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Abstract

Environmental toxicants such as bisphenol-A (BPA) and polychlorinated biphenyls (PCBs) are
prevalent in our water supply, soil, and many food products and can profoundly affect the central
nervous system. Both BPA and PCBs can disrupt endocrine signaling, which is important for
auditory development and function, but the effect of these toxicants on the auditory periphery is
not understood. In this study we investigated the effect of PCB-95 and BPA on lateral line
development, function, and regeneration in larval zebrafish. The lateral line is a system of
mechanosensory hair cells on the exterior of the fish that are homologous to the hair cells located
in the mammalian inner ear. We found that PCB-95 had no effect on lateral line development or
hair cell survival. BPA also did not affect lateral line development, but instead had a significant
effect on both hair cell survival and regeneration. BPA-induced hair cell loss is both dose-and
time-dependent, with concentrations of 1 uM or higher killing lateral line hair cells during a 24 hr
exposure period. Pharmacologic manipulation experiments suggest that BPA kills hair cells via
activation of oxidative stress pathways, similar to prior reports of BPA toxicity in other tissues. We
also observed that hair cells killed with neomycin, a known ototoxin, failed to regenerate normally
when BPA was present, suggesting that BPA in aquatic environments could impede innate
regenerative responses in fishes. Collectively, these data demonstrate that BPA can have
detrimental effects on sensory systems, both in aquatic life and perhaps in terrestrial organisms,
including humans.
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1. Introduction

Released into the environment through run-off and effluent, environmental contaminants
such as polychlorinated biphenyls (PCBs) and bisphenol-A (BPA) are prevalent in our water
supply, soil and food (reviewed in Halling-Sgrensen, 1998). For example, a survey of over
100 streams across the US identified contaminants ranging from flame retardants to
plasticizers, including BPA, in U.S. watersheds (Kolpin, 2002). BPA is also known to leach
into canned foods through the breakdown of polycarbonate container linings (reviewed in
Halling-Sgrensen, 1998; Geens, 2012). Despite their widespread prevalence, we still do not
fully understand how environmental contaminants impact human and animal health.

Banned since 1979, PCBs are the most pervasive industrial pollutants found in U.S.
waterways (Stahl et al., 2009). In rats, developmental exposure in vivo is correlated with
changes in synaptic development in the central nervous system and with inner ear
dysfunction, while acute exposure promotes dendritic spine formation in vitro and can alter
synaptic transmission in vivo (Gilbert and Liang, 1998; Crofton et al., 2000; Carpenter et al.,
2002; Lein et al., 2007; Powers et al., 2009; Yang et al., 2009; Wayman et al., 2012a, 2012b;
Lesiak et al., 2014). PCBs can also disrupt thyroid hormone signaling in rats and some toxic
effects of PCB exposure may be attributed to altered thyroid hormone responses, particularly
during development (Collins et al., 1977; Ness et al., 1993; reviewed in Kodavanti, 2006).
Developmental exposure in fishes leads to muscle dysfunction and corresponding swimming
defects, while acute treatment causes changes in liver metabolism and reproductive fitness
(Wiseman and Vijayan, 2011; Farwell et al., 2012; Fritsch et al., 2013).

BPA is a ubiquitous environmental toxicant used in polycarbonate plastics and epoxy resins.
A known endocrine disruptor, it is linked to a myriad of problems ranging from adiponectin
inhibition and diabetes in humans to decreased reproductive viability and motor
coordination in fishes (Sohoni et al., 2001; Lahnsteiner et al., 2005; Hugo et al., 2008; Lang
et al., 2008; Wang et al., 2013). Acute BPA exposure also appears to impact hippocampal
synapses in both adult and developing rodents in vivo, leading to learning and memory
impairment (Eilam-Stock et al., 2012; Inagaki et al., 2012; Viberg and Lee, 2012; Kuwahara
etal., 2013).

Despite demonstrated effects on the central nervous system, little is known about the
influence of either PCBs or BPA on the peripheral nervous system, specifically on sensory
systems. As sensory reception and processing is critical to organismal survival,
environmental contaminant-induced sensory dysfunction could have profound consequences.
In this study, we asked if either PCB-95 or BPA are toxic to sensory hair cells in the
zebrafish lateral line.

Mechanosensory hair cells in the vertebrate inner ear transduce vibrational stimuli received
by the auditory periphery into action potentials that are transmitted to the central nervous
system (reviewed in Hudspeth, 2005). The lateral line is an external sensory system
containing hair cells that are structurally and functionally similar to those in the mammalian
ear and respond similarly to many toxins (Harris et al., 2003; Ou et al., 2007; reviewed in
Coffin et al., 2010, 2014). In humans, hair cell damage results in permanent hearing loss;
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contaminants that damage hair cells may therefore have serious consequences for human
auditory function. Unlike mammals, fish naturally regenerate hair cells (Lombarte et al.,
1993; Ma et al., 2008; reviewed in Brignull et al., 2009). Therefore, hair cell damage does
not have the same repercussions in fish, unless regenerative capacity is also affected, as seen
after copper exposure (Hernandez et al., 2006; Linbo et al., 2006). In this study we show that
BPA is significantly toxic to mature hair cells in the lateral line and that exposure reduces
hair cell regeneration in an innately regenerative system. PCB-95 had no detectable effect on
hair cell development, survival, or regeneration. Our findings fit within the broader context
of recent evidence demonstrating the prevalence of environmental contaminants and the
dangers these compounds pose to the nervous system (Kolpin et al., 2002; Wayman et al.,
2012a, 2012b; Elsworth et al., 2013).

2. Methods

2.1 Animals

We used 5-6 days post-fertilization (dpf) fish for all acute toxicity experiments because their
hair cells exhibit mature sensitivity to known hair cell toxins (ototoxins) (Murakami et al.,
2003; Santos et al., 2006). Developmental studies used animals beginning at 1 dpf, while
regeneration studies were initiated in 5-6 dpf animals and concluded by 7 dpf. *AB wildtype
or Brn3C:mGFP transgenic fish were used for all experiments. Hair cells of Brn3c:mGFP
animals express membrane-bound GFP in all hair cells and the transgene is turned on early
in hair cell development (Xiao et al., 2005), making this fish line ideal for developmental
and regeneration studies. All procedures were approved by the Institutional Animal Care and
Use Committee at Washington State University.

2.2 Environmental toxicant exposure

We performed three distinct series of experiments using BPA or PCB-95 to determine if
either compound was toxic in the context of 1) lateral line development, 2) acute exposure of
mature hair cells, or 3) regenerating hair cells. BPA concentrations were based on reported
effective values in prior zebrafish studies (Lam et al., 2011; Wang et al., 2013) and on our
own preliminary data that determined the range that yielded minimal mortality. We
accomplished this by examining concentrations spanning several orders of magnitude across
multiple time points. As PCB-95 has not, to our knowledge, been previously used in
zebrafish studies, we selected our PCB-95 concentrations based on published literature for
other fishes and in vitro studies in mammalian neurons (Wayman et al., 2012a; Fritsch and
Pessah, 2013). Again, we corroborated these concentration ranges with empirical testing of
several orders of magnitude across multiple time points. As both BPA and PCB-95 were
dissolved in DMSO, control animals received the same volume of DMSO only for the same
treatment duration (< 0.2%). Unless specified below, all animals were assessed immediately
following treatment.

All experiments were performed in defined E2 embryo medium (EM) containing 994 pM
MgSOyg, 150 uM KH,POy, 42 UM NayHPO4, 986 pM CacCl,, 503 uM KCI, 14.9 mM NacCl,
and 714 uM NaHCOg3, with the pH adjusted to 7.2 (Westerfield, 2000). Fish were divided
into treatment groups of 8-12 fish per well in a 6-well plate, with each treatment group
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housed in a custom transfer device constructed of PVC pipe and mesh netting that fit inside
the well. Experiments were conducted in a VWR benchtop incubator set at 28 °C.

2.2.1 Development—1 dpf Brn3c:mGFP transgenic zebrafish were treated for 48 or 96
hrs with BPA (2, 10, 20, or 40 uM) or PCB-95 (0.1, 0.25, 0.50, or 2 uM). Controls were
treated with DMSO (0-0.2%, matched to the volume of toxicant in DMSO), the solvent used
to dissolve PCB or BPA. Counts of GFP+ hair cells were performed on fish fixed in 4%
paraformaldehyde and rinsed in PBS. Hair cells of both anterior (101, 102, 103) and
posterior (P1, P2) neuromasts were counted in order to assess neuromasts that develop at
different time points (Raible and Kruse, 2000; Van Trump and McHenry, 2008). Hair cell
counts were summed to arrive at one value per fish.

2.2.2 Acute toxicity—b5-6 dpf *AB zebrafish were treated for 4-24 hrs with BPA (0.1-80
UM), 24 hrs with PCB-95 (0.5-20 uM), or with DMSO only for control animals. Fish were
rinsed in EM, anesthetized with MS-222, and hair cells were assessed using DASPEI as
described in section 2.2.1. A subset of BPA-treated fish were euthanized and hair cells were
labeled with anti-parvalbumin and quantified as described in section 2.2.2.

2.2.3 Regeneration—To assess how an environmental contaminant affects hair cell
regeneration, we used neomycin to kill hair cells in 5 dpf zebrafish (Harris et al., 2003; Ma
et al., 2008), then allowed the fish to recover for 24 or 48 hrs in either PCB-95 or BPA. Fish
were treated with 300 uM neomycin for 30 min, then rinsed four times in embryo medium
and incubated in fresh EM for 1 hr to allow for complete loss of hair cells (Coffin et al.,
2009; Owens et al., 2009). Fish were then incubated in PCB-95 (0.25-2 uM) or BPA (1-20
uM) and assessed with DASPEI labeling in live fish or by counts of anti-parvalbumin-
labeled hair cells.

Regeneration proceeds more slowly after hair cell death due to toxins such as copper or
cisplatin (Hernandez et al., 2006; Linbo et al., 2006; MacKenzie and Raible, 2012). In order
to look for a similar phenomenon following BPA damage, we next examined hair cell
regeneration after BPA-induced hair cell death. 5 dpf zebrafish were exposed to 1-20 uM
BPA for 24 hrs, then rinsed four times in embryo medium and allowed to recover for 24 or
48 hrs. Hair cell regeneration was assessed as described above.

2.3 Hair cell assessment

2.3.1 Vital dye labeling—Neuromasts in live, anesthetized fish were assessed using the
mitochondrial dye 2-(4-(dimethylamino)styryl)-N-Ethylpyridinium iodide (DASPEI, Life
Technologies), which specifically labels lateral line hair cells and olfactory receptors (Harris
et al., 2003; Coffin et al., 2009; Owens et al., 2009). Fish were incubated in EM containing
0.005% DASPEI for 15 min, rinsed twice with fresh EM, then anesthetized by immersion in
0.001% MS-222 in fresh EM (3-aminobenzoic acid ethyl ester methanesulfonate, Argent
Labs, Redmond, WA). We assessed the same 10 anterior neuromasts for each fish (SO1,
S02, 101-104, M2, MI1, MI2, O2), with each neuromast scored as 0 (no labeling), 1
(moderate labeling), or 2 (bright labeling). Scores for each neuromast were summed
resulting in a total of 0-20 per fish (Harris et al., 2003; Coffin et al., 2009, 2013a). We
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selected these neuromasts because they are all visible in a single field of view at 50% total
magnification (our chosen magnification for DASPEI assessment) and for comparison
between the present study and past work on known ototoxins, which also examined these
anterior neuromasts (Coffin et al. 2009, 2013a, 2013b; Owens et al. 2009). As neuromast
locations are stereotyped in zebrafish larvae, absence of a neuromast is likely a treatment
effect rather than developmental variation (Raible and Kruse, 2000). While hair cell
assessment was not performed blind (i.e., researcher unaware of treatment group), we have
previously performed side-by-side comparisons of blinded vs. unblinded DASPEI
assessment and found no differences in scoring (Coffin, unpublished data).

2.3.2 Immunocytochemistry—We validated DASPEI scores with counts of anti-
parvalbumin-labeled hair cells in fixed tissue (Heller et al., 2002; Coffin et al., 2013a,
2013b). All chemicals are from Sigma-Aldrich unless indicated. Fish were euthanized with
MS-222 and fixed in 4% paraformaldehyde either overnight at 4 °C or for 1 hr at room
temperature. Fish were then rinsed in phosphate-buffered saline (PBS, Life Technologies),
followed by a rinse in distilled H,0, and blocked in PBS with 0.1% Triton-X (PBST) and
5% normal goat serum. Fish were then incubated overnight at 4 °C in primary antibody to
parvalbumin (mouse monoclonal antibody, EMD Millipore) diluted 1:500 in PBST with 1%
goat serum, rinsed 4 times in PBST and incubated in secondary antibody for 4 hrs with
Alexa Fluor 488 or 568 goat anti-mouse (Life Technologies) diluted 1:500 in PBST. Fish
were rinsed again in PBS, then mounted on bridged coverslips using 1:1 PBS:glycerol and
viewed with a Leica DMRB or DMI 4000 B compound fluorescent microscope or a Leica
SP8 confocal microscope. Hair cells from five neuromasts (101, 102, 103, M2 and OP1;
Raible and Kruse, 2000) were counted and summed to arrive at one value for each fish.

2.4 Cell death pathway analysis

To give insight as to how BPA causes hair cell death, we performed a cell death inhibitor
screen using a library of 50 compounds that each inhibit different cell death pathways
(Coffin et al., 2013a). 5-6 dpf larvae were used for all experiments (5-8 fish per treatment).
Fish were pretreated in 1 of 50 cell death inhibitors for 1 hr, then co-treated with inhibitor
and 20 uM BPA for 24 hrs. Following treatment, fish were rinsed four times in EM and hair
cells were assessed with DASPEI. Unlike previous experiments, the entire fish head was
holistically assessed where a score of 1 (neuromasts generally dim), 3 (moderate neuromast
fluorescence), or 5 (bright neuromast fluorescence) was given to each fish to expedite the
screening process.

Inhibitors that resulted in an average score >4.5 were retested twice using the same scoring
method as in the initial screen. For compounds that again scored high (conferred significant
protection), we conducted dose-response analyses using variable concentrations of
protectant concurrently with 24 hr BPA administration. For these experiments hair cells were
assessed with our 0-20 DASPEI scoring system described in section 2.2.1.

2.5 BPA uptake assays

Hair cell toxins such as aminoglycoside antibiotics and cisplatin enter hair cells through the
mechanotransduction channel at the apical tip of the hair bundle (Gale et al., 2001; Steyger
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et al., 2003; Marcotti et al., 2005; Thomas et al., 2013; Vu et al., 2013). We therefore asked
if BPA toxicity was attenuated by transduction channel blockade, which would implicate a
similar entry route. Previous studies have shown that high calcium can block entry of
aminoglycosides into hair cells (Marcotti et al., 2005; Coffin et al., 2009). Fish were treated
for 4 hrs with 40 uM BPA in EM containing either 900 uM (normal EM) or 2.1 mM (high
Ca?* EM) calcium. As a second test of BPA entry via the transduction channel, hair cell tip
links were broken using Ethylenediaminetetraacetic acid (EDTA), which abolishes
mechanotransduction current (Berg and Watson, 2002; Suli et al., 2012). Fish were
pretreated for 20 min in 1 mM EDTA (Sigma-Aldrich), then rinsed in EM and treated with
40 uM BPA for 4 hrs. Hair cell survival was assessed with DASPEI labeling for both
experiments. For these experiments we used a 4 hr treatment with higher BPA concentration
because high calcium proved toxic to fish when combined with BPA for long exposure
times. In addition, tip links in lateral line hair cells begin to regenerate after 4 hrs (Suli et al.,
2012). In both cases, the aminoglycoside neomycin was used as a positive control, where
fish were pretreated as described, then exposed to 200 UM neomycin for 30 min, followed by
a 1 hr recovery period and assessment of hair cell survival (Coffin et al., 2009).

2.6 Statistical analysis

3. Results

For all experiments hair cell presence was analyzed by t-test, one- or two-way ANOVA, as
appropriate, with GraphPad Prism (v. 6.0), followed by posthoc testing for multiple
comparisons (see figure legends for details). Data are presented as mean £+ 1 s.e.m.

3.1 Hair Cell Development

Neither BPA or PCB-95 treatment affected hair cell number in the developing lateral line of
Brn3c:mGFP transgenic zebrafish (Figs. 1 and 2). In the BPA experiment, control fish at 3
dpf had 48 * 2 hair cells (mean + 1 s.e.m., summed over 5 neuromasts), while 5 dpf control
fish had 55 + 3 hair cells, consistent with prior studies demonstrating hair cell addition
during this time period (Harris et al., 2003; Wada et al., 2013). Hair cell number in BPA-
treated fish was not significantly different from controls (Fig. 1). For example, at the highest
BPA concentration tested (40 uM), 3 dpf fish had 42 + 3 hair cells and 5 dpf fish had 51 + 2
hair cells. Similar results were seen in PCB-95-treated fish, where fish treated with PCB-95,
even at the maximum concentration of 2 uM, were not significantly different from age-
matched controls (Fig. 2). We also examined neuromast deposition and noted no difference
in neuromast number between control and BPA- or PCB-95-treated animals, nor did we see
qualitative differences in neuromast spacing (data not shown). Collectively, these data
suggest that neither BPA nor PCB-95 affect developing lateral line hair cells.

3.2 Acute hair cell toxicity

Because immature hair cells are relatively resistant to known hair cell toxins such as
aminoglycoside antibiotics (Murakami et al., 2003; Santos et al., 2006), we asked if PCB-95
or BPA were toxic to mature hair cells. Lateral line hair cells in 5 dpf larvae are considered
mature, showing adult-like responses to known ototoxins (Murakami et al., 2003; Santos et
al., 2006). We found no hair cell damage in 5 dpf larvae acutely exposed to PCB-95, while
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substantial, yet incomplete, hair cell loss was visible in acutely BPA-exposed fish, as
illustrated in Figure 3. As shown in Figure 4, hair cell survival in 5 dpf larvae exposed to
varying concentrations of PCB-95 for 24 hrs was not significantly different from controls,
even at 20 uM, the highest concentration tested.

In contrast, BPA significantly damaged mature lateral line hair cells in 5-6 dpf larvae (Fig.
5). BPA-induced hair cell death is both time- and dose-dependent, where 20 UM BPA
significantly damaged lateral line hair cells after a minimum of 4 hrs exposure, with
increased hair cell loss evident after 24 hrs. Treatment with higher BPA concentrations (60
or 80 uM) for 24 hrs was toxic to 5-6 dpf larvae, causing substantial mortality. We also saw
modest but significant hair cell toxicity after 24 hr exposure to more environmentally
relevant BPA concentrations (1 uM, Fig. 5D). We have elected to use the higher 20-40 uM
BPA concentrations for the majority of our additional experiments, as the greater magnitude
of hair cell loss better facilitates mechanistic analysis.

It’s important to note that there was some experiment to experiment variability in BPA-
induced hair cell loss, possibly due to slight differences in BPA handling or age. The data
shown in Figure 5 are representative of the trends we see across experiments. In addition, the
experiment in Figure 5B used cell counts to assess hair cell loss, while data in Figure 5C-D
were collected with DASPEI assessment of fluorescence. These two measures are tightly
correlated (Coffin et al., 2013b), but DASPEI is more sensitive to hair cell damage, as a loss
of mitochondrial membrane potential precedes complete loss of the cell soma (Owens et al.,
2007). Therefore, hair cell survival appears slightly lower when assessed with DASPEI, as
compared to direct cell counts.

To understand the underlying mechanisms responsible for BPA-induced hair cell loss, we
screened a custom cell death inhibitor library for compounds that confer protection against
BPA ototoxicity (Coffin et al., 2013). Several inhibitors attenuated BPA-induced hair cell
damage: Bongkrekic acid, an inhibitor of cathepsin G, and three mediators of oxidative
stress (glutathione, an NNOS inhibitor, and resveratrol). In the present study we focused on
two oxidative stress inhibitors that conferred significant hair cell protection: glutathione, and
an inhibitor of NNOS (neuronal nitric oxide synthase). nNOS inhibition blocks nitric oxide
production, reducing nitrogen species and subsequent oxidative stress (Hah et al., 2001).
Glutathione mitigates cell death by preventing reactive oxygen species (ROS) accumulation,
which attenuates noise- and cisplatin-induced hair cell loss in rodent models (Kopke et al.,
1997; Yamasoba et al., 1998). Either of these compounds significantly protects hair cells
from BPA toxicity (Fig. 6), with robust protection seen at moderate nNOS inhibitor
concentrations (Fig. 6B). The highest nNOS inhibitor concentration was toxic to hair cells.
Antioxidant concentration ranges were selected based on our prior drug screens and on
published literature in zebrafish, including a study demonstrating that glutathione attenuates
cisplatin-induced hair cells damage in zebrafish larvae (Ton and Parng, 2005; Coffin et al.,
2013; Cui et al., 2013). We observed minimal hair cell toxicity when fish were treated with
antioxidant alone (i.e., without BPA, data not shown).

Aminoglycoside antibiotics and the chemotherapy drug cisplatin, all well-established
ototoxins, enter hair cells via the mechanotransduction channel (Gale et al., 2001; Steyger et
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al., 2003; Thomas et al., 2013; Vu et al., 2013). Here, we asked if BPA enters hair cells
through the same route. High extracellular calcium reduces the open probability of the
channel, thereby reducing aminoglycoside uptake (Richardson and Russell, 1991; Marcotti
et al., 2005; Coffin et al., 2009). Similarly, breaking tip links, extracellular filaments
associated with transduction channel gating, reduces channel opening and therefore
aminoglycoside entry (Assad et al., 1991; Zhao et al., 1996; Gale et al., 2001). We found
that bath application of high calcium EM did not protect hair cells from BPA damage, nor
did tip link breakage using the calcium chelator EDTA (Fig. 7). In contrast, either high
calcium or EDTA treatment significantly protected hair cells from neomycin damage,
consistent with published work on aminoglycoside uptake (Gale et al., 2001; Coffin et al.,
2009). These data suggest that BPA does not enter hair cells through the transduction
channel, indicating an alternate entry route such as endocytosis, or perhaps an external
mechanism of action.

Increasing public concern over BPA has led to an upsurge in analog usage. We therefore
asked if BPS, a common BPA analog, was also toxic to hair cells. As shown in Figure 8A,
BPS robustly damages hair cells after 4 or 24 hrs of exposure, with no difference in hair cell
loss between the two exposure times. The dose-response function for 24 hr BPS exposure
resembles the curve for BPA (compare Figs. 5C and 8A), except that high BPS is not overtly
toxic to fish, allowing us to assess hair cell toxicity. We then exposed fish concurrently to
both BPS and BPA (40 uM each) to assess potential synergistic effects on hair cells and
found that co-treatment causes hair cell damage comparable to what we see for BPS or BPA
alone, suggesting neither an additive nor synergistic effect of combined BPS/BPA exposure
(Fig. 8B). These results suggest that BPS and BPA exert similar toxic effects on hair cells,
likely via the same molecular mechanisms.

3.3 Hair Cell Regeneration

Hair cell regeneration is reduced or delayed following exposure to some toxins, suggesting
that they may interfere with the regenerative process (Hernandez et al., 2006; Mackenzie and
Raible, 2012). We therefore asked if PCB-95 or BPA affected hair cell regeneration
following exposure to a known ototoxin. Fish were treated with 300 pM neomycin to ablate
hair cells, then allowed to recover for 24 or 48 hrs in variable concentrations of
environmental contaminant, or in EM only as a control (O environmental contaminants
groups). PCB-95 did not affect hair cell regeneration within the concentration range we
tested (Fig. 9). Partial regeneration was evident 24 hrs after neomycin damage and
regeneration was largely complete by 48 hrs post-neomycin, even in the presence of
PCB-95. In contrast, BPA significantly attenuated regeneration following neomycin damage,
with dose-dependent suppression of regeneration observed at 24 or 48 hrs post-neomycin
(Fig. 10). 10 uM BPA significantly reduced regenerative responses at either time point,
while 20 UM BPA eliminated regeneration entirely (Fig. 10E). These data suggest that the
hair cell regeneration process is more susceptible to BPA damage than are mature hair cells.

Finally, we asked if hair cells regenerate after BPA-induced damage. Fish were treated with
20 uM BPA for 24 hrs and hair cells were assessed either immediately after BPA removal or
24 hrs later (24 hr recovery period). We found that hair cells did not regenerate 24 hrs after
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BPA removal and that there was a trend towards increased hair cell loss (Fig. 10F). These
data demonstrate that BPA can have ongoing toxic effects on mature hair cells in addition to
negative effects on regeneration.

4. Discussion

4.1 BPA is toxic to hair cells

We show that BPA, a prevalent environmental contaminant, has toxic effects on mature and
regenerating sensory hair cells in the zebrafish lateral line. To our knowledge, this is the first
report of BPA-induced hair cell damage. Previous work has reported BPA-associated otolith
formation defects in the zebrafish inner ear, but no hair cell phenotype was noted (Gibert et
al., 2011). Hair cell susceptibility to chemical toxicants likely stems from multiple
mechanisms, including differential toxicant uptake and high metabolic demands. Inhibiting
mechanotransduction with extracellular calcium or tip link breakage did not attenuate BPA-
induced damage, suggesting that BPA does not enter hair cells in the same way as
aminoglycosides or cisplatin (Coffin et al., 2009; Thomas et al., 2013, Vu et al., 2013).
Further studies are needed to identify BPA’s route of entry into hair cells, if in fact entry is
necessary. It is possible that BPA may stimulate extracellular death receptors without being
internalized.

4.2 BPA mechanism of damage

Despite a different entry route, BPA-induced hair cell damage shares similarities with known
ototoxins. We found that immature hair cells are relatively resistant to BPA damage,
consistent with aminoglycoside studies in several vertebrate taxa, including zebrafish (Marot
et al., 1980; Duckert and Rubel, 1990; Murakami et al., 2003, Santos et al., 2006). The
present study shows that either the antioxidant glutathione or an inhibitor of nNOS
significantly protect hair cells from BPA exposure, suggesting that BPA damages hair cells
through oxidative stress and the buildup of reactive oxygen and nitrogen species.
Aminoglycoside antibiotics and cisplatin can also activate ROS signaling and overwhelm
endogenous antioxidant mechanisms in rodent ototoxicity models (Sha and Schacht, 1999,
2000; see Porrier et al., 2010); antioxidant therapies may attenuate aminoglycoside damage
in vivo (e.g., Ton and Parng, 2005; Campbell et al., 2007; Fetoni et al., 2012; LePrell et al.,
2014). BPA is also known to induce ROS generation in other tissues and organisms,
indicating that oxidative stress is a major mechanism underlying BPA toxicity (Kim et al.,
2007; Huc et al., 2012; Jiang et al., 2014). For example, embryonic BPA exposure increases
ROS generation in rat hepatocytes and oxidative DNA damage and cell death in zebrafish
musculature (Wang et al., 2013; Jiang et al., 2014). Collectively, our data demonstrate that
the environmental contaminant BPA can damage sensory hair cells, which may have
consequences for aquatic vertebrates. Furthermore, since lateral line hair cells are
structurally and functionally similar to those found in the human ear (reviewed in Coffin et
al., 2010; 2014), and mammalian hair cells do not regenerate, these findings pose the
disturbing possibility that BPA may cause permanent hearing loss in humans.
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4.3 BPA delays regeneration of hair cells

Unlike mammals, fishes and many other vertebrates can regenerate hair cells (Corwin and
Cotanche, 1988; Ryals and Rubel, 1988; reviewed in Brignull et al., 2009). In larval
zebrafish, aminoglycoside-damaged hair cells fully regenerate three days after damage, with
regeneration occurring primarily via proliferation of surrounding supporting cells and
differentiation of their progeny into new hair cells (Harris et al., 2003, Ma et al., 2008,
MacKenzie and Raible, 2012). Regeneration is mediated in part by Notch signaling, and
BPA may interact with components of the Notch signaling pathway (Baba et al., 2009; Ma et
al., 2008). We show that BPA attenuates regeneration post-neomycin, possibly by disrupting
Notch activity. Alternatively, BPA could inhibit regeneration via a separate mechanism,
perhaps by interfering with estrogen signaling.

BPA is often characterized as a xenoestrogen, and estrogenic activity of BPA has been noted
in fishes, including zebrafish (Lahnsteiner et al., 2005; Kishida et al., 2001). Estrogens are
known to induce glial cell proliferation and neuronal addition in the central nervous system
in both fishes and mammals, but their proliferative role in the peripheral nervous system is
poorly understood (reviewed in Barha and Galea, 2010, Le Page et al., 2010). Coffin et al.
(2012) demonstrated a seasonal change in hair cell addition in the plainfin midshipman fish
(Porichthys notatus) that is likely estrogen-dependent. An inhibitor of estrogen signaling,
Fulvestrant, has also been shown to decrease hair cell regeneration in larval zebrafish
(Namdaran et al., 2012). These data suggest that estrogen may be important for endogenous
hair cell addition in fishes, possibly via interaction with Wnt signaling, another pathway
important for hair cell regeneration in both fishes and birds (Kouzmenko et al., 2004; Gao et
al., 2013; Head et al., 2013; Jacques et al., 2013). Future studies will determine which
pathway(s) are targeted by BPA to reduce hair cell regeneration. It is also possible that BPA
damages supporting cells, preventing their proliferation, similar to what has been suggested
for high concentrations of the ototoxic agent cisplatin (Mackenzie and Raible, 2012; Slattery
et al. 2014). Future experiments will quantify supporting cells during the regenerative
period. Regardless of molecular mechanism, our data indicate that BPA exposure may have
negative long-term consequences on fish mechanosensory systems, given that BPA both
damages existing hair cells and reduces their replacement.

4.4 BPS damages hair cells

As public outcry over the use of BPA has gained traction, companies have switched to using
BPA analogs. Bisphenol S (BPS) is a common substitute that unfortunately has similar
estrogenic properties to BPA (Rosenmai et al., 2014). In a recent study, 81% of 315 people
sampled in the U.S. had detectable concentrations of BPS in their urine (Liao et al., 2012).
Like BPA, BPS also adversely affects the endocrine system and reproduction in developing
and adult zebrafish, altering estrogen and testosterone levels and skewing sex ratios in favor
of females (Ji et al., 2013; Naderi et al., 2014). In the present study we show that BPS
damages hair cells, making its substitution as a safe alternative to BPA questionable. Similar
questions have arisen for other BPA analogs, as bisphenol F also shows cytotoxic properties
(Lee etal., 2013).
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4.5 Developmental BPA exposure

We did not see an impact of BPA exposure on lateral line development. This contrasts with a
previous study by Lam et al. (2011), which demonstrated that 5 days of exposure to 2.2 or
22 UM BPA resulted in changes in neuromast morphology. Their study used the ET20
transgenic line, which labels a subset of non-sensory mantle cells (Parinov et al., 2004), so it
is possible that hair cells were not affected by their BPA treatment. Lam et al. (2011) also
noted that transgenic ET20 larvae were more sensitive to overall BPA toxicity than were
wildtype larvae, so differences in genetic background may account for the lack of a
neuromast phenotype in our study.

In general, BPA-treated fish appeared grossly normal, although we did not assess other
tissues for subtle effects. We also did not raise the fish to adulthood to examine the effect of
developmental BPA exposure on adult mechanosensory function; prenatal or perinatal BPA
exposure in rodents alters gene expression and neurotransmitter biochemistry in the adult
CNS while affecting sex-specific behaviors, leading to BPA-dependent phenotypes long
after exposure cessation (Farabollini et al., 2002; Nakamura et al., 2010; Jones and Watson,
2012; Viberg and Lee, 2012). BPA exposure is correlated with changes in DNA methylation
in cultured human and mouse cells and epigenetic regulation in vivo in mice. Significant
behavioral consequences of BPA exposure were reported in mouse trangenerational
experiments, including changes in measures of anxiety and social behavior (Wolstenholme
etal., 2012, 2013; Bastos Sales et al., 2013; Kundakovic et al., 2013). Possible epigenetic
effects on sensory structure and function have yet to be explored.

4.6 Vertebrate BPA exposure

Many studies use concentrations of BPA comparable to the range where we see hair cell
toxicity, and often these studies show little to no effect at lower BPA concentrations (Delclos
KB et al., 2014; Sone K et al., 2004; Staples CA et al., 2011). These concentrations are
generally higher than the U.S. population’s median BPA daily intake of 34 ng/kg-day
(Lakind and Naiman, 2011), or the 12 pg/L (52 nM) BPA concentration reported for U.S.
waters (Kolpin et al., 2002). The U.S. Environmental Protection Agency has established 50
ug/kg-day as the tolerable daily intake (TDI) for human BPA exposure (EPA website).
However, BPA does not appear to exhibit a monotonic dose-response curve at concentrations
in the picomolar through micromolar range (Wozniak et al., 2005; Zsarnovsky et al., 2005).
Because the EPA’s TDI is based on a monotonic assumption (Myers et al., 2009), the current
exposure limit may be incorrect. In addition, the majority of studies only account for oral
consumption routes. Absorption and inhalation are known routes of exposure (for review see
Geens et al., 2012) given that BPA is found in everything from electronic equipment to the
by-product of the most commonly used flame retardant, Tetrabromobisphenol A (Banerjee
et al., 2014). Indeed, high levels of BPA have been reported in cashiers that regularly handle
thermal receipts, suggesting that some professions may experience dangerous levels of BPA
exposure (Lu et al., 2013). Consequently, our use of higher concentrations of BPA may
equate to realistic exposure levels.
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4.7 Effects of PCB-95 on hair cells

We did not find a direct effect of PCB-95 on hair cells. Several studies demonstrate that PCB
exposure is correlated with hearing loss in humans and animal models, including a reported
association between hair cell loss and PCB treatment in rats (Crofton et al., 2000a; Poon et
al., 2011; Min et al., 2014). Many of these auditory studies use a mixture of PCBs (Aroclor
1254), making it difficult to determine the precise contribution of a specific PCB to the
observed auditory defect (Goldey et al., 1995; Crofton et al., 2000a, 2000b). In rats, PCB-
induced auditory dysfunction is correlated with increased circulating thyroid hormone levels,
consistent with PCB activity as an endocrine disrupter (McKinney and Waller, 1994; Goldey
and Crofton, 1998; Crofton et al., 2000b). Constitutive thyroid hormone deficiency affects
cochlear ion channel expression and hair cell function in mice (Rusch et al., 2001; Dettling
et al., 2014), suggesting that PCB exposure may cause hearing loss via hair cell dysfunction
and that the hair cell loss reported by Crofton et al. (2000a) is a secondary effect. Wayman et
al. (2012b) reported altered synaptogenesis in hippocampal neurons cultured with PCB-95,
further evidence that PCBs may exert a synaptic effect rather than overt neurotoxicity.
Additional neurotransmission experiments are needed to test this hypothesis.

5. Conclusions

Our study identifies bisphenol-A as a new sensory hair cell toxicant, adding to the dangers
of this environmental contaminant. In humans, BPA exposure poses a threat to sensory cells
of the inner ear, which may cause deafness. BPA may also threaten the viability of fish
populations by damaging their mechanosensory systems and reducing their regenerative
capacity, potentially impacting prey detection, predator avoidance, and reproductive
behaviors.
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Fig. 1.
BPA does not affect lateral line development in zebrafish. (A-D) Confocal images

(maximum projections) of the 103 neuromast from Brn3c:mGFP transgenic zebrafish at 3
dpf (A-B) or 5 dpf (C-D). Incubation in BPA for 48 hrs (from 1-3 dpf, panel B) or 96 hrs
(from 1-5 dpf, panel D) did not alter hair cell numbers as compared to age-matched controls
(A, C). Scale bar in A is 10 um and applies to all panels. (E) Hair cell quantification from 5
neuromasts (101, 102, 103, P1, P2), summed to arrive at one value per fish. There was no
significant effect of BPA treatment on hair cell number (One-way ANOVA, 1-3 dpf: F4 45
=1.20, p=0.32; 1-5 dpf: F4 40 =1.94, p=0.12). N= 8-11 per treatment. Data are presented as
mean = 1 s.e.m.
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Fig. 2.
Zebrafish lateral line development is unaffected by PCB-95. (A-D) Confocal microscopy

maximum projection images of the 103 neuromast from Brn3c:mGFP transgenic zebrafish.
48 hrs (1-3 dpf) of exposure to 2 pM PCB-95 (B) was not visibly different from the age-
matched control (A). Similarly, hair cells after 96 hrs (1-5 dpf) of exposure to 2 uM PCB-95
(D) were also not different from the age-matched control (C). The 10 um scale bar in A
applies to all panels. (E) Hair cells from 5 neuromasts were summed for each fish, and then
averaged for each treatment group. There was no significant effect of PCB-95 on hair cell
number. (One-way ANOVA; 1-3 dpf: Fy 44 =1.12, p=0.36; 1-5 dpf: F4 46 =0.36, p=0.84).
N=9-11 per treatment. Data are shown as + 1 s.e.m.
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Control PCB-95 BPA

Fig. 3.

BF?A is toxic to lateral line hair cells. Neuromasts were labeled with the vital dye DASPEI.
(A) Control fish, (B) fish treated for 24 hrs with 2 uM PCB-95, and (C) fish treated for 24
hrs with 20 uM BPA. DASPEI labeling is less intense in the BPA-treated fish than in the
other images, and the arrow in C points to the location of a missing neuromast. Scale bar in
A is 250 um and applies to all panels.
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Fig. 4.
PCB-95 is not acutely toxic to lateral line hair cells. 24 hr incubation in 0.5 — 20 yM PCB-95

did not kill lateral line hair cells of wild-type zebrafish (One-way ANOVA, Fj4 50 =1.182,
p=0.33). Hair cells were quantified by DASPEI fluorescence. Data are shown as the
normalized mean + 1 s.e.m. N=11 fish/treatment.
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Fig. 5.

BIgA is toxic to lateral line hair cells. (A) Confocal images of representative anti-
parvalbumin-labeled hair cells, showing progressive cell loss with increasing BPA
concentration. (B) Direct counts of labeled hair cells demonstrate significant hair cell loss
with 24 hr BPA exposure (One-way ANOVA, F; 3 =8.80, p=0.001). N=8-10 fish/treatment.
(C) BPA Kkills lateral line hair cells in a dose-dependent and time-dependent manner. Hair
cells were assessed with DASPEI labeling. There is a significant effect of BPA concentration
but not time, on hair cell survival (Two-way ANOVA, F; g5=40.28, p<0.001; F; g5=0.59,
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p=0.55 for concentration and time, respectively). However, the interaction term is also
significant, demonstrating that dose-dependent hair cell loss differs based on exposure time
(F4,85=4.41, p=0.003). As shown by Holm-Sidak’s multiple comparisons test, both 20 and
40 uM BPA significantly reduced hair cell numbers, as compared to the control for each
time point. (4 hr p<0.05 for 20 and 40 uM; 8 hr p<0.01 for 20 and 40 uM; 24 hr p<0.001 for
20 and 40 pM). N=10-12 fish. (D) 24 hr exposure to lower BPA concentrations also causes
significant hair cell loss (1-way ANOVA, Fs gg =2.75, p=0.025, n=11-14 fish/treatment).
Data are presented as mean £ 1 s.e.m. *p<0.05, ***p<0.001.
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Fig. 6.

Regducing oxidative stress attenuates BPA-induced hair cell loss. Fish were treated with 20
UM BPA for 24 hrs in the presence of (A) the antioxidant glutathione or (B) an inhibitor of
nNOS. Either compound confers significant protection from BPA damage (Glutathione:
F4.43 = 3.57, p=0.01; nNOS inhibitor: F4 46 = 34.71, p<0.001). Holm-Sidak’s multiple
comparison test shows significant differences at all glutathione or nNOS inhibitor
concentrations tested, as compared to BPA-only controls (*p<0.05, **p<0.01). Hair cell
survival was assessed with DASPEI scoring. N=8-12 fish/treatment, data are presented as
mean + 1 s.e.m.
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Fig. 7.

BI%cking mechanotransduction does not prevent BPA-induced hair cell damage. Fish were
treated for 4 hrs with 40 pM BPA in embryo medium (EM) containing either (A) 2.1 mM
(high Ca2* EM) additional calcium, which blocks the transduction channel or (B) 1mM
EDTA, which inhibits transduction by breaking tip links. Neither treatment protected hair
cells from BPA damage (Ca2*: t-test, p=0.42; EDTA: t-test, p=0.41). However, either
treatment significantly protected hair cells from neomycin damage (***p<0.001,
****n<0.0001). Hair cell survival was assessed with DASPEI labeling. N=8-10 fish/
treatment, data are presented as mean + 1 s.e.m.
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(A) BPS Kkills lateral line hair cells in a dose-dependent manner (Two-way ANOVA,
F4107=63.75, p<0.001). N=10-12 fish/treatment. There is a significant effect of BPA
concentration at 4 hrs (One-way ANOVA, Fj 54 =39.92, p<0.001) and 24 hrs (F4 53 =38.91,
p<0.001). (B) The individual effects of BPA and BPS do not appear to be additive when fish
are treated with 40 pM BPA and/or BPS for 4 hrs (BPA, t-test, p=0.16; BPS, t-test, p=0.09,
vs. combined BPS/BPA exposure). Fish were assessed with DASPEI scoring of neuromast
fluorescent intensity. N=10-12 fish/treatment, data are presented as mean + 1 s.e.m.
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Fig. 9.
PCB-95 exposure does not affect lateral line hair cell regeneration. Neomycin treatment

generated a robust hair cell lesion (black Neo bar). Hair cell addition was evident 24 hrs
post-neomycin in all treatment groups (orange bars). While there was a significant effect of
PCB concentration (One-way ANOVA, F3 3,=4.01, p=0.016), this effect is modest and there
are no significant pairwise differences when compared with the 0 PCB-95 (neo only)
control. There is no effect of PCB treatment 48 hrs post-neomycin (red bars), with similar
hair cell regeneration seen in all groups (One-way ANOVA, F3 39=1.84, p=0.16). Hair cells
were quantified by counts of anti-parvalbumin labeled cells in five neuromasts per fish (101,
102, 103, M2, OP1) and summed to arrive at one value per animal. Data are presented as
mean + 1 s.e.m., n= 9-12 fish/group.
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BPA attenuates hair cell regeneration. (A-D) Representative confocal images of anti-
parvalbumin-labeled hair cells from (A) an untreated fish, (B) a damaged neuromast
immediately after exposure to 300 pM neomycin, (C) a neomycin-treated neuromast after 48
hrs of recovery in normal EM, and (D), a neomycin-treated neuromast after 48 hrs of
recovery in 1 uM BPA. (E) There is a significant effect of both BPA concentration and
recovery time on hair cell survival, with more hair cells present after longer times or in lower
BPA concentrations (Two-way ANOVA, BPA conc. F3 63=55.79, p<0.001; Recovery time

F1 63=213.0, p<0.001). Black bars indicate fish not treated with BPA. 300 uM treatment
results in almost complete hair cell loss (black “neo” bar). Orange bars represent 24 hrs of
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regeneration in BPA, and red bars indicate 48 hrs of regeneration in BPA. In all cases “Ctrl”
are age-matched control animals treated with DMSO. Hair cell regeneration was reduced in
10 uM BPA and abolished by 20 uM BPA. (F) BPA-induced hair cell damage delays
regeneration. Fish were treated for 24 hrs with 20 pM BPA and either assessed immediately,
or allowed to recover in fresh EM for an additional 24 hrs. There is no difference in hair cell
number in the 24-hr recovery fish as compared to fish assessed immediately after BPA
exposure (t-test, p=0.13), yet there is significant recovery 48 hrs after BPA removal (t-test,
p<0.001). N=9-11 fish/treatment, data are presented as mean + 1 s.e.m. *p<005, **p<0.01,
***n<0.001.
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