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Early exposure to environmental contaminants such as bisphenol A (BPA) poses significant health
risks due to their potential to disrupt development. However, many studies focus onimmediate effects,
leaving the long-term impact poorly understood. Here, we investigate the long-term effects of
transient BPA exposure during critical periods of visual system development in zebrafish (Danio rerio).
We exposed zebrafish to BPA at 72 hours post-fertilization (hpf) and 7 days post-fertilization (dpf) and
assessed retinal anatomy, optomotor responses, retinal physiology, and molecular signaling
pathways during juvenile or adult stages. Photopic ERGs from adults revealed changes to bipolar and
photoreceptor cell responses that were differentially affected by exposure age and BPA
concentration. Exposure to low (0.001 uM) BPA at 72 hpf, not 7 dpf, altered expression of estrogen-
responsive genes cyp19aib and esr2 in adult retinas, as well as the thyroid-responsive gene thrb. We
also identified changes in phosphorylation levels of the intracellular kinases Akt, ERK, and JNK in adult
retinas and found differences depended upon BPA concentration and exposure age. This study
demonstrates that brief early life exposure to BPA can have profound and lasting effects on the visual
system, identifying a novel effect of this well-known chemical.

Estradiol (E2), the biologically relevant estrogen, has many more properties
than simply the determination and control of reproductive functions. It is
now recognized that precise estrogen signaling is crucial for proper central
nervous system development, maturation, and function'. While estradiol is
known to have pleiotropic actions in the brain, its effects also extend to the
retina’. As a result, any interference with the precise and highly regulated
estrogen signaling mechanisms, particularly during development, can lead
to deleterious consequences on the visual system.

Exposure to endocrine disrupting compounds (EDCs) is one way
estrogenic signaling can be altered as most EDCs have estrogenic or anti-
estrogenic activity’. EDCs are natural or synthetic chemicals ubiquitously
found in many everyday products such as plastic bottles and containers,
cosmetics, detergents, food, toys, and pesticides4. These compounds are
known to have significant adverse effects on human health as exposure,
particularly developmental exposure, has been associated with cognitive

deficits, neurological disorders, reproductive abnormalities, metabolic dis-
eases/disorders, obesity, and diabetes’. Additionally, these compounds pose
great ecological risks as they commonly enter aquatic ecosystems where they
persist in the environment and bioaccumulate in aquatic organisms”.
Bisphenol A (BPA) is a familiar and widespread EDC used as a building
block for plastic polycarbonate and epoxy resins. BPA is commonly found in
plastic water bottles and food containers, paints, adhesives, dental sealants,
and household products®’. Consequently, human exposure is frequent,
resulting in detectable levels of BPA in ~90% of the human population’.
Further, BPA is lipophilic’ and able to cross both the blood brain barrier’
and the placenta, the latter resulting in measurable levels in fetal blood
samples'*"". BPA disrupts estrogen signaling and/or causes physiological
effects at very low (nM) doses'” that correspond to concentrations found in
aquatic environments and wildlife". Its harmful effects have raised con-
siderable public health concerns, resulting in the US Food and Drug
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Administration, European Commission, and Health Canada banning its use
in baby bottles’. Additionally, many countries have also banned the use of
BPA in food contact materials”, leading to the development of related
bisphenols (i.e., BPS, BPF)'>'°,

BPA is classically described as a weak estrogen receptor (ER)
agonist'”", binding to all ERs"**’, including zebrafish ERs***, and initiating
estrogen signaling pathways'. In this way, BPA administration upregulates
expression of aromatase (estrogen synthase), ERa, and ERf in brain. BPA is
also known to bind to and antagonize thyroid hormone receptors (TRs) by
preventing triiodothyronine (T3) binding and subsequent ligand-
dependent transcription of TRs™. Indeed, zebrafish larvae chronically
administered BPA for the first 8 days postfertilization (dpf) showed
decreased T4 and rT3 levels®. In addition, BPA can directly alter neuronal
physiology by changing voltage-gated™ and/or ligand-gated” ion channel
activity. These physiological effects are concentration-dependent, with low
BPA concentrations often reported to be most effective””.

There is a body of literature highlighting the effects of BPA on brain
development and neuronal function, and many developmental and beha-
vioral deficits from epidemiological reports are suggested to be associated
with effects on neurogenesis™*'. For example, ingested BPA alters behavior
in rodents’” and zebrafish larvae embryonically exposed to BPA are
hyperactive”™” with multiple adverse neurobiological effects. Transient
developmental exposure to BPA alters learning, memory® and aggression™
in adult zebrafish.

In contrast, what effects BPA poses on the visual system have received
less attention. Reduced eye size, decreased expression of genes involved in
visual perception”, reduced retinal layer thickness and decreased responses
to white and red light” are reported in zebrafish larvae after BPA exposure.
Adult male zebrafish exposed to low dose (0.22-2 nM) BPA for 7-weeks
display differences in color preference™. Zebrafish exposed to BPS, a BPA
analog, for the first 5 dpf showed altered retinal structure characterized by
increased empty areas and a more sparse retinal ganglion cell layer”’ and
BPS exposure from 2-5 dpf reduced responses to L- and S-type cone signals
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Fig. 1 | Experimental design. To assess long-term effects of developmental exposure
to BPA, zebrafish larvae, aged either 72 hours postfertilization (hpf) or 7 days
postfertilization (dpf) were exposed to 0.1 uM BPA, 0.001 uM BPA, DMSO (vehicle
control, 0.0003%), or water for 24 hours (hr). After exposure, larvae were transferred
to system water and raised in control conditions until either 1- or 2-weeks post
exposure, 1-month (4-weeks) postexposure, or 3-4 months of age. At the 1- and
2-week time points, retinal anatomy was assessed to build on our previous data*. At

which was correlated with changes in morphology of red and UV cones™.
Extended BPS exposure to 120 days decreased tracking ability and retinal
ganglion cell layer thickness and caused an irregular arrangement of retinal
photoreceptor cells". These studies reveal immediate deleterious effects of
chronic developmental exposure to bisphenols.

Here, we examine persistent effects of short-term (24 hour, hr)
developmental BPA exposure on the visual system in zebrafish (Danio
rerio). We focus specifically on the zebrafish retina, which has similar
organization, cell types, and synaptic contacts as other vertebrates. We
extend our previous work, which identified changes in vision-based opto-
motor responses in larval zebrafish 1-week and 2-weeks after developmental
exposure to BPA®”, to ask if transient, developmental exposure to BPA
causes persistent effects in retina that can be measured in adulthood (3-
4 months postexposure). Our short (24 hr) exposure occurred at 72 hours
postfertilization (hpf) and 7 days postfertilization (dpf) as these ages (1)
represent critical periods in zebrafish visual system development™™* and (2)
correspond with development of estrogen signaling pathways**". At each
timepoint, visually guided optomotor responses and retinal anatomy were
assessed; photopic electroretinograms and molecular analysis of retinal
tissue were also performed on adults developmentally exposed to BPA. We
hypothesized that exposures to environmentally relevant concentrations of
BPA during critical periods in visual system development would directly
affect the retina and be correlated with altered visual behavior and phy-
siology. Our data reveal persistent age- and concentration-dependent effects
of BPA exposure on the developing visual system. To our knowledge, this is
the first study to report that a transient exposure to environmentally relevant
BPA concentrations can adversely affect adult retinal function.

Results

We utilized a 24 hr exposure paradigm (Fig. 1) based on the rapid uptake of
BPA across the gills4s, with measurable internal concentrations within hours
and peak values after 24 hr*. To assess the efficacy of a 24 hr BPA exposure,
we (1) recorded electroretinograms (ERGs) in adult retinal eye cups and (2)
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the 1-month time point, behaviors were assessed by measuring optomotor

responses. At the 3-4 month time point, optomotor responses were also recorded,
followed by electroretinogram (ERGs) recordings from excised retinal eyecups.
Retinal tissue was then collected for molecular analysis and carcasses were processed
to quantify BPA levels in body tissues. For comparison, acute effects of BPA exposure
were assessed in a separate set of adult fish. These fish were exposed to one of the four
treatment groups for 24 hr, when ERGs were recorded, and tissue was collected.
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Fig. 2 | Acute 24 hr exposure to BPA alters ON- and OFF-bipolar cell responses.
A-G Mean photopic electroretinogram (ERG) recordings from retinal eyecup
preparations from adults exposed to water, vehicle (0.0003% DMSO), low BPA
(0.001 uM), or high BPA (0.1 uM) for 24 hr. The tissue was stimulated by 300 msec
full-field white light pulses at 7 irradiance levels ranging from ND 3.0 (brightest) - 6.0
(dimmest) in 0.5 increments. Traces shown in A represent the mean response to the
brightest stimulus (3.0 ND) from all eye cups in each treatment group. The red
square pulse denotes duration of the light stimulus. Water = 7 eyes; DMSO = 6 eyes;

water  vehicle lowbpa highbpa

low BPA =7 eyes; high BPA = 3 eyes. ERG a-wave, ON-bipolar cell b-wave, and
OFEF-bipolar d-wave components (noted on vehicle trace in (A)) were quantified.
B a-wave amplitude and C a-wave trough time (p = 0.08) were not altered by BPA
exposure. D b-wave amplitude was reduced followinglow BPA treatment (p < 0.001)
though (E) time to b-wave peak was not changed (p = 0.162). Low BPA decreased
d-wave amplitude (F) but increased (delayed) peak time (G) (p < 0.001). Data in
B-G are presented as box and whisker plots: median line is in the center of the box
and the X’ is the mean. Significant differences are indicated with asterisks (a = 0.05).

examined changes in gene expression from the same retinal tissue. BPA can
alter nerve cell activity by inhibiting Ca** currents, increasing K currents™,
potentiating glycine currents”, increasing Ca*? influx through NMDA
receptors™, or altering GABA, responses”. ERGs, which are used to clini-
cally diagnose retinal diseases, capture the responses of photoreceptors (a-
wave), ON-bipolar cells (b-wave), and OFE-bipolar cells (d-wave) (Fig. 2A).
In other tissues, BPA is reported to increase expression of the estrogen-
responsive genes cypl19alb (Aromatase B, neural aromatase), esrl (ER«),
and esr2 (ERP) and decrease expression of thyroid receptors TRa (thraa,
thrab) and TRb (thrb).

Adults acutely exposed to BPA show tissue accumulation,

altered retinal physiology, and changes in gene expression

We observed no mortality in adult zebrafish resulting from a 24 hr exposure
to either 0.1 uM (high) BPA, 0.001 uM (low) BPA, or 0.0003% DMSO
(vehicle). Analysis of ERG recordings (Fig. 2) identified decreased
(p <0.001) ON-bipolar cell b-wave amplitudes in response to low BPA
(17+1.84 uV) compared to high BPA (292+1.98 uV), vehicle
(33.4 £5.32 uV) and water (35.6 + 3.34 uV) controls (Fig. 2D). OFF-bipolar
cell d-wave amplitude was also reduced as a result of low BPA exposure
(76+£0.67 pV) compared to vehicle (13.3+1.07 pV) and water
(21.4+2.49 pV) controls (p <0.001) (Fig. 2F); low BPA also increased
(p <0.001) d-wave peak time (Fig. 2G; 134 + 8.52 ms) compared to all other
groups (water: 92.9+845ms | vehicle 943+531ms | high BPA:
82.4+8.83 ms). No changes between treatment and control groups for

a-wave trough time (p =0.08; Fig. 2C) or b-wave peak time (p =0.162;
Fig. 2E) were noted, though a-wave amplitude was found to be different
between water and vehicle controls (p =0.02; Fig. 2B). Because of the
observed difference between vehicle and water controls, suggesting an effect
of vehicle™ ™, we discuss all treatment effects relative to vehicle controls.
However, figures and figure captions indicate all significant differences to
provide a complete picture of BPA’s effects.

We also examined changes in expression of estrogen- and thyroid-
responsive genes in retinal homogenates after a 24 hr exposure using qPCR
(Fig. 3A). Our data identified an average 30-fold increase in cypl9alb
expression in the low BPA treatment group, though high variation in fold
changes (between approximately 9 and 50) was observed and the increase
was not statistically significant. We also observed concentration-dependent
uptake of BPA in adult carcasses after a 24 hr exposure (Fig. 3B). Together,
these results indicate that BPA exposure for 24 hr is sufficient for tissue
uptake and is associated with physiological and genomic effects in retinal
tissue. The changes in ERG b- and d-waves further suggest that retinal
bipolar cells may be the cell type most sensitive to BPA exposure.

Modest and time-dependent effects of BPA on retinal anatomy
and OMRs

Our previous study identified differences in visually guided optomotor
responses (OMRs) and eye diameter in zebrafish larvae 1- and 2-weeks post
exposure”. Here, we expand that work and build on the acute effects
observed after a 24 hr exposure to (1) explore additional visual system
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Fig. 3 | 24 hr exposure to BPA is sufficient for measurable accumulation in body
tissues and to cause genomic changes. Adult zebrafish were exposed to low BPA
(0.001 uM), high BPA (0.1 uM), water, or vehicle (DMSO, 0.0003%) for 24 hr.

A qPCR analysis of retinal homogenates tested if the 24 hr exposure regime altered
expression of estrogen responsive (cyp19alb, esrl, esr2a) and thyroid responsive
(thrab, thrb) genes. Low BPA increased thrab expression compared to vehicle

(p <0.01). White bars—water, light gray bars—vehicle, dark gray bars—low BPA,
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black bars—high BPA. B After removal of internal organs, carcasses were flash
frozen for LC/MS analysis. Concentration dependent accumulation was evident, and
no BPA was detected in either water or vehicle exposed carcasses. C Adults exposed
to high BPA at either 72 hpf (light gray bars) or 7 dpf (dark gray bars) had measurable
levels of BPA within their carcasses. BPA was not detected in adults developmentally
exposed to low BPA at either age. No BPA was found in carcasses of adults that were
developmentally exposed to either vehicle or water.

consequences of developmental BPA exposure, (2) assess if effects persist
after an even greater postexposure interval (i.e., into adulthood), and (3)
explore potential cellular mechanisms targeted by BPA (Fig. 1).

To begin, we asked if the previously identified BPA-induced differences
in OMRs 1-week and 2-weeks postexposure were associated with anato-
mical changes in retina. Measurements of H & E-stained retinal sections
(Supplementary Fig. 1) did not reveal any effects of BPA on retinal anatomy
1- or 2-weeks postexposure in comparison with vehicle controls (p > 0.05
for all; Supplementary Fig. 2).

When the postexposure assessment was extended to 1-month (4-
weeks) fish exposed to low BPA at 7 dpf displayed a decrease in INL
thickness compared to vehicle controls (p=0.001; N =3 per treatment)
(Fig. 4A). Low BPA exposure at 72 hpf also reduced thickness of individual
retinal layers, though these reductions were not significant, and no further
differences were evident across treatments or exposure ages. We also
observed no significant differences in OMRs between vehicle control and
BPA treated fish at the 4-week postexposure time point (Supplementary
Fig. 3A) and differences in retinal layer measurements were significant only
for the reduced INL measurement in larvae treated with low BPA when they
were 7 dpf. The absence of significant differences in OMRs was opposite
what we observed at earlier post exposure time points*. In contrast, retinal
layer measurements taken 1-, 2-, and 4-weeks after BPA exposure all display
modest effects localized to the INL, where bipolar cell bodies are located.

We next asked if zebrafish adults (3-4 months postexposure) displayed
any differences in OMR and/or retinal anatomy resulting from develop-
mental BPA exposure. Anatomical measurements of H&E-stained adult
retinal sections (N = 3 per treatment, Supplementary Fig. 4) again identified
minimal effects of BPA. However, adults exposed to high and low BPA at 72
hpf exhibited reduced IPL thickness (p =0.042) (Fig. 4B). Behaviorally,
adults exposed to low BPA at 72 hpf had reduced OMRs compared to all

other groups (water: 5+ 1.44, n=6; low BPA: 1.6+0.53, n=7 | vehicle
controls: 2.3 £ 0.58, n = 8 | high BPA: 3.8 + 0.67, n = 18), though these dif-
ferences were not significant (H =7.03, df, = 3, p=0.071) (Supplementary
Fig. 3B). Adults exposed to BPA at 7 dpf also showed a non-significant
reduction in OMRs that was concentration dependent (low BPA: 2.4 + 0.53
(n=13) | vehicle: 4+0.63 (n=8) | high BPA: 1.5+ 0.5 (n=5) | water
controls: 1.5 +0.51 (n = 14)) (Supplementary Fig. 3B).

We found no significant effect of treatment on survival to adulthood
for either exposure age (Supplementary Fig. 5). However, if median survival
is examined, exposure to low BPA at 72 hpf resulted in the lowest survival to
adulthood as did exposure to vehicle at 7 dpf. This is consistent with our
previous study demonstrating that, at the 2-week timepoint, exposure to low
BPA at 72 hpfand vehicle at 7 dpf reduced larval survival, while low BPA at 7
dpf had no effect”.

Comparing the anatomical and behavioral data obtained 1-month vs
3-4 months postexposure identified comparable BPA-induced effects.
Anatomical changes, though modest overall, were observed in the INL (1-
month) or IPL (3-4 months), consistent with results from 1-week and
2-week postexposure tissues”. In general, low BPA exposure at 72 hpf
caused more significant effects than either high BPA exposure or exposure at
7 dpf. No BPA-induced changes in OMRs were observed at either exposure
age or postexposure assessment time.

BPA alters retinal physiology 3-4 months postexposure

To identify if developmental BPA exposure compromises adult retinal
physiology, we examined photopic ERGs, evoked by a white light stimulus at
3.0 ND, from adult (3-4 months postexposure) eye cups of 72 hpf (Fig. 5) or
7 dpf (Fig. 6) treated fish to assess photoreceptor (a-wave), ON-bipolar (b-
wave) and OFF-bipolar (d-wave) cell responses. Representative intensity-
response curves are provided in Supplementary Fig. 6. In 72 hpf-exposed
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Fig. 4| Modest change in retinal layer thickness measurements observed 1-month
or 3-4 months after BPA exposure. Zebrafish larvae aged 72 hpf or 7 dpf were
exposed to water, vehicle (DMSO, 0.0003%), low BPA (0.001 uM) or high BPA
(0.1 uM) for 24 hr and then returned to system water. Measurements of H&E-
stained zebrafish retinas taken A 4-weeks or B 3-4 months postexposure. The

dashed line separates data from 72 hpf (below the line) and 7 dpf (above the line)
exposure groups. N = 3 per treatment group. Missing measurements due to tissue
loss. For all graphs, bars show mean + SE, individual data points are black dots.
Significance is indicated by asterisks (a = 0.05).

adults, both low BPA (0.92+0.2 uV) and high BPA (0.86 +0.15puV)
increased a-wave trough amplitudes compared to vehicle (1.9 +0.28 uV;
p<0.001) (Fig. 5A) with no effect (p=0.055) on a-wave trough time
(Fig. 5B). b-wave amplitude was increased (p < 0.001) in adults exposed to
low BPA at 72 hpf (17.2 £ 1.39 uV) compared to responses from vehicle
(13 + 1.42 pV) and high BPA (9.7 + 0.42 pV) treatment groups; in contrast,
high BPA reduced peak b-wave amplitude compared to vehicle (Fig. 5C;
p <0.001). There was no difference in b-wave peak time between BPA and
vehicle treatment groups (Fig. 5D). d-wave amplitude in 72 hpf-exposed
(Fig. 5E) adults was reduced in the low BPA group (4.7 £ 0.23 uV; p = 0.003)
compared to vehicle controls (10.4 +2.13 uV). d-wave peak time (Fig. 5F)
was also reduced (faster) in the low BPA group (93.4 + 4.64 ms) relative to
vehicle controls (116.9 + 7.23 ms; p = 0.005).

Differences in photopic ERGs recorded from adults exposed to BPA
when they were 7 dpf were also evident (Fig. 6). In this group, no differences
in a-wave (Fig. 6A) or b-wave amplitudes (Fig. 6C) were identified relative to
vehicle controls. Measurements of a-wave trough time were reduced in the
high BPA (36.3+£9.21ms) group relative to vehicle controls
(87.5+13.4ms) (Fig. 6B) and low BPA (90.3 +8.82 ms; p=0.003). In
contrast, time to the b-wave (Fig. 6D) or d-wave peak (Fig. 6F) did not differ
from vehicle (p=0.403). d-wave amplitude was reduced in high BPA
(1.3£0.17 pV) treated fish compared to the low BPA (4 +0.25uV) and
vehicle control (4.5 + 0.42 uV; p < 0.001) groups (Fig. 6E).

To identify potential physiological mechanisms underlying the
observed BPA-induced changes in ERG responses, we used whole-cell patch
clamp techniques to record voltage-gated currents. Acute BPA exposure is
reported to inhibit voltage-gated Ca* currents but increase K* currents™.
We identified a decrease in depolarization elicited Iy and Ic, currents in
zebrafish bipolar cells in adults exposed to BPA at 72 hpf (Fig. 7). Ik
amplitude was decreased (p < 0.026; Fig. 7A, B) in response to a voltage step
to —60 mV and to voltage steps equal to or more depolarizing than +10 mV
(Vhola = —60 mV). For the most depolarizing steps (+40 to +60mV),

current amplitude in both BPA groups was reduced compared to vehicle
controls (p < 0.008). At slightly less depolarizing voltage steps (to +20 and
+30mV), high BPA (n = 3) was still different from vehicle controls (n = 6)
(p=0.016 and p = 0.013, respectively). I, amplitude was also decreased in
both BPA groups and often not evident (Fig. 7C, D). Calcium current
amplitude was consistently reduced in low BPA treated tissue, with differ-
ences from vehicle controls noted in response to voltage steps to —20 mV
(0.022) and —10mV (p=0.018).

Voltage-gated currents recorded from bipolar cells in adults exposed at
7 dpf (Fig. 8) also showed a reduction in I¢,, but concentration-dependent
effects on Ix. Here, Ix amplitude from high BPA treated tissue was con-
sistently the largest amplitude (Fig. 8A, B) with significant differences noted
in response to voltage steps equal to or more depolarizing than —20 mV. In
contrast, the lowest amplitude for Iy was found in low BPA treated retinas.
Depolarizing voltage steps to —20 mV (p = 0.004) and —10 mV (p = 0.003)
revealed differences between amplitudes from high BPA treated cells vs.
vehicle control. A voltage step to 0 mV (p = 0.005) found high BPA current
amplitude to be significantly different from both vehicle and low BPA
values. For I¢,, however, responses observed in adults treated at 7 dpf were
similar to those identified in adults exposed to BPA at 72 hpf: calcium
current amplitude was reduced/not evident in BPA-treated groups
(Fig. 8C, D). Vehicle controls showed the largest calcium current amplitude,
and these values were significantly different from amplitudes measured for
both low and high BPA treatment groups at all voltage steps more depo-
larizing than —40 mV (p < 0.002).

Taken together, our electrophysiology data indicates that develop-
mental BPA exposure had persistent effects on adult retinal function. We
also identified differential responses based on exposure age and with respect
to BPA concentration. Both low (0.001 uM) and high (0.1 uM) BPA altered
physiological responses in adults if exposure occurred at 72 hpf. In contrast,
when exposure occurred at 7 dpf, the high BPA treatment group was more
effective. This finding was consistent with LC-MS analysis of carcasses
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Fig. 5 | Low BPA exposure at 72 hpf affected adult photopic ERG responses.
A-F Mean photopic ERG recordings (top) from retinal eyecup preparations from
adults exposed to water, vehicle (0.0003% DMSO), low BPA (0.001 uM), or high
BPA (0.1 pM) when they were 72 hpf. Traces shown represent the mean response to
the brightest stimulus (3.0 ND) from all eye cups in a given treatment group.
Water =5 eyes; vehicle = 10 eyes; low BPA = 6 eyes; high BPA = 18 eyes. The tissue
was stimulated by 300 msec full-field white light pulses at 7 irradiance levels ranging
from ND 3.0 (brightest)-6.0 (dimmest) in 0.5 increments. Red square pulse on all

graces represents the photocell. White-light ERG responses had clear a-wave, b-
wave, and d-wave components (noted on vehicle trace at top), which were evoked on
an infrared (IR, RG780 filter) background. A a-wave amplitude, B a-wave trough
time, C b-wave amplitude, D time to b-wave peak, E d-wave amplitude, F d-wave
peak time. Data in A-F are presented as box and whisker plots: median line is in the
center of the box and the ‘X’ is the mean. Significant differences are indicated with
asterisks (a=0.05).

collected from adults developmentally exposed to high BPA (Fig. 3C) which
revealed measurable accumulation of BPA in carcasses from fish exposed to
high BPA only. Further, specific components of outer retinal signaling (i.e.,
photoreceptor, ON-bipolar, and OFF-bipolar responses) were differentially
affected by BPA. While 24 hr acute exposure to adults did not alter a-wave
responses (Fig. 2), exposure to BPA during development did affect a-wave
parameters, suggesting a direct effect on photoreceptor development.
Changes to b-wave and d-wave responses suggest bipolar cells, which are
postsynaptic to photoreceptors, are also sensitive to BPA exposure. BPA’s
effects on these second-order neurons could be due to a direct effect on the
bipolar cells or an indirect effect of BPA on photoreceptors. Together, these
data suggest potentially distinct cellular/molecular effects of BPA depending
on exposure age, concentration, and cell type.

E, and TH target gene expression are altered by low con-
centrations of BPA 3-4 months postexposure

It is widely accepted that BPA can exert its effects via classic ER-mediated
genomic signaling mechanisms, binding to and activating nuclear ERa/( to
alter transcription of E,-responsive genes. To determine if persistent BPA-
induced alterations to retinal physiology are associated with perturbations to
E, genomic signaling as we observed in adults following a 24 hr BPA
exposure (Fig. 3A), we examined expression of E,-regulated genes in retinal
tissue: cypl9alb (Aromatase B, neural aromatase), esrl (ERw), and esr2
(ERB). RT-qPCR analysis of retinal tissue from adults exposed at 72 hpf
(Fig. 9A) revealed a dramatic upregulation of cyp19alb in the low BPA
group that was different from all other treatments (p < 0.0038). Neither esr1
(ERa) nor esr2a (ERB2) mRNA levels were altered by BPA relative to vehicle
controls, though esr1 exhibited a BPA concentration-dependent trend of

increased expression. Unable to obtain or design primers specifically tar-
geting esr2b (ERP1), we performed Western blots with retinal homogenates
using a general esr2 (ERP) antibody to potentially reveal ER isoform-specific
differences in expression when compared with qPCR data. Retinal esr2
protein expression exhibited similar patterns in response to BPA as esr2a
mRNA (Fig. 9B), suggesting either antibody detection of esr2a protein or
similar effects to both esr2 isoforms. At the protein level, however, the
decrease in esr2 protein in the low BPA group relative to both vehicle
controls and high BPA was statistically significant (vehicle: p = 0.0048 | high
BPA: p =0.034).

In contrast, BPA exposure at 7 dpf did not affect cyp19alb, esrl, or
esr2a gene expression (Supplementary Fig. 7A), though trends were
observed. The high BPA treatment group displayed decreased ER expres-
sion (Supplementary Fig. 7A), and both the high and low BPA groups
exhibited a trend of decreased cyp19a1b expression. esr2 protein expression
in 7 dpf treated adult retinas (Supplementary Fig. 7B) again exhibited a
similar pattern to esr2a mRNA, but here assessment at the protein level
revealed a significant increase in the low BPA group (p < 0.002) in contrast
to the decrease observed when BPA exposure occurred at 72 hpf.

BPA also antagonizes triiodothyronine (T3)-dependent activation of
thyroid hormone receptors (TRs), particularly TRp, either directly by
binding to TR™ or indirectly via non-genomic pathways”. Given the critical
roles of thyroid hormones and TRs in retinal development™*, and a recent
publication showing that chronic BPA exposure affects thyroid hormone
levels in zebrafish larvae™, we were motivated to assess the effect of BPA on
TR transcription in retina. Exposure to low BPA at 72 hpf decreased thrb
(TRB) expression in retina of adults compared to vehicle control
(p=0.00078) and high BPA (p=0.00097) groups (Fig. 9C). A similar
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Fig. 6 | High BPA exposure at 7 dpf affects ERG a-wave and d-wave responses.
A-F Mean ERG recordings (top) from retinal eyecup preparations from adults
exposed to water, vehicle (0.0003% DMSO), low BPA (0.001 uM), or high BPA
(0.1 uM) when they were 7 dpf. The tissue was stimulated by 300 msec full-field white
light pulses at 7 irradiance levels ranging from ND 3.0 (brightest)-6.0 (dimmest) in
0.5 increments. These ERGs were in response to 10 replicates of a 7-step irradiance
response series covering a 3-log unit range. Traces shown represent the mean

water vehicle Low BPA high BPA

Low BPA high BPA

response to the brightest stimulus (3.0 ND) from all eye cups in a given treatment
group. Water = 11 eyes; Vehicle = 6 eyes; low BPA = 13 eyes; high BPA = 5 eyes. ERG
a-wave, b-wave, and d-wave components are noted on the vehicle trace at the top.
A a-wave amplitude. B a-wave trough time. C b-wave amplitude. D time to b-wave
peak. E d-wave amplitude. F d-wave peak time. Data in A-F are presented as box and
whisker plots: median line is in the center of the box and the X’ is the mean.
Significant differences are indicated with asterisks (o = 0.05).

reduction in thrab expression was also observed in response to low BPA,
though it was not significant (Fig. 9C). Consistent with our estrogenic gene
expression findings, BPA exposure at 7 dpf had no effect on thrab or thrb
expression in adult retina (Supplementary Fig. 7C; high BPA data not
available), though increasing trends in thrb expression were noted for the
low BPA group.

Taken together, this data indicates that developmental BPA exposure
has long-term effects on the expression of retinal cyp19a1b, esr2, and thrb—
essential components of two hormone pathways highly involved in retinal
development, maintenance, and function. Of note, significant transcrip-
tional changes were identified when exposure occurred at 72 hpf, but not 7
dpf, and changes were predominantly induced by the lower BPA
concentration.

Developmental BPA exposure activates non-genomic ER
signaling

In addition to classical genomic signaling, BPA can also bind extranuclear
membrane-bound ERs (mERs)® and a G-protein coupled estrogen receptor
(GPER)” to initiate nongenomic signaling mechanisms. Activation of these
membrane receptors triggers downstream changes in mitogen-activated
protein kinase (MAPK) and phosphatidyl-inositol-3-kinase/AKT (PI3K/
AKT) pathways, ultimately influencing gene transcription®"**. Significantly,
BPA can activate these pathways at concentrations far below (pM - nM
range)” those required for nuclear ER binding®’ and activation™. Con-
sidering the transcriptional effects we observed exclusively in response to
low BPA and the key functions of MAPK and PI3K/AKT signaling in retinal
development and cell survival, we next examined whether the long-term
effects of BPA in retina are associated with changes in these nongenomic
pathways.

Using retinal homogenates collected from adult zebrafish devel-
opmentally exposed to BPA, we used Western blots to assess activation
(phosphorylation levels) of the three MAPK families (ERK, JNK, P38) and
AKT, the primary regulator of downstream PI3K/AKT pathway effectors.
At 72 hpf, both BPA concentrations decreased phosphorylated ERK (p-
ERK) levels (Fig. 10A) relative to vehicle controls (high BPA: p =0.00045 |
low BPA: p =0.00012), with low BPA causing a more pronounced reduc-
tion. Low BPA also increased JNK phosphorylation (p-JNK; Fig. 10B,
p = 0.048). Interestingly, high BPA at 72 hpf had no effect on p-JNK, with
levels similar to vehicle controls. We found no significant effect of high BPA
at 72 hpf on phosphorylated P38 levels (p-P38; Fig. 10C) relative to vehicle
controls, though an increased trend was observed. Due to undetectable total
P38 expression in response to low BPA and water treatments, we were
unable to quantitatively normalize p-P38 to total protein levels. However,
qualitative comparison of Western blots suggests that low BPA increased
p-P38 relative to vehicle control and high BPA. Consistent with JNK and
P38, high BPA at 72 hpfhad no effect on p-AKT levels (Fig. 10D). Again, low
BPA at 72 hpf reduced expression below detectable levels, thus preventing
analysis of low BPA effects on p-AKT.

Assessment of MAPK and AKT phosphorylation in retinas of adults
exposed at 7 dpf also revealed BPA-induced alterations, though treatment
responses differed. Low BPA at 7 dpf decreased p-ERK (Fig. 10E) with
respect to all other treatments (vehicle: p = 0.025 | water: p = 0.0025 | high
BPA: p =0.0076) whereas high BPA had no effect. p-JNK, in contrast, was
prominently increased by high BPA exposure at 7 dpf (Fig. 10F) compared
to all other treatments (vehicle: p=0.0017 | water: p = 0.0023 | low BPA:
p =0.0035). Neither concentration of BPA at 7 dpf affected p-P38 levels
(Fig. 10G). Interestingly, low and high BPA at 7 dpf had pronounced,
opposite effects on p-AKT expression (Fig. 10H): high BPA increased
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+10mV (p =0.026), +20 mV (p = 0.016, high BPA vs. vehicle), +-30 mV (p = 0.013,
high BPA vs. vehicle), and 440, 450, or +-60 mV (p < 0.008, vehicle vs. both low and
high BPA). C Representative whole-cell Ca* current elicited by a voltage step to

—20 mV (Vo1a = —60 mV), when the greatest amplitude differences were noted.

Vehicle (N = 2),low BPA (N = 3), high BPA (N = 4). D Current-voltage relationship
depicting mean ( + SE) current amplitudes evoked in response to voltage steps from
—40 to +-10 mV, in 10 mV increments from a holding potential of —60 mV. Dif-

ferences in mean current amplitudes were noted in response to voltage steps equal to
or more depolarizing than —30 mV (p < 0.002). For all these membrane potentials,
the calcium current was significantly reduced/absent in the BPA treatment groups.

p-AKT relative to other treatments (vehicle: p < 0.001 | water: p =0.0017 |
low BPA: p < 0.001) while low BPA reduced levels (p < 0.001).

These findings indicate that BPA exposure during development has
persistent effects on ERK, JNK, and AKT pathway activation in the retina,
with effects depending on the age of exposure and BPA concentration. Low
BPA decreased ERK phosphorylation in adult retinas when exposure
occurred at 72 hpf and 7 dpf, while JNK and AKT phosphorylation was
differentially affected by low vs high BPA depending on the exposure age.
Overall, this data suggests BPA exposure can target non-genomic signaling
pathways in retina, providing a potential mechanism underlying its long-
term effects, especially at low concentrations.

Discussion

Environmental contaminants are a continued health concern, with expo-
sure occurring through ingestion and/or inhalation®. Developmental
exposure to these contaminants, even at low levels, changes neurogenesis®
with subsequent sequelae reported in both humans and animal models. One
such compound is BPA, an endocrine disruptor and ubiquitous global
contaminant*® with measurable levels reported in >86% of urine and/or
plasma samples worldwide’. Some published studies using zebrafish report
that BPA exposure causes hyperactivity in larvae*** whereas others report
reduced responses in the dark™”. Behavioral deficits have been observed in
adults that were exposed during development”, suggesting both short- and
long-term effects of exposure. Developmental BPA exposure can also target
sensory systems, leading to malformed otoliths”, inhibited regeneration of
lateral line neuromasts®, reduced responses to green and red light™, and
reduced habituation and prepulse inhibition in response to an auditory
startle stimulus®. While these studies clearly show deleterious effects of BPA
exposure, few examine if early life exposure leads to persistent effects by
measuring outcomes after a recovery/washout period. Here, we report the

novel finding that a transient 24 hr BPA exposure during a critical period of
visual system development leads to persistent molecular changes in gene
expression and intracellular signaling that are coupled to perturbations in
adult retinal function.

Zebrafish have 3 ER types, one isoform of ERa and two isoforms of ER}
(ERP1 and ERP2) which are encoded by different genes: esrl, esr2b, and
esr2a respectively. All are sensitive to E,™”*”" able to bind BPA'*”, and have
specific expression patterns during development”. Zebrafish also express
GPER™. BPA treated larvae show reduced eye size” and decreased
expression of genes involved in visual perception’” suggesting BPA
exposure can specifically, and adversely, affect the visual system. Published
studies of adult zebrafish exposed to BPA report a significant upregulation of
aromatase B (cyp19alb) expression in brain'****7>”® consistent with its role
as a weak estrogen agonist'®”. To determine if BPA has a similar role in
zebrafish retina, we examined the effect of BPA exposure on estrogen
responsive genes (cypl9alb, esrl =ERa, and esr2a=ERB2) in retinal
homogenates from adults assessed immediately after a 24 hr exposure or
after developmental exposure to BPA at 72 hpf or 7 dpf. We observed no
significant effect of BPA exposure on any of the genes examined when
assessed in adults immediately after a 24 hr exposure. Average fold induc-
tions of AroB and ERa were increased relative to vehicle controls, but these
differences were not statistically significant, likely due to a large variation in
fold changes among biological replicates. However, we found that exposure
tolow BPA at 72 hpfincreased cyp19al1b and decreased esr2 protein levels in
adult retinal homogenates. We also observed increased esrl and reduced
esr2a expression that were not significant. These results support 48-96 hpf
being an ‘estrogen sensitive window’ for zebrafish™ and agree with the
reported BPA-induced overexpression of cyp19a1b. The observed decrease
in esr2a, though nonsignificant, is consistent with reduced esr2 protein
levels and with other studies demonstrating an antagonistic effect of BPA on
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voltage step to 0 mV (p = 0.005) showed differences between high BPA and all other
treatment groups. Voltage steps to +10 mV or more depolarized levels (p < 0.004)
revealed a difference between low vs. high BPA treatment groups. C Representative
whole-cell Ca** current elicited by a voltage step to —30 mV (Vjoa = —60 mV),
when the greatest amplitude differences were noted. Vehicle (N = 3), low BPA

(N = 3), high BPA (N =2). Whole cell Ca™ currents elicited by voltage steps from
—50 to 0mV in 10 mV increments from Vg = —60 mV. D Current-voltage rela-
tion showing peak amplitude of the calcium current. Low and high BPA exposure
reduced Ic, amplitude.

ERB” due to BPA interfering with the ligand binding domain and pre-
venting the necessary conformation for transcriptional action””’. Low BPA
exposure at 7 dpf, in contrast, did not affect expression of cyp19al1b, esrI, or
esr2a in adult retinal tissue though there was an increase in esr2 protein in
retinal homogenates, as in ref. 21. Overall, these results are consistent with
BPA acting as a weak ER agonist and are the first to report prolonged
estrogenic effects of BPA in retinal tissue.

A surprising finding from our qPCR results was a lack of significant
differences in esr1 expression at either age or BPA concentration. Several
publications note BPA is an ERa agonist that induces ERE-mediated
transcriptional activation of esr1'“*’. There are three possibilities for the
differential response of BPA on esrI and esr2 in our retinal homogenates: (1)
absence of ERa in retinal tissue, (2) differential affinity for ERa and ERP by
BPA, and (3) posttranslational modification of activated ER. Initial char-
acterization of zebrafish estrogen receptors did not report esrl in retinal
tissue’’, though both esr2a and esr2b were present. A subsequent study,
however, identified all three ER types in adult zebrafish retinas”’. Splice
variants of ERa resulting in short (ERas) and long (ERay ) isoforms have also
been reported in zebrafish and BPA displays preferential selectivity for ERas,
which is not the isoform found in retina®. Thus, the reduced expression of
esr] in our retinal homogenates may reflect overall reduced levels of ERa in
zebrafish retina, though we were able to measure expression of esrI in our
homogenates. Second, BPA is reported to have a higher affinity for ERJ than
ERa in vivo™***, Thus, it is possible that the low concentrations used here
were insufficient for ERa binding but sufficient to interact with ER and/or

suppress esr2 transcription. Finally, the different actions of BPA on ERa and
ERp in our retinal homogenates may be due to posttranslational mod-
ification through phosphorylation or altered recruitment of cofactors®’.
Phosphorylation of ERs can occur with or without ligand binding* and ERa
transcription can be modulated by phosphorylation from intracellular
kinases such as Akt and MAPKSs", increasing or decreasing ERa -ERE
affinity depending on the kinase and phosphorylation site®. Therefore, it is
possible that transcriptional activity of ERa to initiate target gene expression,
including its own, was inhibited by phosphorylation®’. Multiple phos-
phorylation sites have been identified on both ERa and ERB*"*, supporting
this hypothesis, though these sites have yet to be reported in zebrafish.

In addition to persistent changes in genomic signaling pathways, we
also observed differential phosphorylation of Akt and the MAPK associated
kinases ERK and JNK in adult retinas following developmental BPA
exposure. Adult retinal homogenates exposed to low BPA at 72 hpf had
decreased p-ERK and p-Akt protein levels but increased p-JNK. Low BPA
exposure at 7 dpf also significantly reduced p-ERK and p-Akt levels in adult
retinal homogenates, while high BPA exposure at this age significantly
increased adult p-JNK and p-Akt levels. Activated kinases, such as ERK and
Akt, can regulate ER activity through phosphorylation®', supporting the
observed differential effects of BPA on ER-mediated gene expression of
estrogen target genes. The intracellular MAPK/ERK signaling pathway is
also associated with development, proliferation, and differentiation of cells®;
while the JNK signaling pathway is associated with apoptosis and proin-
flammatory cytokines*. These different signaling pathways, which are
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Fig. 9 | Exposure to BPA at 72 hpf induced changes in genomic signaling path-
ways in adult retina. RT-qPCR and Western Blot results in retinal homogenates of
adult fish exposed to water, vehicle (0.0003% DMSO), low BPA (0.001 uM), or high
BPA (0.1 pM) when they were 72 hpf. A RT-qPCR of estrogenic genes cyp19alb,
esrl,and esr2a. N = 3-5 fish per treatment for each gene (cyp19a1b: vehicle = 3, High
BPA =3, Low BPA =3, Water =4, | esrl: vehicle = 4, High BPA =5, Low BPA =5,
Water =5 | esr2a: vehicle = 4, High BPA =4, Low BPA =4, Water =4). B Western

x®

Blot using an antibody against ERP and f-actin as a loading control and quantifi-
cation. Fold changes were calculated from densitometry analysis and normalizing
values to loading control and water. N = 2 fish per treatment. C RT-qPCR of thyroid
receptor genes thrab and thrb. N = 3 fish per treatment for each gene. For RT-qPCR,
values were normalized to rpl13a housekeeping gene and water control. For all
graphs, box plots reflect fold change. Asterisks indicate statistical significance:

*p < 0.05, **p < 0.01, ***p < 0.001.

associated with ERa activation and ER inhibition, respectively, depend on
cell context with the balance of receptor activation determining the overall
response of the cell”®. Our results, therefore, suggest that exposure to low
BPA at 72 hpf has the potential to cause increased apoptosis/inflammation
(JNK pathway) and decreased differentiation (ERK and Akt pathways).
Retinal layer measurements made in adults exposed to low BPA at 72 hpf
identified reductions in inner plexiform layer thickness which could be due
to differential activation of MAPK pathways following BPA exposure. In
contrast, BPA exposure at 7 dpf revealed concentration-dependent effects:
low BPA exposure decreased p-ERK and p-Akt (associated with reduced
differentiation); high BPA increased p-JNK (associated with increased
apoptosis) in retinal tissues. However, these molecular changes were not
correlated with changes in either retinal morphology or thickness mea-
surements of adult retinas exposed to BPA at 7 dpf.

While BPA binding to extranuclear ER can trigger MAPK pathway
activation”®, the observed activation of the intracellular kinase pathways
observed here more probably occurred via BPA binding to GPER, the
G-protein coupled ER, as membrane bound ERs have not been identified in
zebrafish™. In transfected cells”’ and mammals*’, BPA has a higher affinity
for GPER than either ERa or ERp, and BPA binding to GPER activates Akt
and ERK pathways”, consistent with changes we observed. However, BPA
binding to zebrafish GPER is inhibitory’', which could have caused the
reductions in p-ERK and p-Akt identified in retinal homogenates in
response to low BPA exposure. Further, BPA antagonizing ERf (observed in

our genomic data) is associated with increased apoptosis’, which is corre-
lated with the observed increase in p-JNK levels and suggests persistent,
overlapping genomic and nongenomic effects of low BPA in zebrafish
retina. Adults exposed to high BPA showed similar responses, though effects
were more pronounced at the 7 dpf exposure age. Though we did not assess
estrogen related receptors (ERRs), BPA could also be mediating non-
genomic effects by binding to ERRy” which can also trigger MAPK
pathways™. BPA binding to both ERRy and GPER in zebrafish may be a
mechanism whereby some MAPK pathways are activated, and others are
not. Future experiments are needed to address this hypothesis.

Overall, our molecular data supports BPA as an estrogen agonist that
can persistently activate both genomic and nongenomic signaling pathways
after developmental exposure. Low BPA exposure at 72 hpf, an age of high
neurogenesis within the zebrafish visual system, causes long-term altera-
tions to both genomic signaling and nongenomic pathways, whereas high
BPA exposure at 7 dpf, when most retinal neurogenesis is complete, targets
nongenomic pathways.

We assessed the impact of developmental BPA exposure on later visual
function both behaviorally and physiologically. We began by recording
OMRSs, a vision-based behavior initiated in the retina. OMR circuitry
involves projections of directionally selective ganglion cells to the pretectum,
linking visual and motor circuits* with spinal projection neurons mediating
the movement associated with the OMR®*. Our previous work showed that
BPA exposure at 72 hpf and 7 dpf enhanced optomotor responses in
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zebrafish larvae when measured 1- and 2-weeks after exposure“. Here,
however, we find that extending the postexposure time to either 1-month or
3-4 months decreased OMRs, ultimately revealing no difference from
controls. This response difference is consistent with previous reports in
zebrafish identifying initial BPA-induced hyperactivity in response to acute/
early exposure’” but later reductions in locomotor behavior”. While it is
possible that BPA clearance over time is responsible for effects observed at
earlier (1-2 weeks) vs. later (1-month or 3-4 months) timepoints, we believe
this to be unlikely for two reasons. First, laboratory studies indicate BPA
elimination in zebrafish is rapid, occurring through intestinal and gill (renal)
pathways® and via conversion in the liver*. This elimination involves an
initial rapid phase (within 1hr), followed by a slower phase (139 hr)*".
Elimination, therefore, would be reached even before the first postexposure
time point. Second, LC/MS analysis of adult zebrafish carcasses found
measurable BPA levels in the high BPA exposure groups, suggesting some
bioaccumulation.

Our morphological data identified only modest effects of early BPA
exposure at both the 4-week and 3-month time points. These findings were
surprising and contrasted with studies showing BPA-induced morpholo-
gical differences. For example, exposing zebrafish larvae to BPA until 8 dpf
reduced both RPE and INL thicknesses at 4 dpf, which preceded locomotor
differences recorded at 7 dpf*. Exposure to BPS until 6 dpf changed the
structure of the optic nerve, decreased expression of gfap, and caused a
decrease in the GCL”. BPS exposure for 120 days decreased IPL and GCL
thickness, increased thickness of the RPE and changed expression of opsin
genes”'. Differences in cone signals and morphology were also observed
following exposure to BPS from 2-5 dpf*’. The difference between these
reports and our data could be twofold. First, these published studies assessed
bisphenol-induced effects immediately after a chronic exposure that lasted
several days. Our study, in contrast, used only 24 hr exposure with assess-
ments occurring several weeks/months later. While the transient exposure
was efficacious, the longer post-exposure interval may have dampened

BPA-induced effects. The second consideration is the concentration used.
Changes in retinal morphology are seen in response to 10 and 100 ug/L
BPS**", < 3 mg/L BPS”, and 2.8 mg/L BPA”. Our BPA concentrations of
0.001 uM (0.22829 ug/L) and 0.1 uM (22.829 pg/L) are well below many of
the values in the literature. Consequently, the modest effects we observed
may reflect differences in concentration and/or duration of expo-
sure to BPA.

Estrogenic compounds, in general, show concentration dependent
effects on ion channels, with low doses increasing and high doses decreasing
responses™. Consistent with our molecular data, we found that BPA
exposure at 72 hpf induced greater changes in adult ERGs compared to
exposure at 7 dpf. Adults exposed to low BPA at 72 hpf had increased
amplitudes for photoreceptor a-wave and ON-bipolar cell b-wave responses
but reduced and faster OFF-bipolar cell d-waves. High BPA exposure at 72
hpf also increased photoreceptor a-wave amplitudes in adult ERGs, but
reduced b-wave amplitudes; no changes were observed for OFF-bipolar d-
waves. Adult ERGs from animals exposed to BPA at 7 dpf were char-
acterized by a faster photoreceptor a-wave, increased b-wave amplitude, and
afaster, reduced d-wave in the high BPA treatment group only. Comparison
of ERG responses of adults acutely exposed to BPA for 24 hr vs. adults
developmentally exposed to BPA identified a consistent reduction in both
b-wave and d-wave amplitudes, particularly between the acute low BPA and
72 hpf low BPA treatment groups. Importantly, these results show that
bipolar cell responses were altered at all ages and BPA concentrations tested,
suggesting they may be the retinal cell type most sensitive to BPA.

It is also worth noting that we often observed significant functional
differences between high and low BPA treatment groups, though neither
value may have been different from vehicle controls. Differences in ERG
wave components were evident between the two BPA groups in adults
developmentally exposed at 7 dpf. b-wave differences between BPA groups
were also evident in ERGs recorded from adults acutely exposed to BPA for
24 hr. BPA exposure at 72 hpf resulted in concentration dependent

Communications Biology | (2025)8:847

11


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08245-y

Article

differences in retinal anatomy at 1-week post exposure and OMR responses
at 4-weeks. Although not statistically significant compared to vehicle con-
trols, these differences further highlight the unique biological effects of BPA
at different concentrations.

To identify a potential mechanism for the BPA-induced ERG b- and
d-wave differences, we recorded voltage-gated current responses from
bipolar cells using whole cell patch clamp techniques in zebrafish retinal
slices. We focused on depolarization-elicited K* and Ca* currents because
these voltage-gated currents are prominent in zebrafish retinal bipolar cells®
and BPA has specific effects on both current types™. Recordings from adults
exposed to high BPA at 72 hpf identified decreased amplitudes of
depolarization-elicited K™ and Ca™ currents in response to both low and
high BPA exposure. Decreased Ix and I, amplitudes would reduce overall
responses and slow/reduce repolarization which agrees with the decreased
b-wave and d-wave amplitudes observed in the high BPA exposure group.
Voltage-gated currents recorded from bipolar cells in adults exposed at 7 dpf
revealed high BPA exposure increased Iy but decreased I, amplitudes.
These differences would cause faster repolarization of the cells and quicker,
smaller responses, which agrees with the increased ERG b-wave responses
and faster d-wave peak times observed for the high BPA group.

To further examine changes in bipolar cell responses, we examined
differences in dopamine and GABA systems in retinas of adults exposed to
BPA at 72 hpf because of the consistent physiological differences noted at
this exposure age. BPA exposure, as well as exposure to the bisphenol
analogs BPAF, BPF, and BPS, can change levels of neurotransmitters',
suggesting a potential mechanism for the observed physiological effects.
These results show that high BPA exposure at 72 hpf increased levels of
glutamic acid decarboxylase (GAD, a marker for the inhibitory neuro-
transmitter GABA) in adult retinal homogenates; whereas low BPA expo-
sure decreased GAD levels (Supplementary Fig. 8B, C). In contrast,
increased levels of tyrosine hydroxylase (TH) were evident, regardless of
BPA concentration (Supplementary Fig. 8A, C). Zebrafish bipolar cells have
GABA-evoked inhibitory currents” due to inputs from presynaptic hor-
izontal and/or amacrine cells. Dopamine is released from interplexiform
and/or amacrine cells in inner retina and can impact both bipolar and
photoreceptor cell responses’’. High BPA-induced increases in GAD levels/
GABA synthesis would decrease bipolar cell responses, which was observed
in both patch clamp and ERG recordings from this treatment group (72 hpf
exposed adults). The low BPA-induced reduction in GAD levels suggests
reduced inhibition, which is consistent with increased ERG a-wave and
b-wave responses in this treatment group. Zebrafish bipolar cell Iy currents
are decreased following dopamine application’ and dopamine can
decreases ON-BC excitation”™ by strengthening GABAergic surround
responses’’, both of which are consistent with our physiological data. Our
results indicate low BPA increased b-wave amplitudes and high BPA
decreased b-wave responses, suggesting concentration-dependent effects.
Further, BPA exposure at 72 hpfleads to reduced inner retinal thickness and
changes in GABAergic and dopaminergic circuits in adult zebrafish retinas
which, in turn, affects bipolar cell responses, ultimately altering ERGs.

Disruption of estrogen signaling in zebrafish retina using known
estrogen receptor modulators such as tamoxifen and 4-OH-A (formestane)
alter eye development and retinal thickness™, suggesting proper estrogenic
signaling is important for normal eye development. Developmental expo-
sure to 4-OH-A at the same ages used in this study reduces adult OMRs”,
supporting the need for estrogen signaling in retinal development. Our
physiological responses from adult retinas further show that developmental
BPA exposure alters light-evoked and voltage-gated responses in retinal
bipolar cells. The effect of BPA depends on both concentration and age of
exposure. Whether these effects occur because BPA is directly interacting
with the ion channels on bipolar cells themselves™ or indirectly altering
neuronal activity via intracellular pathways and/or non-genomic estrogenic
signaling® is not known, though our data supports both hypotheses.
However, the long interval between exposure age and adult testing suggests a
direct effect of BPA is unlikely and points to BPA-induced persistent
changes at the molecular level that ultimately compromise retinal function.

Another possibility is that BPA targets other retinal cells that are presynaptic
to bipolar cells, suggesting a more generalized retinal effect of exposure. The
observed changes in GAD and TH levels in retinal homogenates because of
BPA exposure support this hypothesis.

While our data reveals a persistent effect of developmental BPA
exposure on estrogen signaling in zebrafish retina that is correlated with
reduced physiological responses, we can’t rule out the possibility that BPA is
also interacting with other signaling pathways.

BPA can also bind to thyroid receptors (TR), androgen receptors
(AR)*, and retinoic acid receptors (RAR)”. BPA binding to AR increases
cyp19alb expression in brains of zebrafish larvae™ and ar transcripts are
present in developing retina”, suggesting a potential mechanism in this
tissue. However, a BPA-induced increase in cyp 19a1b was not suppressed by
co-application with an AR blocker’” and BPA does not impair androgen
effects in cell lines’, suggesting a more indirect mechanism of BPA on AR
signaling. Retinoic acid signaling establishes dorsal-ventral patterning in
zebrafish retina” and is involved in photoreceptor development™. A
reported decrease in eye size observed in zebrafish larvae after BPA exposure
was associated with altered retinoic acid signaling”.

Thyroid signaling is also important for proper retinal development’
Specifically, thyroid receptor f2 (TRP2) is required for the correct expres-
sion of opsins in cone photoreceptors™ and loss of this receptor shifts
spectral sensitivity curves and retinal ERG responses in zebrafish™'®. As in
mammals, zebrafish have TRa and TRp receptors. However, zebrafish have
a single gene encoding TRP (thrb) and two genes encoding TRa (thrab,
thraa)'"'” and all isoforms are found in retina. Further, the thrb gene
encodes 3 variants, one of which is TRE2'”.

BPA affects TH signaling as an antagonist of TR**”" which prevents the
binding of T3 to the receptor*’. BPA has a greater affinity for TRp, parti-
cularly atlow (0.001-0.1 pM) concentrations™'" with low BPA reducing the
recruitment/binding of cofactors necessary for transcription'”. In agree-
ment with these reports, we found that exposure to low (0.001 uM) BPA at
72 hpf, but not 7 dpf, significantly reduced thrb expression in adult retinal
homogenates. We do not know if this effect is due to a direct interaction of
BPA with TRp or an indirect effect initiated via nongenomic thyroid hor-
mone receptor signaling'**'*’. Low BPA concentrations can activate these
pathways'® and thyroid mediated nongenomic signaling involves MAPK/
ERK and Akt pathways'”. Given the role of TR in proper photoreceptor
development, decreased thrb expression may contribute to altered photo-
receptor a-wave responses we observed in adult ERGs from this treatment
group. Current experiments are more specifically probing the cross-
reactivity of BPA on retinal ER and TR to assess the role of each hormone in
BPA-induced effects.

Chronic exposure to the BPA derivative TBBPA until 5 dpf upregu-
lated TR« and diol and downregulated tpo expression, changes that were
correlated with decreased eye size and decreased optokinetic responses'”. A
subsequent study with TBBPA identified decreased thickness of the retinal
RPE'", suggesting specific effects in retina. However, TBBPA increased
whole body T3 levels in 5 dpf zebrafish larvae, but did not alter TH levels in
the eyes'” suggesting a general effect of this EDC'”. BPS exposure until 5 dpf
revealed an interaction with TRf receptors leading to the induction of
cyp26al, an enzyme involved in retinal metabolism®. Finally, chronic
exposure to BPA until 8 dpf decreased T4 and rT3 levels at 5 dpf, with
decreased eye diameter and changes to retinal layers observed at 4 dpf™.

Together these findings indicate that bisphenols can impact TH sig-
naling, though the specific impact in retina seems less clear. Finally, BPA
exposure has recently been shown to alter genes associated with lipid,
cholesterol, and glucose metabolic pathways*"”” in zebrafish. Cholesterol is
the single starting molecule for the synthesis of steroid hormones, such as
estrogen. BPA affecting cholesterol metabolism, therefore, would have
downstream effects on estrogen synthesis.

A limitation of this study is the reliance on bulk retinal homogenates
for RT-qPCR and Western blot analyses as retinal layer- or cell-type specific
effects of BPA exposure are likely and suggested by our physiology findings.
Furthermore, while our work highlighted transcriptional outcomes and
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intracellular signaling pathways, we did not investigate epigenetic mod-
ifications, which are key regulators of developmental transitions and events
and could underly the development deficits observed here. BPA has been
shown to influence DNA methylation""""* and histone modifications/
histone modifying enzymes in zebrafish'*'"* and other species'", which
could play a role in mediating the observed effects on gene expression.
Another limitation is that the temporal resolution of our study captures
snapshots at only a few timepoints in development and our molecular
analyses are limited to adulthood. Therefore, they may miss significant
transient or dynamic changes at different or earlier stages of visual system
development. Addressing these limitations in future research would provide
a more comprehensive understanding of BPA’s effects on retinal develop-
ment and function.

Another limitation was the ability to obtain enough tissue for all
analyses. While there were no statistical differences in survival to adulthood,
there were large variations in survival with each spawn and/or treatment,
particularly the high BPA exposure group. Previous reports indicating
chronic 5 day larval exposure to 25 uM* or 40 uM’ BPA did not impact
survival agree with our data. However, qualitative differences, particularly in
the high BPA treatment, suggest there may be subtle effects of exposure.

DMSO was used in this study as a carrier solvent to dissolve BPA
directly into the tank water. To ensure the vehicle alone did not cause
estrogenic effects, a DMSO treatment (0.0003%) was included for each
analysis. DMSO consistently showed effects different from the water control
both at the mRNA and protein level of estrogenic target genes/proteins. This
was unexpected as DMSO is widely used as a solvent in exposure studies,
including those examining estrogen signaling in zebrafish. However, there
are reports in the literature of DMSO effects. For example, in dogs, 20 pL of
DMSO used as a vehicle solvent for coumestrol increased progesterone
levels and altered vaginal epithelial cells™' . In fish, 0.1% DMSO increased
expression of ERa and ERP in cultured salmon hepatocytes™. Increased
aromatase expression” and StAR protein levels and P450scc mRNA'" were
elevated in response to in vivo exposure in Atlantic salmon, suggesting
estrogen stimulating effects. Larval zebrafish chronically exposed to 0.1-1%
DMSO showed increased swimming speeds but an overall decrease in time
spent active at the highest concentration®. Similarly, concentrations of
DMSO ranging from 0.01-1% were reported to cause hyperactivity in
zebrafish larvae, with morphological abnormalities noted only at the 1%
exposure group™’. We found differences in our OMR data between vehicle
and water controls, in agreement with low DMSO concentration effects on
behavior”. Hillare et al.”” report that DMSO exposure up to 2% did not
influence survival from 2-96 hpf; however, concentrations >0.01% levels of
heat shock protein (hsp) 70 were elevated, indicating a stress response™""”.
In our data, we found differences in vehicle vs. water controls in some of our
results for the functional assays (OMR, ERG) and the molecular data, in
agreement with the above reports. Interestingly, we see differences at a
DMSO concentration well below what has been previously reported
(0.0003%), suggesting sensitivity to DMSO for some assessments, but not
all. These differences may also be due to age/condition of the animals when
exposure occurred™' .

Our results indicate that a brief exposure to BPA during key stages of
visual system development has long-term implications to genomic and non-
genomic E2 signaling mechanisms in the retina. A transient exposure to
BPA caused upregulation of AroB and downregulation to ERS and TR gene
expression in the adult retina, with a BPA concentration of 0.001 uM pro-
ducing more significant transcriptional effects than a higher BPA con-
centration (0.1 pM). Changes in the activation of cytoplasmic E2-initiated
signaling cascades were also observed, with decreased phosphorylation of
ERK, JNK, and Akt. The impacts of BPA were more prominent when
exposure occurred at 72 hpf compared to 7 dpf, suggesting the developing
retina is more susceptible to long-term dysregulation of E, signaling by BPA.

We propose the following mechanism for the adverse effects of early
exposure to BPA on retinal function. Exposure to low BPA at 72 hpf, when
the retina has formed* and is becoming functional®, initially affects eye size,
retinal layering and optomotor responses”’. However, these anatomical and

behavioral differences dampen with age, though long-term changes in
genomic signaling characterized by increased cypI9alb expression,
decreased ERP protein, and decreased thrb expression persist to adulthood.
Low BPA exposure at this age activated the JNK pathway, a regulator of
apoptosis, and reduced p-ERK levels, which likely affects cell differentiation/
proliferation (Fig. 11A). GABAergic amacrine cells have processes within
the IPL that are associated with bipolar cell terminals and the smaller IPL
may contribute to the overall decrease in retinal GAD levels. Reduced GAD
levels suggest decreased inhibitory signaling in the retina, causing larger
photopic responses. TH levels, in contrast, were increased in adult retinal
homogenates, which would reduce bipolar cell responses. ERG responses
identified increased photoreceptor and ON-bipolar cell responses, but
reduced OFF-bipolar cell responses, which were correlated with BPA-
induced changes in voltage-gated K* and Ca™ currents recorded from
retinal bipolar cells. When BPA exposure occurred slightly later in devel-
opment - 7 dpf - when most retinal neurogenesis is complete and vision
behaviors can be reliably recorded'"®, differences in retinal morphology were
not evident and initial differences in OMRs diminished with age. In adults,
most effects were observed in the high BPA treatment group, consistent with
measurable BPA levels in these carcasses (Fig. 3C). At this exposure age,
non-genomic estrogenic pathways associated with apoptosis were activated
(Fig. 11B), though we observed no anatomical differences in the high BPA
treatment group. Nonetheless, bipolar cell responses were affected as noted
by increased Ix but decreased I, amplitudes, increased ERG b-wave
amplitudes, and reduced, but faster, ERG d-wave responses.

Though use of BPA has been banned in baby bottles® and food contact
materials', it is still a chemical of concern. While many studies show that
chronic (several day) exposure during development induces morphological,
behavioral, and genomic changes, very few have examined the effect of a
brief exposure and/or the impact of a recovery/washout period on assessed
outcomes. This work fills that gap in knowledge by demonstrating that a
brief early-life BPA exposure, even at low concentrations, is sufficient to
cause persistent adverse effects. The visual deficits we observed correlate
with BPA-induced changes in estrogen and thyroid signaling pathways,
despite the absence of obvious morphological abnormalities, suggesting that
subtle molecular disruptions can have significant functional consequences
that may go undetected with anatomical assessments. Further, the adverse
effects observed here occurred at BPA levels that were environmentally
relevant and well below those used with chronic developmental studies,
underscoring the continued relevance of bisphenol exposure studies.

Our findings underscore the potential for transient low-dose BPA
exposure to disrupt development, reinforcing the need to re-evaluate
acceptable exposure levels and reduce ongoing environmental contamina-
tion. This work highlights the importance of continued public health efforts
to limit early-life exposure to endocrine-disrupting chemicals like BPA,
which may have lasting effects on ecological and human health.

Methods

Animals

Adult, wildtype, mixed sex zebrafish, Danio rerio, were maintained in the
laboratory at 28-29°C on a 14 hr light: 10 hr dark photoperiod in an
Aquatic Habitats (Pentair, Apopka, FL) recirculating system and fed
daily. Embryos were obtained from in-house spawning of adults or
purchased from a commercial supplier (LiveAquaria, Rhinelander, WI).
To obtain embryos, adults were placed into a breeding chamber the night
before, with multiple males and females ( < 8-10 of each, at a 1:2 male-to-
female ratio) used for each spawn. The following morning, 30-90 minutes
after light-ON, embryos were collected, staged, and placed in petri dishes
of system water. Petri dishes were housed in an incubator (Heratherm;
Thermo Fisher, Waltham, MA) at the same temperature and photo-
period as the adults. Standard environmental parameters are 27-30 C, pH
6.8-7.6, 1000-1200 pS/cm conductivity, 0-20 ppm nitrate. We have
complied with all relevant ethical regulations for animal use. All proce-
dures were approved by the Institutional Animal Care and Use Com-
mittee of American University.

Communications Biology | (2025)8:847

13


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08245-y

Article

A) ID%I}I

0 hpf

%

PMAPK low BPA:

\ Increased a-wave

‘ Increased b-wave
Akt Decreased d-wave
ERK

Faster d-wave

g

Low BPA A Low BPA

LERB
protein

174
4

JNK

Lowest OMR response

| retinal GAD levels
1 retinal TH levels

b‘ Low BPA ’

ERa

(B) I N

0 hpf 7 dpf 3-4 months

Low BPA Low BPA

Fig. 11 | Summary of BPA effects observed in adult retinas. Schematic diagrams
show the effects of low BPA (left) and high BPA (right) on estrogen signaling
pathways when exposure occurred at 72 hpf (A) and 7 dpf (B). A Exposure to low
(0.001 uM) BPA at 72 hpf activated both genomic and non-genomic estrogen sig-
naling. Low BPA binding to intracellular ER increased cyp19alb expression. In
contrast, low BPA binding to ERB was antagonistic, decreasing ERB protein levels.
Low BPA binding to GPER (dark blue) reduced p-ERK levels (—); while low BPA
binding to membrane bound ER increased p-JNK levels (4). Functionally, low BPA
exposure was associated with increased ERG responses, changes in GAD and TH
protein levels, and reduced OMRs. High BPA (0.1 uM) exposure at 72 hpf (right) in
contrast, lead to reduced p-ERK levels only, suggesting a specific effect on non-
genomic pathways. This result was associated with increased GAD and TH levels in
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retinal homogenates, increased photoreceptor, but decreased ON-bipolar cell
responses. B Exposure to low (0.001 uM) BPA at 7 dpf activated both genomic and
non-genomic estrogen signaling. Low BPA binding to intracellular ER increased
ERB protein levels. Low BPA binding to GPER (dark blue), in contrast, reduced
p-ERK (—) and p-AKT (—) levels. High BPA exposure at 7 dpf (right) activated non-
genomic pathways only, increasing p-JNK (+) and p-AKT (+) levels. Functionally
high BPA exposureat 7 dpf caused physiological changes in adult zebrafish retinas by
increasing ON-bipolar cell responses, reducing OFF-bipolar cell responses and
quickening both OFF-bipolar and photoreceptor responses. High BPA exposure was
also associated with the lowest positive OMRs in adults. For both A and B, the
timeline at the top indicates exposure age (yellow box) and when assessments were
made (3-4 months of age).
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Exposure ages, treatment groups, tissue collection

At 72 hours postfertilization (hpf) and 7 days (d)pf, zebrafish were placed
into one of the experimental treatments for 24 hr (Fig. 1). A 24 hr treatment
duration was chosen based on our previous work>” and because of the
stability of BPA® during this time period. 72 hpf and 7 dpf were selected as
the exposure ages because they correspond to specific events in visual system
development, with the 70-74 hpf developmental timepoint being associated
with functional retinal transduction pathways*, innervation of the optic
tectum®, and the onset of visually guided behaviors®. At 7 dpf, visually
guided OMRs can be reliably recorded'® and estradiol synthesis and sig-
naling are present**"’. An additional set of experiments used adult zebrafish
acutely exposed to BPA for 24 hr. These adults were used to assess the level
of bioaccumulation of BPA after a 24 hr exposure (Fig. 3C) and as a com-
parison between acute and prolonged effects of BPA on vision physiology.

BPA (bisphenol A or 2,2-Bis(4-hydroxyphenyl)propane; TCI, Tokyo)
was initially mixed as a 313 uM stock solution, solubilized in DMSO
(dimethylsulfoxide; VWR, Swedesboro, NJ) and diluted with system water
to the final concentration in the experimental chamber. BPA was admi-
nistered to the fish directly through tank water. Exposure occurred in
100 mm glass petri dishes with an average of 30 larvae per dish, with 2 dishes
(technical replicates) per exposure. Biological replicates used larvae from at
least 2 different spawns. Individual treatment groups were: (1) DMSO
vehicle control (0.0003%, corresponding to the DMSO concentration in the
high BPA group), (2) water control, (3) 0.001 uM (low) BPA, and (4) 0.1 pM
(high) BPA. These nominal concentrations were selected because they are
comparable to levels in the environment'” and human tissue'’. These
concentrations have also been used by others'****, including ourselves*
allowing us to compare our results with published studies. Consistent with
these studies, we have omitted use of E2 and/or EE2 in our experiments to
focus specifically on BPA-induced effects.

After each larval exposure, fish were returned to system water and
raised to either 1-month (4-weeks) of age or adulthood (3-4 months of age;
Fig. 1) when they were tested using the optomotor response (OMR). All
larvae were housed in petri dishes with daily water changes until 2 weeks of
age, when they were placed into the AHAB recirculating system. One month
old and adult fish were collected from these AHAB tanks. We maintained
fish these fish in the recirculating system at densities of 12-15 fish per 1.5 L
tank'?’. After recording OMRs, adult zebrafish were anesthetized in a 0.02%
tricaine solution for several minutes until gill movements slowed, removed
from the solution, blotted dry on a Kimwipe, and decapitated. Retinal tissue
for RNA and protein extraction was collected after ERG recordings. Retinas
were removed from dark-adapted eye cups, flash frozen and stored at
—80°C or placed in RNAlater™ Stabilization Solution (Invitrogen, Wal-
tham, MA) at —20 °C. Whole eyes not used for RNA or protein extraction
were subjected to electroretinogram recordings (ERGs). The remaining
skeletal components of the head and the body trunk were flash frozen for
LC/MS analysis. The above experimental pipeline was applied to fish acutely
exposed as adults.

Optomotor responses (OMRs)

OMRs were elicited using a rotating black and white pinwheel stimulus
projected onto a computer screen directly below the experimental
container’™"*'. Animals were placed in the experimental container (a clear
glass cylindrical tank) in pairs and allowed to acclimate for 5 min, during
which time general swimming behavior was observed and baseline activity
recorded. The pinwheel stimulus rotated in one direction (clockwise or
counterclockwise) for 30 sec each, with a 30 sec control period of gray light
shown in between. The stimulus sequence was run 2x for each fish pair and
the swimming behavior/response of the fish recorded using a digital video
camera (Canon Vixia HFR700). A positive response occurred when the fish
swam in the direction of the stimulus. Recordings were performed in an
isolation chamber to prevent the fish from responding to other cues. OMRs
were scored by examination of video playback by two trained, blinded
observers. For adults, the number of complete revolutions made while the
stimulus was present was calculated. For 1-month old fish, scan sampling

was used with the position of the fish determined every 6 sec when the
stimulus was present'*'. Results are presented as the percentage of larval fish
displaying a positive optomotor response.

Retinal anatomy

Immediately after behavioral and/or physiological assessment, a subset of
exposed larvae (N = 3 per treatment for each exposure age and postexposure
timepoint) were euthanized in 0.02% tricaine and fixed in 4% paraf-
ormaldehyde, followed by 70% ethanol, for anatomical analysis. Adult eyes
to be analyzed were removed from euthanized adults and placed in 4%
paraformaldehyde and then 70% ethanol.

Whole larvae (2-weeks and 4-weeks postexposure) were photographed
using a Leica MZ10F stereo microscope equipped with a Leica DFC700T
digital camera and LASX software. Larvae, or adult eyes were shipped, in
ethanol, to Histoserv, Inc. for dehydration, paraffin embedding, sectioning,
mounting, and staining with H&E (https://www.histoservinc.com/).
Stained retinal layers were imaged in-house using an Olympus BX51
compound microscope with an infinity 1 Lumenera digital camera and
Lumenera software. The sections with an optic nerve or most prominent
lens were chosen for each larva. For adults, only retinal sections were
measured.

Digital images of retinal sections were measured using Image J.
Thickness of the different retinal layers in central retina were measured.
Each measurement was made three times, then averaged, to reduce error.

Photopic electroretinograms (ERGs)

Removed eyes were placed scleral side down on a piece of filter paper. Using
iris scissors (Fine Scientific Tools; Foster City, CA), eye cups were generated
by removing the lens and cornea. The filter paper + eye was transferred to
the recording chamber and superfused with oxygenated MEM solution
(Millipore, Burlington, MA) equilibrated with 95% O,,5% CO,. The per-
fusion needle was placed near the eye with a perfusion rate of 0.3 ml/min.
Once in the recording chamber, the eye cup was visualized and positioned
using an IR camera (Teledyne QImaging, Surrey, British Columbia)
mounted on an Olympus BX51WI compound microscope and Metamorph
imaging software (Molecular Devices, San Jose, CA).

ERGs evoked by a white-light stimulus were recorded by inserting a
tungsten recording electrode (FHC, Bowdoin, ME) directly into the
vitreal chamber in the center of the eye cup. We selected excised eyecups,
rather than recordings in intact fish, as the different ERG components in
zebrafish have been cataloged using this preparation'”. After dark
adapting (10-20 min), the tissue was stimulated by 300 msec full-field
white light pulses at 7 irradiance levels ranging from ND 3.0 (brightest) -
6.0 (dimmest) in 0.5 increments. Responses were amplified using a
DAMS80 amplifier (World Precision Instruments, Sarasota, FL) using a
bandpass from 0.1 Hz to 1kHz and a Digidata 1440 A (Axon Instru-
ments, San Jose, CA) with a sampling rate of 2 kHz. Traces averaged 4x
for each stimulus condition were boxcar filtered over a period corre-
sponding to one cycle of 60 Hz line frequency. Mean response compo-
nent amplitudes and peak times were obtained from the different
treatment groups. Data were collected with pCLAMP 10 software (Axon
Instruments) and analyzed using Origin 2021.

Zebrafish white-light ERG responses have clear ON-bipolar b-wave
and OFF-bipolar d-wave components”>'* which were evoked on an
infrared (IR, RG780 filter) background. The white-light protocol generated
a response dataset with 70, 4-trace-average ERGs. These ERGs were in
response to 10 replicates of a 7-step irradiance response series covering a
3-log unit range. This protocol was run 1-2 times per eyecup, each recording
lasting 25 minutes, resulting in an overall minimum total of 20-180 ERGs at
each brightness level generated from 2-18 eyes per treatment group. The
white-light source was a 150 W Xenon arc lamp, as imaged through UV
compliant optics, providing a flat energy spectrum across the visual sensi-
tivity range of zebrafish from 650 nm to 370 nm. The maximum delivered
irradiance (at 3.0 ND) measured at the objective was 1.8 pW/cm® (Tektronix
digital light meter).
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Statistical comparisons across treatments were performed as pre-
viously described'”. Specifically, the responses to the brightest stimulus (3.0
ND) from all white-light datasets were combined into a single, cumulative
dataset for each treatment group. N = total number of ERG responses in the
cumulative dataset. Amplitudes of b- and d-waves were measured as means
within fixed, characteristic time intervals (pre-stimulus baselines set to ‘0’),
which were selected to include b-wave or d-wave peaks for consistent
measurements of response amplitude. ERG b-wave amplitude (uV) and
peak times (ms) were measured in the interval 51-200 ms after stimulus
onset. For the d-wave, amplitude and peak times were measured in the
interval 25-250 ms after stimulus offset. In the absence of a peak during the
interval time, no peak time was recorded.

Whole-cell patch clamp

Whole cell patch clamp techniques in zebrafish retinal slices were used to
record voltage-gated currents of retinal bipolar cells, as in ref. 89. Briefly,
adult zebrafish were anesthetized in 0.02% tricaine solution until gill
movements slowed, decapitated, and eyes enucleated and placed vitreal
side down on filter paper (0.45 um pore size; Millipore). Retinal slices
(~100 um thick) were anchored in the recording chamber between
Vaseline strips and covered with standard Ringer’s solution (120 mM
NaCl, 2mM KCl, 3mM CaCl,, 1 mM MgCl,, 3mM D-glucose, and
4 mM HEPES, adjusted to pH 7.4-7.5 with NaOH). Slices were viewed
using an Olympus BX60 fixed stage microscope fitted with Hoffman
Modulation Contrast optics and a 40x water immersion lens. Thin walled
filamented borosilicate glass pipettes (World Precision Instruments)
were pulled to the desired tip diameter ( ~ 1 um; <10 MQ) with a Flaming
Brown P-80 micropipette puller (Sutter Instruments, Novato, CA) and
filled with intracellular solution (12mM KCl, 104 mM K-gluconate,
0.1 mM CaCl,, 4 mM HEPES, and 1 mM EDTA, adjusted to pH 7.4-7.5
with KOH). Bipolar cells were identified prior to recording by position
within the mid/distal inner nuclear layer. Voltage-gated currents were
elicited in response to voltage steps from —80 mV to +60 mV in 10 mV
increments (Vpoq=—60mV) using an Axopatch 1D patch clamp
amplifier and pCLAMP 11 software (Axon Instruments). Traces/data
were analyzed using Clampfit or OriginLab software.

RNA isolation and RT-qPCR

Total RNA was extracted from pooled retinal tissue from 2 eyes of a single
adult fish (individual fish served as a biological replicate) using the RNeasy
Plus Mini Kit (Qiagen, Germantown, MD) according to the manufacturer’s
protocol for animal tissue. Briefly, approximately 25 mg of tissue was lysed
and homogenized in Buffer RLT Plus containing 1% p-mercaptoethanol
using an RNase-free microcentrifuge pestle. Lysates were passed through
gDNA Eliminator spin columns, 1 volume of 70% ethanol was added to the
flow-through, and samples were applied to RNeasy spin columns. A series of
wash steps were performed, RNA was eluted with 40 uL of RNase-free water,
and samples were stored at —80 °C. To assess the quality of total RNA
preparations, diluted samples were visualized by gel electrophoresis on a 2%
agarose gel stained with ethidium bromide to confirm the presence of 28S
and 18S ribosomal RNA (rRNA) bands. Additionally, RNA yield and purity
was quantified by measuring the concentration and A,so/A,g9 absorbance
ratios using a NanoVue Plus™ spectrophotometer (Biochrom, Holliston,
MA). RNA samples with confirmed rRNA bands and A260/A280 ratios
between 1.8 and 2.1, an indication of pure RNA, were selected for use in
downstream applications.

Gene-specific primer pairs used in the study (Supplementary Table 1)
were designed or confirmed from sequences established in the
literature™**'* to span exon-exon junctions or large introns to avoid pos-
sible amplification of genomic DNA. Lyophilized primers were resuspended
in TE buffer (1 M Tris, 0.5 M EDTA) upon arrival and diluted 1:10 in sterile
water to create a 10 uM working solution.

The isolated RNA was used in quantitative reverse transcription PCR
(RT-qPCR) to assess expression of genes listed in Supplementary Table 1.
Reactions were performed with the qScript One-Step SYBR Green RT-

qPCR, Low ROX Kit (Quantabio, Beverly, MA) in an AriaMx Real-time
PCR System (Agilent, Savage, MD). Reactions were prepared in a 96-well
plate at 10 pL total volume with 1X One-Step Master Mix, 200-400 nM
forward and reverse primer, 20-35 ng total RNA diluted in sterile water, and
1X qScript One-Step Reverse Transcriptase. The thermal cycling conditions
consisted of the following: cDNA synthesis for 10 minutes at 50 °C, initial
denaturation and Taq Polymerase activation for 5 minutes at 95 °C, fol-
lowed by 40 cycles of denaturation at 95 °C for 10 seconds and annealing/
extension at 60 °C for 30 seconds. At the end of the cycling, a melt curve
analysis was performed at 95 °C for 1 minute, 55 °C for 30 seconds, and
95 °C for 30 seconds to confirm primer specificity and absence of primer
dimers.

The housekeeping gene (hkg) ribosomal protein L13A (rpl13a) was
used as an endogenous control to normalize expression levels target genes.
Rpl13a has been previously identified as the most stable hkg in zebrafish for
chemical treatment studies using qPCR analysis"**'”". All samples were run
in technical triplicate and each developmental exposure group (i.e., adult, 72
hpf, 7 dpf exposure) were run on independent plates containing all treat-
ments, tissue types, three genes of interest, and the hkg. The RT-qPCR
design was replicated with biological replicates for each treatment condition,
treating each plate as a statistical block'**.

Ct values from technical replicates were averaged after calculating a
coefficient of variation (CV) for each qPCR reaction to assess any incon-
sistency across replicates. If the CV was greater than 5%, the values were
excluded from the analysis and the reaction was repeated. Results were
presented with the comparative Ct method (AACy) for relative quantifi-
cation of gene expression. The AAC was transformed to 2*““ to obtain the
expression fold change for each treatment relative to the water control. The
technical replicate mean ACt was used to test statistical significance across
biological replicates.

Western blots

Adult retinal tissue pooled from 1-3 fish (tissue from 2-6 eyes) were homo-
genized in Pierce™ RIPA Buffer (ThermoFisher) lysis reagent (1 uL/mg tissue)
supplemented with 1X Halt™ Protease Inhibitor Cocktail (ThermoFisher)
using a sterile microcentrifuge pestle and cordless pestle motor (VWR).
Samples were incubated on ice for 35 min, centrifuged for 20 min at 4 °C at
12,000 rpm, and protein concentrations were quantified using the Pierce™
BCA Protein Assay Kit (ThermoFisher) according to the manufacturer’s
microplate procedure protocol.

Proteins were diluted to 25 g in Pierce™ RIPA Buffer lysis reagent with
1X Laemmli Sample Buffer (Bio-Rad) containing 10% p-mercaptoethanol
and incubated for 10 min at 70 °C. Proteins from each treatment were
loaded in technical duplicate, resolved by SDS-PAGE on NuPAGE™ 4 to
12%, Bis-Tris, 1.0 mm polyacrylamide gels (Invitrogen) and transferred to a
PVDF membrane using the iBlot™ 2 Transfer Stacks, PVDF, mini and Gel
Transfer Device (Invitrogen). Prior to antibody application, membranes
were stained with Ponceau S to confirm successful transfer and equal
loading of the protein.

Membranes were blocked in 5% non-fat dry milk with TBST for
30 min at room temperature and incubated overnight at 4 °C with primary
antibodies (Supplementary Table 2) diluted in either 5% milk-TBST or 5%
bovine serum albumin (BSA)-TBST for phospho-specific antibodies. The
membrane was washed three times with TBST and incubated with either an
anti-rabbit (Cell Signaling, 7074) or anti-mouse (Cell Signaling, 7076)
horseradish peroxidase (HRP) conjugated secondary antibody diluted to
1:2000 for 50 min at room temperature. After an additional three TBST
washes, protein was visualized with SuperSignal™ West Dura Extended
Duration Chemiluminescent Substrate (ThermoFisher) reagents following
the manufacturer’s instructions and imaged using a ChemiDoc-It® Imaging
System (UVP, Upland, CA) with VisionWorks software. After visualization,
excess chemiluminescent reagents were washed as before and the mem-
brane was stripped, blocked, and re-probed with additional antibodies.
B-actin primary antibody was applied to each membrane as a loading
control. Western blots were quantified using densitometry analysis in Image
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] software and values were normalized to water controls prior to statistical
analysis.

Liquid chromatography/mass spectroscopy (LC/MS)

To verify that a 24 hr exposure was sufficient for BPA uptake and to quantify
BPA accumulation, light chromatography/mass spectroscopy (LC/MS) was
performed on adult fish head/body carcasses prepared as described above.

Sample preparation. Fish wrapped in aluminum foil were removed
from the freezer and thawed to room temperature. Individual fish were
divided using a razor blade into 0.5 cm sections and added to a 40 mL
glass tube along with 0.1 mL of DI water (18 MQ-cm Milli-Q, EMD
Millipore, Burlington, MA) whereupon tissues were homogenized into a
paste using an Omni TH (Omni Int., Kennesaw, GA) tissue homogenizer.
A1 galiquot (weighed precisely) of homogenate was placed in a 2 mL PP
snap cap microtube. The tissue sample was spiked with the internal
standard (IS, 125 ng of BPA-d,) and surrogate standard (SS) mix (125 ng
each of 17P-estradiol-ds and estrone-13C;) prior to the addition of
0.5mL of acetonitrile (containing 1% formic acid). The mixture was
vortexed for 20 s and placed in a 40 kHz Branson Ultrasonics bath for
30 min before adding 150 ng of MgSO, + 38 mg CH;COONa + 0.5 mL
of DI water. The mixture was vortexed for 20s and re-sonicated for
15 min. The tube was centrifuged at 5000 rpm on a microcentrifuge for
5 min. The upper acetonitrile layer was transferred by glass pipette to a
2mL dSPE tube containing 100 mg of PSA (UCT, Bristol, PA). Addi-
tional acetonitrile was added as needed (100-200 uL). The dSPE tube was
vortexed for 20 s and placed in the ultrasonic bath for 15 min, after which
the tube was centrifuged at 5000 rpm for 5 min. The supernatant was
transferred by glass pipette to a 5 mL glass syringe and pushed via glass
plunger through a pre-rinsed 13 mm 0.2 um (pore dia.) PVDF syringe
filter into a 1.5mL amber autosampler vial. BPA was subsequently
analyzed using LC-MS/MS.

LC-MS/MS analysis. BPA was quantified using a Shimadzu Model
8050 TQ liquid chromatograph-mass spectrometer (LC-MS/MS) con-
figured with a SIL-20ACXR autosampler (Columbia, MD). The LC-MS/
MS interface was operated in DUIS mode using both positive and
negative ionization at a scan speed of 30,000 u/s at 0.1u step size,
coupled with polarity switching of 5 msec. LC-MS/MS separation of
endocrine disrupting compounds (EDCs) was performed using a
50 mm x 2.1 mm (id), 1.8 pum particle (dia) Titan C18 reversed-phase
UHPLC column (Supelco, Bellefonte, PA) in combination with a guard
column equipped with a guard column insert containing C18 stationary
phase complementary with the analytical column. A binary mobile
phase was used consisting of DI water (solvent A), and acetonitrile
(solvent B), both containing 5mM ammonium acetate as a phase
modifier. Operating conditions for the LC-MS/MS are listed in Sup-
plementary Table 3.

LC-MS/MS quantitation of BPA was accomplished using the MRM
mode and included 2 MRM ions, including quantifier (212.1 m/z) and
confirmation (133.0 m/z) ions. The MRM ions were established through
automated MRM optimization procedures following manual precursor
ion identification using the full scan mode. Quantitation was performed
using a 10-point internal calibration standard (ranging from 0.05 to
450 ng/mL) based on the primary MRM ion abundance of BPA to that
of the associated IS (215.5m/z). The tissue extracts were diluted as
necessary with acetonitrile/DI water to fit the calibration range. Data
analysis and quantitation was performed using LabSolutions software
(ver. 5.91).

Quality assurance. Surrogate spike recoveries (N = 5) for 17p-estradiol-
d5and estrone-13C3 were 79 + 18% and 91 + 19% in tissues, respectively.
Matrix recoveries were performed in BPA spiked tissues and averaged
104 + 10%. The quantitation limit (QL) for BPA was 5.3 ng/g wet weight

and was determined according to Eq. (1) as:

_SyXIO

mX M,

)

where Sy was the regression standard deviation at the y-intercept, m was the
slope of the calibration curve and Ms was the sample mass (g) of tissue.
Method blanks were prepared using vials and sorbents without tissues. BPA
was not detected in the method blanks. Concentrations of BPA in samples
are expressed as ng/g wet tissue weight.

All glassware used for sample storage and preparation were cleaned by
washing with soap, rinsing with DI and fired at 400 °C overnight to ignite
any interfering organic residues on surfaces that may have interfered with
quantitative analysis. All laboratory materials were made of glass, stainless
steel, or Teflon to minimize contamination. The Teflon materials were
cleaned the same way as glass, but without firing. All non-glass items were
rinsed with methanol and air dried before use.

Gas chromatography/mass spectrometry (GC/MS)

GC/MS was used to measure whether BPA accumulation was evident in
adult carcasses that were developmentally exposed to BPA at ages 72 hpf
or 7 dpf.

Sample preparation. Preparation of samples followed procedures was
modified from'* which incorporated the QuUEChERS method of *’. In
brief, fish tissue was homogenized (Omni tissue grinder) and 1g (to
0.1 mg) of fish was added to a 40-ml glass centrifuge tube. Analytes were
extracted with 15 ml of 1% (v/v) acetic acid in acetonitrile added to the
40 ml tube and shaken on vortex mixer for 1 min. Next, NaCl (0.2 g),
anhydrous MgSO4 (0.3 g) and anhydrous Na,SO4 (1.7 g) were added to
tube (as salting-out agents) and vortexed again for 1 minute. The tube
was then centrifuged for 8 min at 3,400 rpm. The supernatant decanted
into a new 40 ml centrifuge tube and MgSO4 (0.5 g), primary secondary
amine (0.1 g) and C18 sorbents (0.4 g) added. The tube was centrifuged
for 8 min at 3,400 rpm (again) and decanted into a 200 ml round bottom
flask and 2 ml of toluene added for vapor exchange. The mix was rota-
vapped to 0.5 ml and analyzed using a GC/MS.

GC/MS analysis. Extract (1 ml) was injected immediately after roto-
vapping into a Thermo Trace GC/Polaris Q GC/MS containing a 30-m
Restek Rxi-5ms fused silica column. Extracts from water blanks were also
injected as were toluene blanks every 10th injection. Both blanks did not
detect BPA. Standard curves were created using stock solutions of
between 0.0002 and 0.00005 M 99% BPA and peak areas were used for
determining concentration. The heating program used started at 50 °C,
ramped at 10°C/min to 250°C and held at that temperature for
2 minutes. After injection, there was a 4-minute delay before the MS was
activated to allow the solvent to pass.

Statistics and reproducibility

For each analysis performed, at least 2 biological replicates (fish or eyes)
were used; typical samples sizes were 3-5 biological replicates. These values
were chosen to be consistent with previous and published data and to allow
statistical differences to be noted. Specific sample sizes are given in the text/
captions. Statistical analyses of anatomical, ERG, patch clamp, and OMR
data were performed using SPSS ver. 27 software (IBM Corporation), and
graphs were generated in Excel or Origin. Statistical differences among
treatments were assessed using either a parametric one-way ANOVA
(anatomical measurements, ERGs) followed by a Tukey posthoc test, or a
nonparametric Kruskal-Wallis (H) test (optomotor responses) followed by
Dunn’s test to identify the source of the significance. Statistical analyses of
RT-qPCR and immunoblotting data were assessed in RStudio ver. 1.3.1073
with one-way ANOVAs and Tukey post hoc tests. Significance for all tests
was evaluated at an a-level of 0.05.
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Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Data are available on Open Science Framework (https://osf.io/7r5fx/)"".
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