otic neuromasts in GSH and EZA, ALO and EZA, and MET and EZA for 3
days co-treated larvae were 8.7 +0.6, 9.0 0.0, and 8.3 + 0.6,
respectively.

3.5. Effect of EZA on otic neuromast cell proliferation

Since hair cell damage in otic neuromasts was observed with EZA
treatment (Fig. 1D), cell proliferation and apoptotic cells were further
investigated (Fig. 5). The effect of EZA on cell proliferation in otic

B

350
300
250 |
200
150

100
50 r
0

0

% k% ok

ROS level
(% of control)

03 13 5 20 80

EZA concentration (ppb)

Fig. 2. pH decrease and ROS generation in larvae induced by EZA. (A) pH decrease in larvae on EZA treatment. pH changes in 3-dpf larvae treated with
0-80 ppb EZA for 3 days. (B) The ROS levels in 3-dpf larvae treated with EZA. The levels are expressed as percentages of the control. The data are means + SD
(n = 3). Asterisks indicate significant differences from the control (ANOVA followed by Dunnet’s test: *p < 0.05, **p < 0.01).
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Fig. 3. Effects of EZA on mitochondrial transmembrane potential in otic neuromasts (A) and Ca%* concentration in larvae (C), and relief of EZA toxicity by
Ca?t (B). (A) The mitochondrial transmembrane potential of otic neuromast cells in larvae (3 dpf) treated with 80 ppb EZA for 3 days was assessed by tetrame-
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are means + SD (n = 3). Asterisks indicate significant differences from the control (ANOVA followed by Dunnet’s test: **p < 0.01).

neuromasts was examined by determining the number of S-phase cells
labelled by BrdU (Fig. 5A). EZA treatment obiously reduced the number
of BrdU-labeled cells, suggesting that CA inhibition causes repression of
progression to the S-phase of the cell cycle in neuromasts.

Furthermore, apoptotic cells in otic vesicle was evaluated by Acri-
dine orange/Ethidium bromide(AO/EtBr) staining (Fig. 5B). EZA treat-
ment resulted in a concentration-dependent increase in AO/EtBr-
positive cells in the otic vesicle. The numbers of AO/EtBr-positive cells
treated with 1.3, 5, 20 and 80 ppb EZA for 3 days were statistically
increased as compared to in the control (Fig. 5B: 1.6 + 1.4 in control,
2.4 +1.1at0.3 ppb, 3.8 + 1.3 at 1.3 ppb, 4.6 + 1.3 at 5 ppb, 5.3 & 1.0
at 20 ppb, and 8.3 £+ 1.7 at 80 ppb).

3.6. Effects of EZA on mRNA expression of apoptosis-related genes and
caspase activities

In a previous paper, we suggested that EZA may affect otic genesis
via the apoptosis pathway [5]. Also, pH alteration and oxidative stress,
which can induce apoptosis, were detected in larvae treated with EZA
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(Fig. 2). Thus, in this study, the expression of genes for regulation of
apoptosis was analyzed to determine if the cellular death pathway is
actually activated in EZA-treated larvae (Fig. 6A, B). In larvae treated
with EZA, the otic mRNA expression levels of some markers for the
apoptotic pathway were significantly higher than those in the control
group (Fig. 6A). The level of pro-apoptotic Bax mRNA increased
(1.9-fold; p < 0.05), while the content of anti-apoptotic Bcl-2 mRNA
(1.1-fold) showed no obvious change compared to in the control group.
The mRNA levels of p21, p53, CHOP, and Bip were up-regulated
[2.5-fold (p < 0.01), 2.2-fold (p < 0.05), 1.3-fold, and 1.3-fold higher
than in the control, when treated with 80 ppb EZA for 3 days,
respectively].

The mRNA levels and activities of caspase-3 and 9, which are
required for efficient execution of apoptosis, were also increased
(Fig. 6A, B). The mRNA level and activity of caspase-3 on treatment with
EZA showed 1.4-fold and 1.3-fold (p < 0.05) increases, respectively,
while those of caspase-9 showed 1.3-fold and 1.2-fold increases,
respectively.
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3.7. Inhibition of NF-kB, Bax, and p53 reduces hair cell damage by EZA

Since the mRNA expression of apoptosis-related genes and caspase
activities in zebrafish larvae were significantly increased by EZA, the
effects of apoptotic inhibitors on hair cell death in otic neuromasts were
examined (Fig. 7). Zebrafish were treated with Bay 11-7085 or SN-50 as
a NF-«B inhibitor, or 1-(3,6-dibromocarbazol-9-yl)-3-piperazin-1-yl-
propan-2-ol as a Bax inhibitor, or Pifithrin-a as a p53 inhibitor, in the
presence of EZA. Co-treatment with EZA and Bay 11-7085, which in-
hibits IkB phosphorylation, significantly repressed the level of hair cell
death in otic neuromasts compared to treatment with EZA alone.
Another NF-xB inhibitor, SN-50, which inhibits the nuclear trans-
location of NF-kB, also reduced hair cell death induced by EZA. These
findings indicate that the NF-kB inhibitor reduced the EZA-induced hair
cell death in otic neuromasts and that NF-kB has a pro-apoptotic effect.

Bax inhibitor 1-(3,6-dibromocarbazol-9-yl)-3-piperazin-1-yl-propan-
2-ol, which inhibits Bax-mediated mitochondrial cytochrome c release,
also reduced hair cell death in otic neuromasts induced by EZA. Co-
treatment with EZA and pifithrin-a, which inhibits p53 binding to
mitochondria by reducing its affinity to antiapoptotic proteins Bcl-xL
and Bcl-2, almost completely inhibited hair cell death in otic neuro-
masts caused by EZA.

The numbers of stained hair cells of otic neuromasts in control, EZA,
Bay 11-7085 and EZA, SN-50 and EZA, Bax inhibitor and EZA, and Pif-a
and EZA for 3 days co-treated larvae were 10.3 + 0.6, 5.7 + 0.6,
7.6 £ 0.6, 8.3 £ 0.6, 8.3 £ 0.6, and 10.0 + 0.0, respectively.

4. Discussion

EZA inhibited CA activity, decreased pH, and increased the ROS
levels in larvae, and remarkably induced hair cell death in neuromasts
(Figs. 1 and 2). In neuromast hair cells, cytosolic CA2 was expressed
during embryogenesis (Fig. 1). These findings suggest that CAs including
CA2 are required for neuromast hair cell development. Furthermore, the
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relationship between ROS production and hair cell death in otic neu-
romasts was examined, since ROS production can be a trigger of hair cell
death. EZA-induced hair cell death was prevented by anti-oxidants,
suggesting that EZA negatively affects cell proliferation via increased
production of ROS (Figs. 2 and 4). Then, the expression of intrinsic
apoptosis genes that are known to be induced by ROS was analyzed to
determine if activation of the apoptotic signaling pathway was caused
by EZA. The mRNA levels of Bax, p53, NF-kB, and caspase-3 and -9,
which are involved in intrinsic apoptosis and cell proliferation, were
increased (Fig. 6).

Apoptotic inhibitors, Bax, p53, and NF-kB inhibitors, significantly
inhibited hair cell death, demonstrating that these target proteins are
involved in apoptosis caused by EZA (Fig. 7). These findings indicate
that EZA induces apoptosis through an intrinsic pathway.

In a previous study, CA2 and CA15a were shown to be expressed in
hair cells and transitional cells in the inner ear epithelium at the
beginning of embryogenesis [5], and to be important for organ forma-
tion. Since inner ear hair cells are morphologically and functionally very
similar to neuromast hair cells [30,31], CA in both types of cells was
expected to play a similar role in the development of the organs. CA in
epithelium cells and the hair bundle of the inner ear plays a central role
in the transport of calcium, protons, and bicarbonate ions. Also, CA can
regulate the activities of anion exchangers or Na*-HCOj3™ cotransporters
by being associated with them [32,33]. Lin [20] showed that anion
exchanger 1 (AE1), which is a bicarbonate transporter, was expressed in
stereocilia of neuromast hair cells, and hypothesized that AE1 might
form a multiprotein complex with other proteins such as CA, to regulate
ion and acid-base balance in the hair bundle. Our results regarding
localization of CA in the neuromast (Figs. 1 and 2) support their hy-
pothesis, although the exact function of CA and the formation of a
multiprotein complex in neuromast hair cells remain unclear. Moreover,
other reports describe that deletion of CI'/HCOg3 exchanger and treat-
ment with H"-ATPase inhibitors lead to acidification of the endolymph
[34-36], and that pH alteration decreases the hair cell number and
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function [37,38]. Thus, CA and other transporters are considered to play
important roles in maintaining pH and ion homeostasis in the neuromast
development. Acidification of the external environment around hair
cells can also cause decreased Ca®" entry into hair cells through Ca®*
channels [39,40].

Since EZA decreased calcium level in larvae and hair cell death was
rescued by the addition of calcium, it was suggested that cellular acid-
ification may suppress Ca influx in hair cell. Fish raised in an acidic
environment or ones with knocked down H"-ATPase or Cl'/HCOj3
exchanger show decreased Ca" levels and hair cell death [37,38,41,
42]. These data suggesting that inhibition of ion transport induces
disruption of cellular Ca?* homeostasis and/or pH balance, ultimately
leading to apoptosis, are consistent with our idea based on the results in
this study.

ROS production can be a trigger of mitochondrial membrane damage
and hair cell death, which cause the perturbation of cellular Ca®* ho-
meostasis, such as cytosolic Ca®* overload, endoplasmic reticulum (ER)
Ca?* depletion, and mitochondrial Ca?* increase.

Cellular acidification has been reported to be related to an increase in
the cellular level of ROS and also promotes apoptosis by favoring
caspase-3 activation [33,43]. The increased amount of ROS induces
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mitochondria damage and activation of the intrinsic apoptotic pathway.
In this study, EZA decreased the mitochondrial membrane potential and
anti-oxidants reduced hair cell death, indicating that EZA induces
apoptosis via ROS generation. Furthermore, we revealed the molecular
pathway underlying the hair cell death via up-regulation of apoptotic
protein and subsequent caspase activation.

There are multiple possible mechanisms by which ROS production
could lead to defects in hair cell function. Recent studies showed that
ROS overproduction, an abnormal cellular pH, and redox disruption
lead to endoplasmic reticulum (ER) stress [44], and that ER stress in-
duces hair cell apoptosis [45,46]. In our study, the mRNA levels of Bip
and CHOP, which are induced in response to ER stress, which is defined
as the accumulation of unfolded or misfolded protein in ER, were
increased. p53 is also a relevant mediator of ER stress—dependent
apoptosis through the transcriptional upregulation. All of ROS produc-
tion, alteration of cellular pH, and redox disruption induced by EZA can
lead to ER stress. Further experiments are required to examine ER stress
inducers.
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Fig. 6. Effects of EZA treatment on expression of genes for
the apoptotic pathway (A) and caspase activities (B). The
otic mRNA expression levels of some markers for the apoptotic
pathway (A) and caspase activities (B) in inner ears isolated
from EZA-treated zebrafish larvae (3 dpf) were determined.
The EZA treatment was performed at 80 ppb for 3 days. The
mRNA levels were measured by quantitative real-time PCR
using the comparative Ct method. p-Actin was used as an in-
ternal control for normalization. The bars represent
means + SD (n = 3) (Student’s t-test, *p < 0.05, **p < 0.01).
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Fig. 7. Relief of EZA toxicity toward otic hair cells by apoptotic inhibitors. Zebrafish larvae (3 dpf) were treated with Bay 11-7085 (Bay) or SN-50 as NF-«kB
inhibitors, or Bax inhibitor (Bax-i), or PIF-a as a p53 inhibitor, in the presence of EZA at 80 ppb for 3 days, and then hair cells in otic neuromasts were visualized with
YO-PRO-1 (A) and counted (B). The bars represent means =+ SD (n = 3). Asterisks or daggers indicate significant differences from the control or EZA (Student’s t-test,

*p < 0.05 vs control, {p < 0.05 vs EZA, {{p < 0.01 vs EZA).
5. Conclusion
In summary, EZA-induced hair cell death was obvious, especially in

neuromast development. Our results indicate that the molecular mech-
anism regulating the EZA-induced hair cell death is mediated by an
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intrinsic apoptotic pathway. CA, which plays an important role in neu-
romast development, is directly exposed to chemicals in the ambient
environment, and shows marked sensitivity to these chemicals, espe-
cially in immature fish. Our results demonstrated that CA activity is
essential for maintenance of ion transport during the development of
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neuromasts in the zebrafish lateral line.
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