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Ryanodine receptor-active
non-dioxin-like polychlorinated
biphenyls cause neurobehavioral
deficits in larval zebrafish

Bianca Yaghoobi'', Galen W. Miller™, Erika B. Holland'?,
Xueshu Li3, Danielle Harvey*, Shuyang Li*,
Hans-Joachim Lehmler?, Isaac N. Pessah! and Pamela J. Lein®*

'Department of Molecular Biosciences, School of Veterinary Medicine, University of California, Davis,
Davis, CA, United States, 2Department of Biological Sciences, California State University of Long Beach,
Long Beach, CA, United States, *Department of Occupational and Environmental Health, College of
Public Health, The University of lowa, lowa City, IA, United States, “Department of Public Health
Sciences, University of California, Davis, Davis, CA, United States

Although their production was banned in the United States in 1977,
polychlorinated biphenyls (PCBs) continue to pose significant risks to the
developing nervous system. Perinatal exposure to PCBs is associated with
increased risk of neuropsychiatric disorders, perhaps due to altered patterns
of dendritic arborization of central neurons. Non-dioxin-like (NDL) PCB
congeners enhance dendritic arborization of developing mammalian
neurons via sensitization of ryanodine receptors (RYR). Structure-activity
relationships (SAR) of RYR sensitization by PCBs have been demonstrated
using mammalian and rainbow trout (Oncorhynchus mykiss) tissue
homogenates. The purpose of this study is to determine whether this SAR
translates to developmental neurotoxicity (DNT) of PCBs in vivo, a question
that has yet to be tested. To address this gap, we leveraged a zebrafish model
to evaluate the developmental neurotoxicity potential of PCBs 28, 66, 84, 95,
138, and 153, congeners previously shown to have broadly different
potencies towards sensitizing RYR. We first confirmed that these PCB
congeners exhibited differing potency in sensitizing RYR in zebrafish
muscle ranging from negligible (PCB 66) to moderate (PCB 153) to high
(PCB 95) RYR activity. Next, enzymatically dechorionated embryos were
statically exposed to varying concentrations (0.1-10 uM) of each PCB
congener from 6h post-fertilization to 5days post-fertilization (dpf).
Embryos were observed daily using stereomicroscopy to assess mortality
and gross malformations and photomotor behavior was assessed in larval
zebrafish at 3, 4, and 5 dpf. The body burden of each PCB was measured by
gas chromatography. The key findings are: 1) None of these PCBs caused
death or overt teratology at the concentrations tested; 2) A subset of these
PCB congeners altered photomotor behavior in larval zebrafish and the SAR
for PCB behavioral effects mirrored the SAR for RYR sensitization; and 3)
Quantification of PCB levels in larval zebrafish ruled out the possibility that
congener-specific effects on behavior were due to differential uptake of
PCB congeners. Collectively, the findings from this study provide in vivo
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evidence in support of the hypothesis that RYR sensitization contributes to
the DNT of PCBs.

KEYWORDS

developmental neurotoxicity, larval zebrafish, polychlorinated biphenyls, ryanodine
receptor, photomotor behavior

Introduction

Despite being banned from production in the United States
since the late 1970s and worldwide in the early 2000s through the
Stockholm Convention on Persistent Organic Pollutants,
(PCBs)
environmental toxicants (Hu et al, 2011; Martinez et al,
2012; Koh et al., 2015; Jahnke and Hornbuckle 2019) that
pose significant risk to the developing nervous system (Pessah

polychlorinated  biphenyls remain  persistent

et al,, 2019; Panesar et al., 2020). Exposure to PCBs in utero or
during infancy is associated with neurological deficits in humans
(Berghuis et al., 2014; Berghuis et al., 2015; Kyriklaki et al., 2016;
Lyall et al., 2017; Tkeno et al., 2018). Experimental animal studies
recapitulate the neurobehavioral effects of developmental PCB
exposures, and of the 209 possible congeners, non-dioxin-like
(NDL) PCBs have been most strongly linked to developmental
neurotoxicity (DNT) (Klocke and Lein 2020). NDL PCBs have
been shown to alter neuronal connectivity and plasticity in the
developing brain (Schantz et al., 1997; Schantz et al., 2003; Kenet
et al., 2007; Yang et al,, 2009), an effect shown in vitro to be
mediated by sensitization of the ryanodine receptor (RYR),
which enhances dendritic arborization (Wayman et al,
2012b). RYRs are integral membrane Ca®* channels that
directly affect the amplitude and spatiotemporal patterns of
intracellular Ca®* fluxes (Pessah et al.,, 2010). NDL PCBs bind
to and sensitize RYRs, increasing their sensitivity to Ca®* and
stabilizing the RYR channel in its open conformation (Wong
et al,, 1997). PCB 95, a NDL congener with particularly potent
RYR activity, enhances dendritic outgrowth of rat hippocampal
and cortical neurons both in vitro and in vivo via RYR-dependent
transcriptional and translational mechanisms (Wayman et al,
2012a; Wayman et al., 2012b; Keil et al., 2018).
Structure-activity relationship (SAR) studies of PCB RYR
sensitization in mammalian cell culture (Wong et al, 1997
Pessah et al,, 2006) demonstrated that a minimum of one
ortho substitution along with a meta-substitution adjacent to
the ortho-substitution and a lack of para-substitutions on the
biphenyl ring increased activity at the RYR, which in turn
dysregulated cellular Ca®* signaling (Pessah et al., 2006;
Holland et al,, 2017a). However, whether this SAR translates
to the in vivo developmental neurotoxicity of PCBs has yet to be
tested. Low throughput and high costs make performing
extensive in vivo SAR studies in rodent models challenging. In
addition, strategies to assess the role of RYR in NDL PCB
developmental neurotoxicity (DNT) in vivo using RYR mutant
or knockout models or pharmacologic inhibition of RYR have
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not been successful because of embryonically lethality
(Takeshima et al., 1994; Takeshima et al.,, 1998; Chelu et al.,
2006) or cardiotoxicity. To address this gap, we leveraged larval
zebrafish, an established in vivo model of DNT (Tal et al., 2020),
to determine whether the SAR of PCB activity at the RYR is
predictive of the in vivo DNT of NDL PCBs.

Zebrafish express homologs for 70% of human genes (Howe
et al, 2013), and developmental signaling and stages of
development highly zebrafish,
humans and other vertebrate models (Gilbert, 2010). The
zebrafish has highly conserved orthologs to human RYR

are conserved between

genes with a and b paralogs for the mammalian RYRI,
RYR2, and RYR3 (Holland et al, 2017b). These paralogs
exist due to whole-genome duplication events in teleost
(Postlethwait et al., 2000). All RYR paralogs are expressed
throughout early development (Wu et al, 2011). Some
paralogs are provided maternally, but zygotic expression
commences as early as 11h post-fertilization (hpf) and as
late as 18 hpf. During embryonic development, paralog
expression is relatively tissue-specific, with RYRIa and
RYRIb most highly expressed in slow- and fast-twitch
skeletal muscle, respectively, RYR2a highly expressed in the
brain, RYR2b confined to the heart, and RYR3a (previously
described as RYR3) highly expressed throughout various tissues
in the body (Wu et al., 2011). By adulthood, expression is more
heterogeneous, and specifically, all paralogs are present in the
brain (Darbandi and Franck 2009; Furlan et al., 2020).

Here, we tested the hypothesis that PCB DNT in embryonic
zebrafish mirrors the SAR for PCB sensitization of RYR (Pessah
et al., 2006). The congeners evaluated in this study (PCBs 28, 66,
84, 95, 138, and 153) were chosen to reflect a range of in vitro
potency at the RYR (Pessah et al., 2006; Holland et al., 2017a),
with PCBs 28 and 66 exhibiting negligible RYR activity, PCBs
138 and 153, moderate activity, and PCBs 84 and 95, potent RYR
activity. These congeners have at least one chlorine in the ortho
position, with half the congeners having adjacent meta
substitutions (PCBs 84, 95, 138), and two lacking para
substitutions (PCBs 84 and 95). Collectively, these congeners
represent a predominant component of PCB mixtures found in
environmental samples and biological tissues (Pessah et al,
2010). The direct effect of these selected PCB congeners on
RYR activity in zebrafish was measured via a ryanodine
binding assay in adult zebrafish muscle. Congeners were then
tested for DNT using a static developmental exposure paradigm
starting at 6 hpf through 5 days post-fertilization (dpf) during
which teratological effects were assessed daily and photomotor
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behavior was assessed at 3, 4, and 5 dpf. The body burden of each
congener was also assessed to confirm that the results were not
confounded by differential uptake. Based on a ranking of
neurotoxic potency based on our assay results, our data
support the hypothesis that the SAR of PCB DNT parallels
that of PCB potency at the RYR.

Materials and methods

Fish husbandry

Fish husbandry, spawning, and all experiments were
performed in accordance with the University of California,
Davis Institutional Animal Care and Use Committee (IACUC)
protocols 17645 and 19391. Wildtype zebrafish (Tropical 5D
strain) were originally obtained from the Sinnhuber Aquatic
Research Laboratory at Oregon State University with subsequent
generations raised at UC Davis. Zebrafish were maintained under
standard laboratory conditions with 14 h light (~850 lux)/10 h
dark cycles (Harper and Lawrence 2011). Water was maintained
at 28.5 + 0.5°C, pH 7.2 £ 0.4 and conductivity at 700 + 100 pS
using bicarbonate and Instant Ocean Sea Salt (Blacksburg, VA,
United States), respectively. Adult fish were fed twice daily with a
combination of live Artemia nauplii (INVE Aquaculture, Inc.,
Salt Lake City, UT, United States) and commercial flake food
comprised of Zeigler Zebrafish Granule (Zeigler Bros, Inc.,
Gardners, PA, United States), Spirulina Flake (Zeigler Bros,
Inc.), Redmond, WA,
United States), and Golden Pearl (Brine Shrimp Direct,
Ogden, UT, United States). Embryos were obtained by natural

Cyclopeeze (Argent Aquaculture,

group spawning in system fish water (FW) and kept in an
incubator at 28.5°C.

PCB congeners

PCB congeners 28, 66, 95, and 153 were purchased from
AccuStandard  (Accustandard Inc, New Haven, CT,
United States), while PCBs 84 and 138 were synthesized at the
University of Iowa as described previously (Sethi et al,, 2019). The
purity of PCBs was determined on an Agilent 6890 chromatograph
coupled with an Agilent 5975 Inert Mass Selective Detector
(Agilent Technologies, Santa Clara, CA, United States) operated
in electron ionization mode using a capillary Supelco SLB-5MS GC
column (30 m x 250 um x 0.25 um, Sigma-Aldrich). Purity was
determined in the total ion chromatogram (TIC) mode using the
following temperature program (Telu et al,, 2010; Holland et al.,
2017a; Li et al,, 2018): starting temperature 50°C, 10°C/min to
150°C, then 5°C/min to 280°C, hold for 6 min, and 10°C/min to
300°C, hold for 5 min. Helium flow rate was 2 ml/min. The inlet
and auxiliary temperatures were both 280°C. The purity was
calculated based on the relative peak area. A congener specific
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analysis method in the select ion monitoring (SIM) mode was
employed to identify PCB impurities present in the PCB samples
(Hu et al.,, 2015; Holland et al., 2017a). This method allowed the
analysis of 209 PCB congeners as 162 peaks of individual or co-
eluting peaks. The temperature program was modified based on
the published method: hold at 80°C for 1 min, 2°C/min to 160°C,
1°C/min to 170°C and hold for 15 min, 1°C/min to 180°C and hold
for 15 min, 1°C/min to 245°C, then 10°C/min to 300°C and hold for
15min. The helium flow rate was 1.5ml/min. The injector
temperature was 280°C. The MS temperatures were 280°C,
230°C, and 150°C for transfer line, source and quadrupole,
respectively. The GC analysis showed that all six PCB
congeners had a purity >99.9%, and that no other PCB
congeners were detected. The gas chromatograms and the mass
spectra for all PCB congeners are shown in Supplementary Figures
S1-512. PCB congeners were dissolved in 100% DMSO (Sigma-
Aldrich, St. Louis, MO, United States) and stored in amber glass
vials as 1000X stocks. On exposure days, stocks were freshly
diluted at 2X in embryo media (EM) (Westerfield and ZFIN,
2000).

Ryanodine-ligand binding assay

Sensitization of the zebrafish RYR by ortho-PCBs was
measured using [*H]ryanodine ([*H]Ry) ligand binding
assays as previously described (Fritsch and Pessah, 2013).
Briefly, crude microsomal protein preparations were created
from the tail (post dorsal fin) muscle (primarily white skeletal
muscle) of six adult zebrafish (~1year old) that was
homogenized in a buffer containing 320 mM sucrose, 5 mM
HEPES, 1 mM PMSF, 10 mM NaF, 2 mM B-Glycerol, 5 mM
Na,P,07, 0.5 mM Na3;VO, and 2 pg/L leupeptin (pH 7.2). The
homogenate was centrifuged at 5,000 x g (4°C) for 15 min. The
pellet was re-homogenized in 5 ml homogenization buffer and
centrifuged at 5,000 x g. Supernatants were combined for
ultracentrifugation at 100,000 g (4°C for 1h). The resultant
pellet was re-suspended in a buffer of 320 mM sucrose and
5 mM HEPES (Sigma-Aldrich, St. Louis, MO, United States) at
pH 7.2. Protein concentrations were determined in triplicate
using a BCA Assay (Fisher Scientific, Waltham, MA,
United States). [’H]Ry ligand binding assays were conducted
with 40 pg/ml of the crude protein homogenate in the presence
of DMSO (0.5%) or 0.1-50 uM of individual PCB congeners in
0.5% DMSO. Tests were run using 5 nM [*H]Ry (Perkin Elmer
Waltham, MA, United States), 250 mM KCI, 20 mM HEPES,
15 mM NaCl, and 50 pM CaCl, (pH 7.1) and incubated for 16 h
at 25°C. Non-specific binding was determined with the addition
of 10uM ryanodine (Tocris Bioscience,  Bristol,
United Kingdom) and 200 uM EGTA (Sigma-Aldrich, St.
Louis, MO, United States). Assays were terminated by rapid
filtration through Whatman GF/B filter paper (Brandel,
Gaithersburg, MD, United States) and washed with ice-cold
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buffer containing 140 mM KCl, 10 mM HEPES, and 0.1 mM
CaCl,, pH 7.4. Bound radioligand was measured by liquid
scintillation counting (Beckman Coulter, Indianapolis, IN,
United States). PCB-induced [*H]Ry binding was assessed in
two different protein preparations, and each assay was run in
triplicate. Individual PCB concentration-response curves were
determined using non-linear regression (GraphPad Prism 6.0,
GraphPad Software Inc., San Diego, CA, United States).

Chemical exposures

At 4 hpf, embryos were treated with 50 pl of 41 mg/ml protease
from Streptomyces griseus (P5147, Sigma-Aldrich, St. Louis, MO,
United States) in 25 ml of FW for a maximum of 6 min to remove
the chorion (Truong et al, 2011). At 5 hpf, embryos were placed in
individual wells of 96-well plates filled with 100 pul of EM. At 6 hpf,
embryos were exposed to a 2x concentration of the selected PCB
congeners or controls that were diluted in 100 pl EM to produce a 1x
concentration in a total of 200 pl solution. Exposure concentrations
were 0 (DMSO control), 0.1, 0.3, 1, 3, and 10 uM. After exposure,
plates were covered with Parafilm M (Bemis NA, Neenah, WI,
United States) to reduce evaporation and placed in an incubator at
28.5°C with 14 h light (~300 lux)/10 h dark cycles. Final DMSO
concentrations were 0.2% (vol/vol) for all exposures. Fish were
statically exposed until 5 dpf.

Teratological and mortality assessments

Exposed fish were examined daily for any gross

morphological malformations and mortality using an
Olympus Stereo Microscope Model SZ61 (Olympus, Japan) up
to x4.5 magnification. On days of behavioral testing (3, 4, and
5dpf), examination was conducted immediately after the
conclusion of the behavioral assay. Teratological endpoints
that were evaluated include yolk sac edema, pericardial
edema, somite formation, deformities of the body axis,
fin.

Malformations were scored in a binary manner of either

notochord,  craniofacial  structures, or  caudal
present or not present. Fish that were scored as neither
malformed nor dead were deemed viable. For each exposure,
the number of fish that were viable, malformed, or dead was
divided by the total number of biological replicates within each

group and multiplied by 100 to obtain percent incidence.

Larval photomotor behavior testing

Larval locomotor tests were performed at 3, 4, and 5 dpf.
Vehicle and PCB-exposed larvae in 96-well plates were placed in
(Noldus
Technology, Leesburg, VA, United States) and subjected to a

a DanioVision behavior system Information
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35 min light/dark locomotor test. System and plate temperature
were maintained at 28.5 + 0.5°C using a temperature control unit
from Noldus. The testing paradigm consisted of a 10 min light
period (~1,900 lux) to allow for acclimation (5min) and to
record baseline swimming (5 min). This was followed by a
5 min dark period (~0 lux) to stimulate increased swimming
behavior and a 5min light period (~1,900 lux) to stimulate
freezing behavior. The last 15 min consisted of a dark period
(~0 lux) to observe increased swimming behavior and
acclimation to the dark conditions.

The distance traveled binned per minute by each larva during
the 35-min observation test period was recorded via continuous
tracing using a DanioVision system camera with an infrared filter
to allow recording in both light and dark conditions. Movement
was tracked using EthoVisionXT software (Noldus Information
Technology) and exported to Excel and Prism 6.0 (GraphPad
Software) for analysis and visualization. Dead and/or malformed
larvae (as noted by observation under dissecting scope) were
excluded from the behavior analysis.

The trapezoidal rule was used to compute the area under the
curve (AUC) for each fish per day per lighting condition. The first
5 min of the 35-min observation period was removed to account
for initial acclimation. Therefore, data were analyzed for the
following time epochs: Light 1 (L1) = 6-10 min, Dark 1 (D1) =
11-15 min, Light 2 (L2) = 16-20 min, and Dark 2 (D2) =
21-35min. Mixed effects
zebrafish-specific random

regression models,
effects,
differences between groups. DMSO groups from each spawn

including
were used to assess
date (=3 independent spawns) and plate were combined in the
analysis. Separate models were fit for each congener. New
variables were defined to capture differences in the AUC
between Light 1 and Dark 1, Dark 1 and Light 2, and Light
2 and Dark 2, to measure change in distance traveled when
transitioning from light to dark or dark to light. Contrasts were
specified to compare these transitions and the AUC during each
of the lighting conditions between the exposed groups and the
DMSO control group. Exploratory analysis indicated that a
natural logarithmic transformation was needed for the AUC
to stabilize the variance and meet the underlying assumptions of
the mixed effects models. Due to some zeroes in the AUC, all
values were shifted by 0.1 prior to taking the natural logarithm.
Concentration (0.1,0.3, 1, 3, 10 uM and DMSO), day (3, 4, 5 dpf),
and the transition variables were all of interest in the models,
including their interactions. Akaike information criterion was
used for model selection and Wald tests for comparing groups.
All analyses were conducted using SAS version 9.4.

Extraction of PCBs from zebrafish larvae
PCB body burden was assessed at 5 dpf by pressurized liquid

extraction Dionex ASE200 system (Thermo Scientific,
Sunnyvale, CA, United States) (Wu et al., 2015). Briefly,
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zebrafish larvae samples (n = 36-51 per sample) were mixed with
diatomaceous earth (2 g) and placed in an extraction cell (33 ml)
containing Florisil (60-100 mesh, 12 g, Fisher Scientific, Fair
Lawn, NJ, United States). PCB 117 (100 ng) was added to each
sample as surrogate recovery standard, and the cells were
extracted with hexane-acetone (1:1, v/v) at 100°C and
1,500 psi (10 MPa) with preheat equilibration for 6 min, 35%
of cell flush volume and 1 static cycle of 5 min. Method blanks
containing only Florisil and diatomaceous earth and sample
blanks DMSO-exposed
zebrafish larvae were extracted in parallel with each sample

with naive (unexposed) and/or
set. The extracts were concentrated to approximately 0.75 ml
using a Turbo Vap II (Biotage, Charlotte, NC, United States) and
transferred to glass tubes. Samples were further cleaned up, as
described previously, to remove sulfur and other impurities
(Kania-Korwel et al,, 2007). All samples were spiked with PCB
204 (100 ng) as internal standard (volume corrector) prior to gas

chromatographic analysis.

Gas chromatography analysis

Analysis of PCBs was performed in the splitless mode on an
Agilent 7890 gas chromatograph equipped with a **Ni micro
electron capture detector (W{ECD) and a SPB-1 capillary column
(length, 60 m; inner diameter, 250 um; and 0.25pm film
thickness; Supelco, St. Louis, MO, United States) (Wu et al.,
2013). The following temperature program was used based on a
published method (Kania-Korwel et al., 2011): hold at 80°C for
1 min, 20°C/min to 215°C, then 0.1°C/min to 219.5°C, and 20°C/
min to 280°C, then hold at 280°C for 3 min. A constant helium
flow rate of 1 ml/min was used for all analyses. The injector and
detector temperatures were 250°C and 300°C, respectively. The
“Ni-pECD used for the PCB analysis was linear up to
concentrations of 1,000 ng/ml for all analytes investigated
(R* > 0.999). The recovery of PCB 117 was 83 + 7% (range:
71-97%). A detailed summary of the limits of detection, limits of
quantification, and background levels of the analyzed PCBs is
presented in Supplementary Table S1.

Enantioselective gas chromatographic
analysis of PCB 84 and PCB 95

The enantioselective analysis of PCB 84 was performed on a
6890 Agilent gas chromatograph equipped with a *Ni-uECD
detector and CP-Chiralsil-Dex CB capillary column with
cyclodextrin directly bonded to dimethylpolysiloxane (25 m
length, 0.25 mm inner diameter, 0.25 um film thickness; Varian,
Palo Alto, CA, United States). The temperature program was as
follows (Kania-Korwel et al., 2006): starting temperature 50°C, hold
for 1 min, 10°C/min to 140°C for 100 min, then 10°C/min to 200°C
for 5 min. The enantioselective analysis of PCB 95 was performed on
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a 7890 Agilent gas chromatograph equipped with a **Ni-uECD
detector and Chiraldex B-DM (BDM) capillary column (length,
30 m x inner diameter, 250 pm X 0.12 pm film thickness, Supelco;
St. Louis, MO, United States). The following temperature program
was used (Uwimana et al, 2016): starting temperature 50°C for
1 min, 10°C/min to 160°C for 90 min, then 10°C/min to 200°C for
10 min. For both instruments, the injector was operated in the
splitless mode at 250°C, and the detector temperature was 250°C. A
constant helium flow rate of 3 ml/min was used for all
enantioselective analyses. Enantiomer fractions (EF) were
calculated with the drop valley method (Asher et al, 2009
Uwimana et al, 2016) as EF = Area E,/(Area E; + Area E,),
were Area E; and Area E, denote the peak area of the first and
second eluting atropisomer, respectively. The resolution of two
atropisomers of PCB 84 and PCB 95 were 0.79 and 1.2,
respectively. The EF values were 0.5 for the racemic PCB 84 and
PCB 95 standards.

Neurotoxicity ranking of congeners

The neurotoxic potential of the congeners tested in this study
were ranked based on the three endpoints measured in this study:
RYR binding, behavior, and body burden. Congeners were ranked
relative to each other for each individual endpoint from 1 (highest)
to 6 (lowest), and then the three scores for each congener averaged to
obtain an overall relative ranking for each congener. Ranking for
RYR activation was based on EC,x values and their relative
comparisons. Behavior ranking represents the total change from
control for each congener across all epochs (L1, D1, L2, and D2) and
all days (3, 4, and 5 dpf) tested. AUC values were normalized to the
appropriate DMSO control (AUC value/DMSO). Each value was
then subtracted from 1 to determine the deviation from the control
values [1 — (AUC value/DMSO)]. Absolute values were combined
for all concentrations of each congener across all time points (epochs
and testing days). PCB body burden was ranked as the percentage
uptake using the following calculation: (uptake/total PCB) x 100,
where, the uptake values were the measured PCB levels in the
samples, and the total PCB values were calculated using the exposure
concentration (0.1, 1, or 10 uM) and volume (200 pl). The resulting
values were averaged across the three assayed concentrations and
rounded to the closest integer to obtain the final ranking order.

Results

PCB activation of zebrafish RYR

Adult zebrafish tail muscle homogenates were used to test RYR
binding of PCBs 28, 66, 84, 95, 138, and 153 (Figure 1A). ["H]Ry
binds with high affinity to the open RYR channel, where increased
binding signifies increased channel activity in the presence of PCBs.
PCB 28 and 66 displayed limited RYR activity, where even
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FIGURE 1

PCB induced [3H]-labeled ryanodine activation and binding in adult zebrafish skeletal muscle. (A) Depiction of congener structure and relative
RYR activation. (B) [*H]-ryanodine (Ry) binding was measured in the presence of specific PCB congeners at 0.1-50 uM. Specific binding shown as a
percentage of the DMSO control. Data presented as mean + SEM from six adult (~1 year old) zebrafish.

TABLE 1 PCB-induced activation of the RYR paralogs found in zebrafish skeletal muscle.

Congener Substitution pattern Max. response
SEM (%)

PCB 28 2,44' 170.60 + 13.28
PCB 66 2,344 -

PCB 84 22336 437.50 £ 35.72
PCB 95 22356 734.70 + 49.87
PCB 138 223,44'5 388.20 + 74.93
PCB 153 2,2'4,4'5,5' 32040 + 92.18

ECso ECso 95% CI ECyx ECyx 95% CI
0.67 0.08-5.0 -

8.97 6.65-12.08 6.97 5.86-8.24

3.79 2.79-5.14 1.5 1.09-1.95

9.6 2.16-42.97 4.18 3.16-4.64

4.34 0.3-58.72 3.88 2.06-8.37

Maximum Response observed as compared to the DMSO control; relative EC50, concentration that caused half-maximum response for a given congener; EC2X, concentration which
caused a two-fold induction in ligand binding as compared to the DMSO control. CI, Confidence interval. The hyphen symbol (-) indicates that a value could not be determined because of

negligible RYR activity. Hyphen indicates parameters that were not available due to a lack of or low activity of a given congener.

concentrations above 10 uM failed to cause a 2-fold (EC,x) increase
in channel activity. The environmentally prevalent PCB 138 and
153 presented moderate RYR activity (Figure 1 and Table 1).
Interestingly, PCB 84 exhibited a biphasic effect (Supplementary
Figure S13) in which concentrations below 3 uM caused a significant
reduction in RYR activity. Conversely, concentrations above 3 uM
caused modest activation with a maximal effect of 400% compared
to the DMSO control. Similar to that seen in mammalian species,
PCB 95 was the most efficacious at sensitizing RYR, causing an
approximate 800% increase in [*H]Ry-binding, a measure of
channel activation. Relative RYR activity is summarized in
Figure 1B. As predicted, PCBs with less than two chlorines in
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the ortho-position displayed weak or negligible RYR activity. In
contrast, congeners with meta substitutions adjacent to ortho-
chlorines (PCB 84, 95, and 138) displayed higher activity at the
channel. PCB 95 and 84, which lack para substitutions, were the
most potent RYR sensitizers.

Viability and teratogenic effects
Zebrafish were statically exposed to PCBs starting at 6 hpf

through 5 dpf and observed daily. Each of the six PCB congeners
was tested at the same five concentrations ranging from 0.1 to
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FIGURE 2

PCB exposures did not significantly decrease viability (congeners listed in order of increasing RYR binding affinity). Larvae were observed for
overt malformations or mortalities at 1, 3, 4, and 5 days post-fertilization (dpf). Data are presented as mean percentage (malformed and dead) or
mean percentage (viable) + SEM from >3 separate spawns. The total larvae per exposure (Vehicle (Veh), 0.1, 0.3, 1.0, 3.0, and 10 yM) was the
following: PCB 66: 32, 60, 61, 63, 60, and 60; PCB 28: 23, 45, 44, 48, 48, and 47; PCB 153: 28, 58, 58, 58, 60, and 60; PCB 138: 28, 59, 61, 63, 59,

and 59; PCB 84: 32, 56, 56, 57, 52, and 57; PCB 95: 61, 85, 115, 111, 113, and 119.
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TABLE 2 Behavioral results at 3, 4, and 5 dpf for PCB-exposed and vehicle control larvae.

10.3389/ftox.2022.947795

Con. Conc. 3 dpf 4 dpf 5 dpf
(uM)
L1 D1 L2 D2 L1 D1 L2 D2 L1 D1 L2 D2
28 VEH ~1.4 (0.1) 43 (0.2) 0.05 (02) 40 (0.2) 0.4 (0.3) 5.3 (0.2) 27 (0.2) 65 (0.1) 27 (0.2) 5.8 (0.03) 3.3 (0.1) 6.7 (0.1)
01 ~13(02) 42 (0.3) 02 (0.2) 41(0.2) ~0.03 (03) 26 (0.2) 67 (0.1) 2.7 (0.3) 5.8 (0.04) 3.1(02) 6.7 (0.1)
0.3 -1.2(02) 43 (0.2) 0.02 (02) 3.8 (0.3) 28 (0.2) 66 (0.1) 26 (0.3) 5.8 (0.03) 32(02) 6.7 (0.1)
1 ~13(02) 46 (0.2) 0.1 (0.2) 3.6 (0.3) ~0.04 (03) 24 (0.2) 6.7 (0.1) 2.7 (0.3) 5.9 (0.05) 3.3 (0.) 6.8 (0.1)
3 ~1.1(02) 14(02) 02(02) -0.1(0.3) 25 (0.3) 67 (0.1) 28 (0.3) 5.8 (0.04) 33(02) 67 (0.1)
10 -15(02) 39(0.2) 03(0.2) ~0.05 (0.3) 59 (0.1) 19 (02) 63(02) 25(0.3) 60 (0.05)- 65 (0.1)
66 VEH ~0.6 (0.2) 3.6 (0.2) 04 (0.2) 3.6 (0.3) 0.02 (03) 5.8 (0.04) 26 (0.2) 67 (0.1) 22(0.3) 5.9 (0.04) 3.1(02) 69 (0.1)
0.1 -12(02) 33(0.3) 02(0.2) 32(03) -0.7 (0.3) 58 (0.1) 26 (0.2) 68 (0.1) 21 (0.4) 5.8 (0.05) 3.0 (0.3) 6.8 (0.1)
03 -13(02) 38(0.3) 05 (0.2) 40 (0.3) -0.4 (0.3) 5.8 (0.05) 26 (0.2) 69 (0.1) 3.0 (0.3) 5.8 (0.04) 34(02) 69 (0.1)
1 ~11(02) 3.4(0.3) 0.03 (02) 3.2 (0.4) -12(0.2) 5.8 (0.1) 24 (0.2) 68 (0.1) 17 (0.4) 5.8 (0.05) 3.3(0.2) 6.8 (0.1)
3 ~1.1(02) 3.6 (0.3) 04 (0.2) 3.7 (0.4) -0.3 (0.3) 5.8 (0.1) 25(0.2) 68 (0.1) 20 (0.3) 5.8 (0.04) 3.1(02) 6.8 (0.1)
10 -1.1(02) 37 (0.3) 03(0.2) 3.6 (0.4) ~0.6 (0.3) 58 (0.1) 3.0 (0.2) 68 (0.1) 22 (0.4) 57 (0.1) 34(02) 65 (0.1)
84 VEH -12(02) 3.7 (0.2) 0.4 (0.1) 3.7 (0.3) 0.1 (0.3) 5.9 (0.04) 29 (0.2) 68 (0.8) 20 (0.3) 5.9 (0.04) 33 (0.1) 69 (0.1)
0.1 -1.2(0.2) -0.5 (03) 5.9 (0.05) 22(03) 6.7 (0.1) 1.6 (0.4) 5.8 (0.1) 3.0 (0.2) 6.8 (0.1)
0.3 -1.1(0.2) 39(0.3) 0.3 (0.2) 5.8 (0.04) 29(0.2) 6.7 (0.1) - 5.9 (0.04) 34(02) 6.9 (0.1)
1 -0.7 (0.2) 38 (0.3) 03(0.2) 58 (0.1) 26 (0.2) 68 (0.1) 21(03) 5.8 (0.04) 32(02) 6.8 (0.1)
3 40 (0.3) -0.1 (0.3) 5.8 (0.04) 36 (0.2) 68 (0.1) 56 (0.1) 34(02) 65 (0.1)
10 0.7 (0.4) 56 (0.1) 33 (0.3) 67 (0.1) 54 (0.1) 3.6 (0.3) 6.3 (0.1)
95 VEH ~0.9 (0.1) 44(02) 0.7 (0.1) 47 (0.2) 0.3 (0.2) 54 (0.2) 3.0 (0.1) 7.2 (0.05) 25(0.2) 6.0 (0.03) 3.6 (0.1) 7.2 (0.04)
01 0.5 (0.3) 43 (0.3) 0.6 (0.2) 46 (0.4) 56 (0.2) 3.1(0.3) 7.0 (0.2) 3.0 (0.4) 5.8 (0.05) 3.8(0.2) 7.1 (0.1)
0.3 ~0.6 (0.2) 46 (0.2) 0.6 (0.2) 47(0.2) 0.4 (0.3) 50 (0.2) 31(0.2) 7.2 (0.1) 27 (0.3) 5.9 (0.05) 3.8(0.2) 7.2 (0.05)
1 -0.8 (0.2) 44(02) 0.8 (0.2) 44(0.2) ~0.004 (0.3) 50 (0.3) 33(0.2) 7.3 (0.05) 5.9 (0.04) 3.8(0.2) 7.3 (0.05)
3 -0.7 (0.2) 4.8 (0.2) 0.009 (0.3) 52(0.2) 3.0(0.2) 7.3 (0.05), 5.8 (0.04) 42(02) 7.2 (0.05)
10 7.1 (0.1) 43 (0.2)-
138 VEH -0.9 (0.1) 3.7 (0.2) 0.08 (0.1) 3.6 (0.2) 0.05 (0.2) 5.8 (0.1) 26 (0.1) 67 (0.1) 23(0.2) 5.9 (0.03) 3.0 (0.1) 6.7 (0.1)
0.1 -0.9 (0.2) 3.8 (0.3) 0.02 (0.2) 3.5 (0.3) 56 (0.1) 23(0.2) 64 (0.1) 25(0.3) 56 (0.1) 3.1(02) 65 (0.1)
0.3 ~1.4 (0.1) 40 (0.3) 0.1 (02) 3.7 (0.3) 5.9 (0.04) 28 (0.2) 67 (0.1) 21 (0.3) 5.9 (0.05) 3.1(02) 6.8 (0.1)
1 -0.9 (0.2), 02 (0.2) 3.9 (0.3) ~0.6 (0.3) 5.8 (0.05) 28 (0.2) 67 (0.1) 2.7 (0.4) 5.8 (0.05) 3.1(02) 6.7 (0.1)
3 -0.7 (0.2), 0.02 (03) 5.8 (0.05) 27 (0.2) 66 (0.1) - 5.7 (0.1) 3.7 (0.2) 6.7 (0.1)
10 0.5 (0.2), 6.0 (0.05) 3.0 (0.2) 67 (0.1) 23 (0.3) 54 (0.1) 34 (0.2)-
153 VEH -0.7 (0.2) 43 (0.3) 03 (0.2) 44(0.3) 0.1 (0.3) 5.9 (0.04) 24(0.2) 68 (0.1) 25(0.3) 5.9 (0.04) 3.0(0.2) 6.8 (0.1)
0.1 -1402) 44(03) 0.1 (0.3) 45(0.3) 0.8 (0.5) 5.9 (0.05 28 (0.2) 69 (0.1) 27 (0.4) 5.8 (0.05) 3.3(0.3) 6.8 (0.1)
0.3 ~11(02) 45 (0.3) 03 (0.2) 41(0.3) 5.9 (0.05) 26 (0.3) 68 (0.1) 19 (0.4) 5.8 (0.04) 3.1(0.3) 69 (0.1)
1 -1.2(0.2) 0.5 (0.4) 5.9 (0.05) 3.1(03) 69 (0.1) 2.8 (0.4) 5.9 (0.05) 3.5 (0.2) 6.9 (0.1)
3 -1.2(0.2) 4.7 (0.2) 0.4 (0.3) 4.4 (0.3) 0.1 (0.4) 5.9 (0.05) 2.8 (0.2) 6.8 (0.1) 2.7 (0.4) 5.7 (0.1) 3.1(0.2) 6.8 (0.1)
10 ~1.1(02) 0.8 (0.5) 61(0.1) 7.0 (0.1) - 61 (0.1) 6.8 (0.1)

Data are presented as the mean of the natural log of the area under the curve (AUC) with the standard error in parentheses from each period for each concentration and vehicle (VEH) controls used for
comparison. Color-coding of the cells is used to signify increases (orange) or decreases (blue) in distance traveled relative to VEH. The significant differences were determined using a mixed-effects model that
considers the spread and distribution of the data and are outlined in the Materials and Methods section. Larvae were scored for viability following behavioral testing and non-viable individuals were removed

from the data set prior to analysis. Values shown in bold type are significantly different from corresponding vehicle control, using the mixed effects regression model as described in the text.

“The best model for congener 66 did not suggest that differences in how behavior at various concentrations compared to vehicle controls varied by larval age. However, on average, across the ages, distance
traveled was lower, on average, during L1 in the 0.1 and 1 concentrations compared to vehicle controls. Light 1 (L1) = 5 min, Dark 1 (D1) = 5 min, Light 2 (L2) = 5 min and Dark 2 (D2) = 15 min.
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FIGURE 3

PCB exposure (10 uM) significantly alters larval photomotor behavior at 3 and 5 days post-fertilization (dpf) compared to the vehicle (DMSO)
controlin a RYR-dependent pattern. Examples of photomotor behavior at 3, 4, and 5 dpf from embryos exposed to only vehicle (DMSO, black lines)
or 10 pM (grey line) of PCB 66 (low RYR-activity), PCB 153 (mid-level RYR-activity) and PCB 95 (high RYR-activity). The 35-min behavioral testing
period was divided into five epochs: 0-5 min = acclimation period, 5-10 min = Light 1, 11-15 = Dark 1, 16—-20 min = Light 2 and 21-35 min =
Dark 2. Shaded areas correspond to dark periods. Data are presented as mean + SEM (n = 74, 74, and 55 for PCB 95-exposed embryos and n = 75, 75,

and 60 for vehicle control embryos on 3, 4, and 5 dpf, respectively).

10 uM. Within this concentration range, there were no
significant changes in zebrafish viability or teratogenic effects
(yolk sac or pericardial edema, malformation of caudal fin,
pectoral fins, eyes, craniofacial structures, axis, or notochord)
of PCB-exposed larvae when compared to the corresponding
vehicle control at 1, 3, 4, and 5 dpf (Figure 2). However, exposure
to 30 uM PCB 95 resulted in nearly 100% loss of viability by 3 dpf
(data not shown). The other PCB congeners were not tested at
30 uM due to solubility constraints.

Larval behavior—photomotor assay

Vehicle [0.2% (v/v) DMSO] control larvae exhibited
increased locomotion in the dark epochs (D1 and D2) and

reduced locomotion in the light epochs (L1 and L2),
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consistent with normal larval photomotor behavior (Basnet
et al,, 2019). An overall developmental effect was observed in
which locomotion in both light and dark epochs increased at
4 dpf compared to 3 dpf and increased at 5 dpf compared to
either 4 dpf or 3 dpf (3 dpf < 4 dpf < 5 dpf) (Table 2). To quantify
this behavior further, we analyzed light epoch transitions, which
are defined as the difference in distance moved from L1-D1, D1-
L2, and L2-D2. As expected, in vehicle control larvae there was a
significant increase in the distance moved with the L1-D1 (p <
0.001) and L2-D2 (p < 0.001) transitions and a significant
decrease in distance moved with the D1-L2 transition (p <
0.001). Furthermore, the transitions between light epochs (L1-
D1, D1-12 and L2-D2) decreased with increased larval age
(3 dpf > 4 dpf > 5 dpf) (Figure 3).

Exposure to PCB 66 had the least impact on behavior in
the photomotor assay. Exposure to 0.11 uM (p = 0.03) or 1 uM
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(p = 0.001) PCB 66 significantly decreased distance traveled in
L1 relative to age-matched vehicle control larvae, on average,
across larval ages (p < 0.03; Figure 3 and Table 2), and the
difference did no significantly vary across age. The other four
PCB congeners had a greater impact on photomotor behavior
with significant effects observed at multiple concentrations with
respect to both distance moved and transitions between light
epochs. The results for distance traveled are summarized in
Table 2 and the transition findings are summarized in
Supplementary Figures S14-S19.

At 3 dpf, larvae exposed to 3 and 10 uM PCB 28 traveled
significantly less distance in D2 than vehicle control larvae (p =
0.049 and p < 0.001, respectively). At 4 dpf, all PCB 28-exposed
larvae, except for those exposed to 10 uM, translocated
significantly more than the vehicle controls in D1 (0.1 uM:
p =002 0.3uM: p = 0.005; 1 uM: p = 0.03; 3 uM: p = 0.03),
with those exposed to 0.3 uM traveling less in L1 than vehicle
controls (p = 0.01). The L1-D1 transition also significantly
increased relative to vehicle controls [0.1 pM moving 0.9 mm
more (p =0.009), 0.3 uM moving 1.3 mm more (p < 0.001), 1 uM
moving 0.87 mm more (p = 0.009), 3 uM moving 0.9 (p = 0.009)
and 10 pM moving 0.8 more mm (p = 0.02)] (Supplementary
Figure S15). At 5 dpf, larvae exposed to 10 pM moved less than
vehicle controls in L2 (p = 0.048).

Similarly, at 3 dpf, larvae exposed to 1 or 10uM PCB
153 moved more in DI, D2, and L2 than vehicle controls (p <
0.03); the L1-D1 transition was larger in the larvae exposed to 1 uM
or 10 uM PCB 153 than vehicle controls (p < 0.025). However, at
4 dpf, larvae exposed to 0.3 uM PCB 53 moved more than vehicle
controls in L1 (p = 0.02), attenuating the L1-D1 transition (p =
0.046), while larvae exposed to 10 uM PCB 153 moved more than
vehicle controls in L2 (p < 0.01). At 5 dpf, larvae exposed to 10 pM
PCB 153 moved more in L1 than vehicle controls (p = 0.02), which
resulted in larvae in an attenuated L1-D1 transition compared to
controls (p = 0.06, Supplementary Figure S16); this group also
exhibited more movement in L2 than controls (p = 0.002).

Increased distanced moved in L1 and L2 compared to
controls was observed in 3 dpf larvae exposed to PCB 84 at
10uM (p < 0.02), while 3 dpf larvae exposed to 3 uM PCB
84 moved more in L2 (p = 0.04) than controls. PCB 138 and
PCB 84-exposed larvae also exhibited significantly increased
distance moved in D1 and D2 at 3 dpf. Specifically, for PCB
138, the 1 uM (p = 0.03), 3 uM (p = 0.002) and 10 uM (p < 0.001)
exposure groups moved more than the vehicle controls in
D1 while the 3uM (p < 0.001) and 10pM (p < 0.001)
exposure groups moved more than vehicle controls in D2. For
PCB 84, the 10 uM exposure group moved more (p < 0.001) in
D1 and D2 than the age-matched controls. However, there were
also differing effects of these two congeners on photomotor
behavior. For PCB 84, the 0.1 uM exposure group moved less
in D1, L2 and D2 at 3 dpf (D1: p = 0.01; L2: p = 0.003; D2: p <
0.001). PCB 84 exposed larvae also had altered movement at
4dpf, with the 0.3 and 1uM exposure groups exhibiting
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FIGURE 4

PCB levels in pooled whole fish at 5 dpf exposed to PCB
starting at 6 hpf. Each point represents the average body burden in
ng per pooled sample of 3651 larvae collected at 5 dpf. Wet
weight per pool is approximately 1 mg, allowing for the
extrapolation to mg/kg.

significantly less movement in L1 (p = 0.004 and p = 0.002,
respectively). At 5 dpf, the 0.3, 3, and 10 uM exposure groups
moved more in L1 (p = 0.047, p < 0.001 and p = 0.02,
respectively). In contrast, 5 dpf larvae exposed to PCB 138 at
10 uM moved less in D2, than the vehicle control fish (p = 0.004).

The transition results followed a pattern similar that
observed for distance moved amongst larvae exposed to PCB
138 or 84. For PCB 138, at 4 dpf, the L1-DI1 transition was
increased in the 0.3 uM group (0.821 more; p = 0.01) and the
1 uM group (0.68 more; p = 0.04) and decreased in the 10 uM
group though not quite statistically significant (0.6 less; p = 0.06)
compared to the control group (Supplementary Figure S17). At
5 dpf, the 3 uM group moved less during the L1-D1 transition
compared to controls (0.7 less; p = 0.03). For PCB 84 at 4 dpf, the
0.3 and 1 uM groups moved more in the L1-D1 transition (p =
0.007 and p = 0.005, respectively), while the 10 pM group moved
less during the transition (p = 0.04) (Supplementary Figure S18).
At 5 dpf, the PCB 84 3 and 10 uM groups increased less than the
DMSO group in the L1-D1 transition (p < 0.001 and p = 0.004,
respectively).

Larvae exposed to 10 uM PCB 95 moved significantly more
in D1 and D2 at 3 dpf (p < 0.001 for both) and significantly less at
4 dpf (in D1; p = 0.004) and 5 dpf (in both D1 and D2; p < 0.001)
than vehicle controls (Figure 3). During light conditions, larvae
exposed to 10 uM PCB 95 moved significantly more in L1 and
L2 at 3 dpf (p < 0.001) and 4 dpf (p < 0.001) and more in L1 at
5 pdf (p < 0.001) than age-matched controls. Larvae exposed to
3 uM moved more in L2 and D2 at 3 dpf (p < 0.02) and more in
L1 at5 dpf (p < 0.001) than controls. As shown in Supplementary
Figure S19, the 3 uM PCB 95 exposure group moved significantly
less than DMSO in the L1-D1 transition at 5 dpf (p < 0.001),
while in the 10 uM PCB 95 exposure group, the L1-D1 transition
was decreased on 4 and 5 dpf (p < 0.001). In contrast, the larvae
exposed to 0.1 uyM PCB 95 moved more during the L1-D1
transition at 4 dpf (p = 0.04) than vehicle controls.
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Behavior 6 5 4 3 2 1
PCB Uptake 5 4 6 2 1 3
Average 5.5 4.8 4.3 2.7 2.0 1.7
Rank 6 5 4 3 2 1

FIGURE 5

Congener rankings. Rankings were assigned to each congener based on the average ranking from three assays: RYR binding, behavior and body
burden. (A) Relative congener neurotoxicity in the larval zebrafish with PCB 95 being the most potent. (B) Individual scores for each assay, average

ranking and overall ranking.

PCB levels in larvae

PCB body burden was measured in duplicate for three
exposure concentrations (0.1, 1, and 10 uM) of each congener.
Exposure began at 6 hpf and tissues were harvested at 5 dpf. For
all five PCB congeners, larval body burden was found to increase
with increasing PCB concentration (Figure 4). Uptake of PCB
153 was the lowest followed by PCB 28 and PCB 66. PCBs 84 and
95 had comparable body burden, while PCB 138 exposed larvae
possessed the highest body burden of the tested PCBs.

Enantioselective GC analysis of PCB 84 and PCB 95 was used
to assess possible enantioselective uptake. No significant
atropisomeric enrichment of either PCB congener at the
concentrations investigated was found, with average EF values
0f 0.50 + 0.01 (1 =6) and 0.50 + 0.01 (n = 14) for PCB 84 and PCB
95, respectively.

Congener ranking

Rankings were assigned to each congener based on the
average results of ryanodine binding, photomotor behavior,
and PCB body burden. The relative ranking for RYR
sensitization (Figure 1) was 66 < 28 < 153 < 138 < 84 < 95.
Behavior scores differed noticeably between PCB 95 and the five
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other congeners: PCB 28 = 10.83 < PCB 66 = 14.39 < PCB 153 =
23.05 < PCB 84 =28.93 < PCB 138 =29.32 < PCB 95 = 81.46. To
determine the relative ranking for PCB body burden, the %
uptake values (measured uptake/theoretical uptake x 100) were
averaged across the three concentrations to which zebrafish were
exposed: PCB 153 = 1.4% < PCB 28 = 4.5% < PCB 66 = 5.6% <
PCB 95 = 7.4% < PCB 84 = 9.2% < PCB 138 = 13.8%. The
absolute relative rankings for each endpoint (from 1 to 6) were
averaged to determine the relative ranking of the overall
congener neurotoxic potency in this zebrafish model: PCB
28 < PCB 66 < PCB 153 < PCB 84 < PCB 138 < PCB 95
(Figure 5). Interestingly, the overall ranking of PCB congeners for
potential neurotoxic outcomes follows a similar pattern of their
potency in sensitizing the RYR.

Discussion

PCBs remain an important and persistent pollutant class
impacting both wildlife and human health (Beyer and Biziuk
2009; Pessah et al., 2019) and are especially a concern in the
context of DNT. Experimental evidence suggests that PCB DNT
is largely mediated by NDL PCBs (Klocke and Lein 2020). The
most sensitive molecular target of NDL PCBs identified to date is
the RYR (Pessah et al., 2010; Pessah et al., 2019).
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In vitro SAR studies have established the relative potency of
NDL PCB congeners for RYR sensitization (Pessah et al., 2006;
Fritsch and Pessah 2013; Holland et al., 2017a). While in vivo
data show that PCBs alter neurodevelopmental endpoints (Kenet
etal,, 2007; Yang et al., 2009; Yang and Lein 2010; Wayman et al.,
2012b) known to be modulated in vitro by PCBs via RYR-
dependent mechanisms (Howard et al., 2003; Wayman et al,
2012b), there is yet no in vivo evidence causally linking PCB
sensitization of RYR to PCB DNT. Directly testing RYR
involvement in PCB DNT in vivo has proven challenging
hurdles, the lack of
pharmacological antagonists or agonists specific for individual

because of technical including
RYR isoforms. There are non-specific agonists/antagonists that
bind all isoforms (ie., caffeine), but these often require
millimolar concentrations to elicit their effect on RYR and
thus often have off-target effects. Genetic knockouts of various
RYR isoforms in rodent models are embryonically lethal
(Takeshima et al., 1994; Buck et al., 1997; Takeshima et al.,
1998) or impact neurobehavioral function (Matsuo et al., 2009).
Therefore, in this study we indirectly assessed RYR involvement
by determining whether the in vivo DNT potency of various NDL
PCBs with differential RYR activity parallels their potency in
sensitizing the RYR. We tested the specific hypothesis that the
SAR for PCB effects on RYR sensitization would predict in vivo
DNT potency. The findings of our study, while not conclusive
proof of RYR-dependent mechanism(s) of PCB DNT, support
this hypothesis.

RYR binding studies were first conducted to show whether
the PCBs chosen in this study bind to zebrafish RYR and whether
their relative sensitization correlates with mammalian in vitro
the
configuration of RYR, thus, increased binding of this ligand

findings. Ryanodine preferentially binds to open
indicates a greater percentage of channels stabilized in the
open configuration. As predicted by SAR studies with
mammalian RYR, PCBs with less than two chlorines in the
ortho-position (PCB 28 and 66) have negligible activity at the
RYR. While PCB 66 has a meta-chlorine, it is not adjacent to an
thus with

mammalian RYR that adjacent ortho- and meta-chlorine

ortho-chlorine, confirming previous findings
substitutions increase RYR potency. The number of ortho-
chlorines primarily drives RYR sensitization potency. Thus, it
is not surprising that there is not a large difference between PCB
138 and 153, which have the same number of chlorines, but the
latter has meta-chlorines that are not adjacent to ortho-chlorines.
PCB 84 highlights the importance of para-chlorines in
determining PCB effects on RYR sensitization. It has the same
number of chlorine substitutions as PCB 138 and 153, but PCB
84’s RYR activity is much higher than either PCB 138 or 153
(Table 1), which lack para substitutions. Finally, PCB 95 is highly
potent in sensitizing zebrafish RYR, which is in agreement with
mammalian data (Pessah et al., 2006; Holland et al., 2017a). We
used adult zebrafish caudal muscle to conduct the binding
studies, as it is the most abundant source of tissue to isolate
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RYR1 paralogs. In mammalian models, RYR1 and
RYR2 dominate RYR expression in the brain and the SAR of
PCBs in sensitizing the RYR are similar for these two RYR
isoforms (Holland et al., 2017b). These data, which are the
first description of the SAR of NDL PCBs towards RYR
sensitization in larval zebrafish, are consistent with previously
published work in the trout model (Fritsch and Pessah, 2013).

Based on our teratological assessment, the PCB exposures
examined in this study were not overtly toxic as evidenced by the
lack of any gross morphological abnormalities in exposed
zebrafish.  Our with
previously published work that reported no malformations or

teratogenic results are consistent
mortality in larval zebrafish younger than 7 dpf statically exposed
to PCB 153 at concentrations as high as 10 uM (Aluru et al,
2020). However, our results differ from other studies that showed
developmental exposures to PCB 95 caused malformations
(Ranasinghe et al., 2020). This discrepancy may reflect the
different exposure paradigms employed between studies. In
the previous study in which PCB 95 was observed to have
teratogenic effects, exposure to PCB 95 commenced shortly
after fertilization, whereas our exposures started at 6 hpf,
when cell fate has been determined and gastrulation has
commenced (Kimmel et al., 1995). Thus, the concentrations
and timing of exposure we have chosen in this study are ideal
for assessing DNT through the apical endpoint of behavioral
assessment.

It has previously been demonstrated in the zebrafish model
that RYR activity affects gene expression patterns and
consequently cell fates early in development through sonic
hedgehog signaling. Dysregulation of RYR-dependent calcium
signals disrupted tissue patterning, affecting precursor cells of the
nervous system, craniofacial structures, and limbs (Klatt Shaw
et al., 2018). While these studies relied on knockout lines, we used
pharmacological tools to stabilize the RYR in the open
configuration, which has been shown in mammalian systems
to perturb calcium signaling (Wayman et al., 2012a). As noted,
our exposure concentrations did not affect gross morphology or
body patterning but did alter photomotor behavior. The SAR of
PCB effects on photomotor behavior closely mimicked the
potency ranking of RYR sensitization. Larva exposed to PCBs
that more strongly sensitized the RYR exhibited more severe
behavioral deficits in the photomotor assay as evidenced by
altered swimming behavior in more than one light cycle on
more than 1 day of behavioral testing. Interestingly, PCB 28,
which was one of the least active congeners in terms of RYR
sensitization, caused larva to exhibit hypoactive behavior in the
last dark epoch at 3 dpf but hyperactive behavior in the first dark
epoch at 4 dpf with minimal behavioral abnormalities observed
at 5dpf. Exposure to congeners with more potent RYR
sensitizing activity resulted in hyperactive swimming during
dark cycles at 3 dpf that switched to hypoactivity in the dark
cycles but hyperactivity in the light cycles with an absence of
acclimation to the dark (D2). The results at 5 dpf specifically
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show decreased AUC during dark epochs (most strongly seen in
D2) and increased AUC during light epochs compared to
controls. However, at 5 dpf, which epochs were found to be
statistically significantly different from controls varied, e.g., for
PCB 84, statistically significant differences for AUC were
observed in L1, apparent as an increase, while for PCB 95,
statistically significant differences were observed in D1 and
D2, apparent as a decrease. In summary, for PCBs 84 and 95,
the behavioral pattern observed at 4 and 5 dpf manifested as
continuous swimming across light transitions, implying loss of
sensitivity towards light/dark stimuli. While the relevance of
these phenotypes to human DNT has yet to be established, the
results underscore the importance of screening behavioral
outcomes at multiple developmental stages, especially
considering that most zebrafish larval behavioral testing is
conducted at 5 dpf (Dach et al,, 2019). Whether PCB-induced
changes in photomotor behavior reflect PCB effects on RYRs
expressed in skeletal muscle, at neuromuscular junctions,
peripheral sensory organs involved in light detection, or the
central nervous system is unknown. However, if PCBs only
affected RYRs in the skeletal muscle, likely one of two
phenotypes
consistent hyperactive behavior due to constant activation of

behavioral would have been observed: 1)
the channel or 2) consistent hypoactive behavior due to depletion
of calcium stores. However, we did not observe either of those
phenotypes in our results.

To confirm that the differential effects between PCB
congeners were not simply the result of differential uptake
into fish tissues, the body burden of each PCB was
determined. The uptake was concentration-dependent for
all congeners. Interestingly, the body burdens did not
appear to follow patterns of chlorine placement or
congener weight. Moreover, the non-racemic PCB 84 and
PCB 95 residues suggest that PCBs were not metabolized to
an appreciable extent in our model system. In contrast, PCBs
can undergo metabolism in mammals, resulting in potentially
RYR-active PCB metabolites and, in the case of PCB 84 and
PCB 95, a species-dependent enantiomeric enrichment that
can affect RYR dependent endpoints in vitro. The PCB-
induced effects on larval behavior were independent from
the body burden. However, as the uptake between congeners
differed, we included them in our scoring to account for the
overall rank.

In summary, this study demonstrated that the SAR for NDL
PCB disruption of photomotor behavior paralleled the SAR for
sensitization of the RYR in zebrafish, supporting RYR
sensitization as a mechanism contributing to the in vivo
DNT of NDL PCBs. Evidence supporting a role for RYR-
of PCB DNT is
establishing mechanistic screening tools for DNT and

dependent mechanisms critical for
suggests that individuals with heritable mutations in RYR or

other molecules involved in Ca®'-dependent signaling may be at
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increased risk for adverse neurodevelopmental outcomes
following early life exposures to NDL PCBs.

Data availability statement

The original contributions presented in the study are
the Material, further
inquiries can be directed to the corresponding author.

included in article/Supplementary

Ethics statement

The animal study was reviewed and approved by the
University of California, Davis Animal Care and Use
Committee.

Author contributions

GM and PL conceptualized the project; IP and PL
obtained funding to support the work. PL supervised all
aspects of this study. BY, GM, and PL designed the
BY and GM maintained the zebrafish
facility, dosed the animals, conducted the behavioral

experiments;

studies, collected tissues for PCB quantitation, and
analyzed the behavioral data. XL and HL synthesized
some of the congeners used in this study and optimized
the protocol for PCB quantitation; XL conducted the PCB
analyses; XL and HL analyzed the PCB analyses data. EH
conducted the protein preparations, ryanodine receptor
binding assays and associated data analysis for the
profiling of RyR in zebrafish. SL and DH conducted the
statistical analyses. BY composed the figures and wrote the
initial manuscript draft; HL, IP, and PL made significant
edits to the early versions of the manuscript. All authors
reviewed and made final edits to the manuscript prior to

submission.

Funding

This study was supported by the National Institute of
Environmental Health (grant numbers RO1 ES014901 to PJL
and INP and F32 ES024070 to GM). Additional funding came
from NSF 1840842 to INP. Synthesis of PCB congeners was
supported by the Superfund Research Center at The University
of Towa (grant number P42 ES013661). The contents of this
study do not necessarily represent the official views of the
NIEHS and the NIEHS does not endorse the purchase of
any commercial products or services mentioned in the
publication.

frontiersin.org


https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2022.947795

Yaghoobi et al.

Conflict of interest

The authors declare that the research was conducted
in the
relationships that could be construed as a potential

absence of any commercial or financial

conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their

References

Aluru, N., Krick, K. S., McDonald, A. M., and Karchner, S. 1. (2020).
Developmental exposure to PCB153 (2,2',4,4’,5,5-Hexachlorobiphenyl) alters
circadian rhythms and the expression of clock and metabolic genes. Toxicol. Sci.
173 (1), 41-52. doi:10.1093/toxsci/kfz217

Asher, B. ]., D’Agostino, L. A, Way, J. D., Wong, C. S., and Harynuk, J. J. (2009).
Comparison of peak integration methods for the determination of enantiomeric
fraction in environmental samples. Chemosphere 75 (8), 1042-1048. doi:10.1016/j.
chemosphere.2009.01.041

Basnet, R. M., Zizioli, D., Taweedet, S., Finazzi, D., and Memo, M. (2019).
Zebrafish larvae as a behavioral model in neuropharmacology. Biomedicines 7 (1),
23. doi:10.3390/biomedicines7010023

Berghuis, S. A., Bos, A. F,, Sauer, P. J,, and Roze, E. (2015). Developmental
neurotoxicity of persistent organic pollutants: An update on childhood outcome.
Arch. Toxicol. 89 (5), 687-709. doi:10.1007/s00204-015-1463-3

Berghuis, S. A., Soechitram, S. D., Sauer, P. J., and Bos, A. F. (2014). Prenatal
exposure to polychlorinated biphenyls and their hydroxylated metabolites is
associated with neurological functioning in 3-month-old infants. Toxicol. Sci.
142 (2), 455-462. doi:10.1093/toxsci/kful96

Beyer, A., and Biziuk, M. (2009). Environmental fate and global distribution of
polychlorinated biphenyls. Rev. Environ. Contam. Toxicol. 201, 137-158. doi:10.
1007/978-1-4419-0032-6_5

Buck, E. D, Nguyen, H. T, Pessah, I. N, and Allen, P. D. (1997). Dyspedic mouse
skeletal muscle expresses major elements of the triadic junction but lacks detectable
ryanodine receptor protein and function. J. Biol. Chem. 272 (11), 7360-7367. doi:10.
1074/jbc.272.11.7360

Chelu, M. G., Goonasekera, S. A., Durham, W. J,, Tang, W., Lueck, J. D., Riehl, J.,
et al. (2006). Heat- and anesthesia-induced malignant hyperthermia in an
RyR1 knock-in mouse. FASEB J. 20 (2), 329-330. doi:10.1096/1j.05-4497fje

Dach, K., Yaghoobi, B., Schmuck, M. R,, Carty, D. R., Morales, K. M., and Lein, P.
J. (2019). Teratological and behavioral screening of the national toxicology program
91-compound library in zebrafish (Danio rerio). Toxicol. Sci. 167 (1), 77-91. doi:10.
1093/toxsci/kfy266

Darbandj, S., and Franck, J. P. (2009). A comparative study of ryanodine receptor
(RyR) gene expression levels in a basal ray-finned fish, bichir (Polypterus
ornatipinnis) and the derived euteleost zebrafish (Danio rerio). Comp. Biochem.
Physiology Part B Biochem. Mol. Biol. 154 (4), 443-448. doi:10.1016/j.cbpb.2009.
09.003

Fritsch, E. B., and Pessah, I. N. (2013). Structure-activity relationship of non-
coplanar polychlorinated biphenyls toward skeletal muscle ryanodine receptors in
rainbow trout (Oncorhynchus mykiss). Aquat. Toxicol. 140-141, 204-212. doi:10.
1016/j.aquatox.2013.06.003

Furlan, S., Campione, M., Murgia, M., Mosole, S., Argenton, F., Volpe, P., et al.
(2020). Calsequestrins New calcium store markers of adult zebrafish cerebellum and
optic tectum. Front. Neuroanat. 14, 15. doi:10.3389/fnana.2020.00015

Gilbert, Scott F. (2010). Developmental biology. 9th ed. Sunderland, Mass: Sinauer
Associates.

Harper, C., and Lawrence, C. (2011). The laboratory zebrafish, Laboratory animal
pocket reference series. Boca Raton: CRC Press.

Holland, E. B., Feng, W, Zheng, J., Dong, Y., Li, X,, Lehmler, H. J., et al. (2017a).
An extended structure-activity relationship of nondioxin-like PCBs evaluates and

Frontiers in Toxicology

14

10.3389/ftox.2022.947795

affiliated organizations, or those of the publisher, the
editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/ftox.2022.
947795/full#supplementary-material

supports modeling predictions and identifies picomolar potency of PCB
202 towards ryanodine receptors. Toxicol. Sci. 155 (1), 170-181. doi:10.1093/
toxsci/kfw189

Holland, E. B., Goldstone, J. V., Pessah, I. N., Whitehead, A., Reid, N. M.,
Karchner, S. I, et al. (2017b). Ryanodine receptor and FK506 binding protein 1 in
the atlantic killifish (Fundulus heteroclitus): A phylogenetic and population-based
comparison. Aquat. Toxicol. 192, 105-115. doi:10.1016/j.aquatox.2017.09.002

Howard, A. S., Fitzpatrick, R., Pessah, I, Kostyniak, P., and Lein, P. J. (2003).
Polychlorinated biphenyls induce caspase-dependent cell death in cultured
embryonic rat hippocampal but not cortical neurons via activation of the
ryanodine receptor. Toxicol. Appl. Pharmacol. 190 (1), 72-86. doi:10.1016/
$0041-008x(03)00156-x

Howe, K., Clark, M. D., Torroja, C. F., Torrance, J., Berthelot, C., Muffato, M.,
et al. (2013). The zebrafish reference genome sequence and its relationship to the
human genome. Nature 496 (7446), 498-503. doi:10.1038/nature12111

Hu, D., Martinez, A., and Hornbuckle, K. C. (2011). Sedimentary records of non-
aroclor and aroclor PCB mixtures in the great lakes. J. Gt. Lakes. Res. 37 (2),
359-364. doi:10.1016/j.jglr.2011.03.001

Hu, X., Adamcakova-Dodd, A., Lehmler, H. J., Gibson-Corley, K., and Thorne, P.
S. (2015). Toxicity evaluation of exposure to an atmospheric mixture of
polychlorinated biphenyls by nose-only and whole-body inhalation regimens.
Environ. Sci. Technol. 49 (19), 11875-11883. doi:10.1021/acs.est.5b02865

Ikeno, T., Miyashita, C., Nakajima, S., Kobayashi, S., Yamazaki, K., Saijo, Y., et al.
(2018). Effects of low-level prenatal exposure to dioxins on cognitive development
in Japanese children at 42months. Sci. Total Environ. 618, 1423-1430. doi:10.1016/j.
scitotenv.2017.09.267

Jahnke, J. C., and Hornbuckle, K. C. (2019). PCB emissions from paint colorants.
Environ. Sci. Technol. 53 (9), 5187-5194. doi:10.1021/acs.est.9b01087

Kania-Korwel, I, Duffel, M. W., and Lehmler, H. J. (2011). Gas chromatographic
analysis with chiral cyclodextrin phases reveals the enantioselective formation of
hydroxylated polychlorinated biphenyls by rat liver microsomes. Environ. Sci.
Technol. 45 (22), 9590-9596. d0i:10.1021/es2014727

Kania-Korwel, I., Garrison, A. W., Avants, J. K., Hornbuckle, K. C., Robertson,
L. W., Sulkowski, W. W., et al. (2006). Distribution of chiral PCBs in selected
tissues in the laboratory rat. Environ. Sci. Technol. 40 (12), 3704-3710. doi:10.
1021/es0602086

Kania-Korwel, 1., Shaikh, N. S., Hornbuckle, K. C., Robertson, L. W., and
Lehmler, H. J. (2007). Enantioselective disposition of PCB 136 (2,2 3,3 ’,6,6
*-hexachlorobiphenyl) in C57BL/6 mice after oral and intraperitoneal
administration. Chirality 19 (1), 56-66. doi:10.1002/chir.20342

Keil, K. P, Miller, G. W., Chen, H., Sethi, S., Schmuck, M. R., Dhakal, K., et al.
(2018). PCB 95 promotes dendritic growth in primary rat hippocampal neurons via
mTOR-dependent mechanisms. Arch. Toxicol. 92 (10), 3163-3173. doi:10.1007/
500204-018-2285-x

Kenet, T., Froemke, R. C., Schreiner, C. E., Pessah, I. N., and Merzenich, M. M.
(2007). Perinatal exposure to a noncoplanar polychlorinated biphenyl alters
tonotopy, receptive fields, and plasticity in rat primary auditory cortex. Proc.
Natl. Acad. Sci. U. S. A. 104 (18), 7646-7651. doi:10.1073/pnas.0701944104

Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmann, B., and Schilling, T. F.
(1995). Stages of embryonic development of the zebrafish. Dev. Dyn. 203 (3),
253-310. doi:10.1002/aja.1002030302

frontiersin.org


https://www.frontiersin.org/articles/10.3389/ftox.2022.947795/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/ftox.2022.947795/full#supplementary-material
https://doi.org/10.1093/toxsci/kfz217
https://doi.org/10.1016/j.chemosphere.2009.01.041
https://doi.org/10.1016/j.chemosphere.2009.01.041
https://doi.org/10.3390/biomedicines7010023
https://doi.org/10.1007/s00204-015-1463-3
https://doi.org/10.1093/toxsci/kfu196
https://doi.org/10.1007/978-1-4419-0032-6_5
https://doi.org/10.1007/978-1-4419-0032-6_5
https://doi.org/10.1074/jbc.272.11.7360
https://doi.org/10.1074/jbc.272.11.7360
https://doi.org/10.1096/fj.05-4497fje
https://doi.org/10.1093/toxsci/kfy266
https://doi.org/10.1093/toxsci/kfy266
https://doi.org/10.1016/j.cbpb.2009.09.003
https://doi.org/10.1016/j.cbpb.2009.09.003
https://doi.org/10.1016/j.aquatox.2013.06.003
https://doi.org/10.1016/j.aquatox.2013.06.003
https://doi.org/10.3389/fnana.2020.00015
https://doi.org/10.1093/toxsci/kfw189
https://doi.org/10.1093/toxsci/kfw189
https://doi.org/10.1016/j.aquatox.2017.09.002
https://doi.org/10.1016/s0041-008x(03)00156-x
https://doi.org/10.1016/s0041-008x(03)00156-x
https://doi.org/10.1038/nature12111
https://doi.org/10.1016/j.jglr.2011.03.001
https://doi.org/10.1021/acs.est.5b02865
https://doi.org/10.1016/j.scitotenv.2017.09.267
https://doi.org/10.1016/j.scitotenv.2017.09.267
https://doi.org/10.1021/acs.est.9b01087
https://doi.org/10.1021/es2014727
https://doi.org/10.1021/es0602086
https://doi.org/10.1021/es0602086
https://doi.org/10.1002/chir.20342
https://doi.org/10.1007/s00204-018-2285-x
https://doi.org/10.1007/s00204-018-2285-x
https://doi.org/10.1073/pnas.0701944104
https://doi.org/10.1002/aja.1002030302
https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2022.947795

Yaghoobi et al.

Klatt Shaw, D., Gunther, D., Jurynec, M. J., Chagovetz, A. A,, Ritchie, E., and
Grunwald, D. J. (2018). Intracellular calcium mobilization is required for sonic
hedgehog signaling. Dev. Cell 45 (4), 512-525. €5. doi:10.1016/j.devcel.2018.04.013

Klocke, C., and Lein, P. J. (2020). Evidence implicating non-dioxin-like congeners
as the key mediators of polychlorinated biphenyl (PCB) developmental
neurotoxicity. Int. J. Mol. Sci. 21 (3). doi:10.3390/ijms21031013

Koh, W. X., Hornbuckle, K. C., and Thorne, P. S. (2015). Human serum from
urban and rural adolescents and their mothers shows exposure to polychlorinated
biphenyls not found in commercial mixtures. Environ. Sci. Technol. 49 (13),
8105-8112. doi:10.1021/acs.est.5b01854

Kyriklaki, A., Vafeiadi, M., Kampouri, M., Koutra, K., Roumeliotaki, T.,
Chalkiadaki, G., et al. (2016). Prenatal exposure to persistent organic pollutants
in association with offspring neuropsychological development at 4years of age: The
Rhea mother-child cohort, Crete, Greece. Environ. Int. 97, 204-211. doi:10.1016/j.
envint.2016.09.012

Li, X, Holland, E. B., Feng, W., Zheng, J., Dong, Y., Pessah, L. N, et al. (2018).
Authentication of synthetic environmental contaminants and their (bio)
transformation products in toxicology: Polychlorinated biphenyls as an example.
Environ. Sci. Pollut. Res. Int. 25 (17), 16508-16521. d0i:10.1007/s11356-017-1162-0

Lyall, K., Croen, L. A,, Sjodin, A., Yoshida, C. K., Zerbo, O., Kharrazi, M., et al.
(2017). Polychlorinated biphenyl and organochlorine pesticide concentrations in
maternal mid-pregnancy serum samples: Association with autism spectrum
disorder and intellectual disability. Environ. Health Perspect. 125 (3), 474-480.
doi:10.1289/EHP277

Martinez, A., Erdman, N. R., Rodenburg, Z. L., Eastling, P. M., and Hornbuckle,
K. C. (2012). Spatial distribution of chlordanes and PCB congeners in soil in Cedar
Rapids, Iowa, USA. Environ. Pollut. 161, 222-228. doi:10.1016/j.envpol.2011.10.028

Matsuo, N., Tanda, K., Nakanishi, K., Yamasaki, N., Toyama, K., Takao, K,, et al.
(2009). Comprehensive behavioral phenotyping of ryanodine receptor type 3
(RyR3) knockout mice: Decreased social contact duration in two social
interaction tests. Front. Behav. Neurosci. 3, 3. doi:10.3389/neuro.08.003.2009

Panesar, H. K, Kennedy, C. L., Keil Stietz, K. P.,, and Lein, P. J. (2020).
Polychlorinated biphenyls (PCBs): Risk factors for autism spectrum disorder?
Toxics 8 (3). doi:10.3390/toxics8030070

Pessah, I. N., Cherednichenko, G., and Lein, P. J. (2010). Minding the calcium
store: Ryanodine receptor activation as a convergent mechanism of PCB toxicity.
Pharmacol. Ther. 125 (2), 260-285. doi:10.1016/j.pharmthera.2009.10.009

Pessah, I. N, Hansen, L. G., Albertson, T. E., Garner, C. E., Ta, T. A., Do, Z., et al.
(2006). Structure-activity relationship for noncoplanar polychlorinated biphenyl
congeners toward the ryanodine receptor-Ca2+ channel complex type 1 (RyR1).
Chem. Res. Toxicol. 19 (1), 92-101. doi:10.1021/tx050196m

Pessah, I. N, Lein, P. ], Seegal, R. F., and Sagiv, S. K. (2019). Neurotoxicity of
polychlorinated biphenyls and related organohalogens. Acta Neuropathol. 138 (3),
363-387. doi:10.1007/s00401-019-01978-1

Postlethwait, J. H., Woods, I. G., Ngo-Hazelett, P., Yan, Y. L., Kelly, P. D,, Chu, F.,
et al. (2000). Zebrafish comparative genomics and the origins of vertebrate
chromosomes. Genome Res. 10 (12), 1890-1902. doi:10.1101/gr.164800

Ranasinghe, P., Thorn, R. ], Seto, R,, Creton, R, Bridges, W. C., Chapman, S. C,,
et al. (2020). Embryonic exposure to 2,2’,3,5,6-pentachlorobiphenyl (PCB-95)
causes developmental malformations in zebrafish. Environ. Toxicol. Chem. 39
(1), 162-170. doi:10.1002/etc.4587

Schantz, S. L., Seo, B. W., Wong, P. W., and Pessah, I. N. (1997). Long-term effects
of developmental exposure to 2,2°,3,5,6-pentachlorobiphenyl (PCB 95) on
locomotor activity, spatial learning and memory and brain ryanodine binding.
Neurotoxicology 18 (2), 457-467.

Schantz, S. L., Widholm, J. J., and Rice, D. C. (2003). Effects of PCB exposure on
neuropsychological function in children. Environ. Health Perspect. 111 (3),
357-576. doi:10.1289/ehp.5461

Frontiers in Toxicology

15

10.3389/ftox.2022.947795

Sethi, S., Morgan, R. K., Feng, W., Lin, Y., Li, X,, Luna, C, et al. (2019).
Comparative analyses of the 12 most abundant PCB congeners detected in
human maternal serum for activity at the thyroid hormone receptor and
ryanodine receptor. Environ. Sci. Technol. 53 (7), 3948-3958. doi:10.1021/acs.est.
9b00535

Takeshima, H., lino, M., Takekura, H., Nishi, M., Kuno, J., Minowa, O., et al.
(1994). Excitation-contraction uncoupling and muscular degeneration in mice
lacking functional skeletal muscle ryanodine-receptor gene. Nature 369 (6481),
556-559. doi:10.1038/369556a0

Takeshima, H., Komazaki, S., Hirose, K., Nishi, M., Noda, T., and Iino, M. (1998).
Embryonic lethality and abnormal cardiac myocytes in mice lacking ryanodine
receptor type 2. EMBO J. 17 (12), 3309-3316. doi:10.1093/emboj/17.12.3309

Tal, T., Yaghoobi, B., and Lein, P. J. (2020). Translational toxicology in zebrafish.
Curr. Opin. Toxicol. 23-24, 56-66. doi:10.1016/j.cotox.2020.05.004

Telu, S., Parkin, S., Robertson, L. W., and Lehmler, H. J. (2010). Improved
syntheses of non-dioxin-like polychlorinated biphenyls (PCBs) and some of their
sulfur-containing metabolites. Environ. Int. 36 (8), 828-834. doi:10.1016/j.envint.
2009.01.013

Truong, L., Harper, S. L., and Tanguay, R. L. (2011). Evaluation of embryotoxicity
using the zebrafish model. Methods Mol. Biol. 691, 271-279. doi:10.1007/978-1-
60761-849-2_16

Uwimana, E., Li, X. S., and Lehmler, H. J. (2016). 2,2,3,5 ’,6-Pentachlorobiphenyl
(PCB 95) is atropselectively metabolized to para-hydroxylated metabolites by
human liver microsomes. Chem. Res. Toxicol. 29 (12), 2108-2110. doi:10.1021/
acs.chemrestox.6b00371

Wayman, G. A, Bose, D. D, Yang, D., Lesiak, A., Bruun, D., Impey, S., et al.
(2012a). PCB-95 modulates the calcium-dependent signaling pathway responsible
for activity-dependent dendritic growth. Environ. Health Perspect. 120 (7),
1003-1009. doi:10.1289/ehp.1104833

Wayman, G. A,, Yang, D., Bose, D. D,, Lesiak, A., Ledoux, V., Bruun, D, et al.
(2012b). PCB-95 promotes dendritic growth via ryanodine receptor-dependent
mechanisms. Environ. Health Perspect. 120 (7), 997-1002. doi:10.1289/ehp.
1104832

Westerfield, Monte, and Zfin (2000). The zebrafish book a guide for the laboratory
use of zebrafish Danio (Brachydanio) rerio. 4th ed. Eugene, Or.: ZFIN.

Wong, P. W,, Brackney, W. R,, and Pessah, I. N. (1997). Ortho-substituted
polychlorinated biphenyls alter microsomal calcium transport by direct interaction
with ryanodine receptors of mammalian brain. J. Biol. Chem. 272 (24),
15145-15153. doi:10.1074/jbc.272.24.15145

Wu, H. H,, Brennan, C., and Ashworth, R. (2011). Ryanodine receptors, a family
of intracellular calcium ion channels, are expressed throughout early vertebrate
development. BMC Res. Notes 4, 541. doi:10.1186/1756-0500-4-541

Wu, X., Barnhart, C., Lein, P. J., and Lehmler, H. J. (2015). Hepatic
metabolism affects the atropselective disposition of 2,2 3,3 ’,6,6 ’-
Hexachlorobiphenyl (PCB 136) in mice. Environ. Sci. Technol. 49 (1),

616-625. d0i:10.1021/es504766p

Wu, X., Kania-Korwel, I., Chen, H., Stamou, M., Dammanahalli, K. J., Duffel,
M., et al. (2013). Metabolism of 2,2 ’,3,3 *,6,6 ’-hexachlorobiphenyl (PCB 136)
atropisomers in tissue slices from phenobarbital or dexamethasone-induced rats
is sex-dependent. Xenobiotica 43 (11), 933-947. do0i:10.3109/00498254.2013.
785626

Yang, D, Kim, K. H., Phimister, A., Bachstetter, A. D., Ward, T. R,, Stackman,
R. W, et al. (2009). Developmental exposure to polychlorinated biphenyls
interferes with experience-dependent dendritic plasticity and ryanodine
receptor expression in weanling rats. Environ. Health Perspect. 117 (3),
426-435. doi:10.1289/ehp.11771

Yang, D., and Lein, P. J. (2010). Polychlorinated biphenyls increase apoptosis in
the developing rat brain. Curr. Neurobiol. 1 (1), 70-76.

frontiersin.org


https://doi.org/10.1016/j.devcel.2018.04.013
https://doi.org/10.3390/ijms21031013
https://doi.org/10.1021/acs.est.5b01854
https://doi.org/10.1016/j.envint.2016.09.012
https://doi.org/10.1016/j.envint.2016.09.012
https://doi.org/10.1007/s11356-017-1162-0
https://doi.org/10.1289/EHP277
https://doi.org/10.1016/j.envpol.2011.10.028
https://doi.org/10.3389/neuro.08.003.2009
https://doi.org/10.3390/toxics8030070
https://doi.org/10.1016/j.pharmthera.2009.10.009
https://doi.org/10.1021/tx050196m
https://doi.org/10.1007/s00401-019-01978-1
https://doi.org/10.1101/gr.164800
https://doi.org/10.1002/etc.4587
https://doi.org/10.1289/ehp.5461
https://doi.org/10.1021/acs.est.9b00535
https://doi.org/10.1021/acs.est.9b00535
https://doi.org/10.1038/369556a0
https://doi.org/10.1093/emboj/17.12.3309
https://doi.org/10.1016/j.cotox.2020.05.004
https://doi.org/10.1016/j.envint.2009.01.013
https://doi.org/10.1016/j.envint.2009.01.013
https://doi.org/10.1007/978-1-60761-849-2_16
https://doi.org/10.1007/978-1-60761-849-2_16
https://doi.org/10.1021/acs.chemrestox.6b00371
https://doi.org/10.1021/acs.chemrestox.6b00371
https://doi.org/10.1289/ehp.1104833
https://doi.org/10.1289/ehp.1104832
https://doi.org/10.1289/ehp.1104832
https://doi.org/10.1074/jbc.272.24.15145
https://doi.org/10.1186/1756-0500-4-541
https://doi.org/10.1021/es504766p
https://doi.org/10.3109/00498254.2013.785626
https://doi.org/10.3109/00498254.2013.785626
https://doi.org/10.1289/ehp.11771
https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2022.947795

	Ryanodine receptor-active non-dioxin-like polychlorinated biphenyls cause neurobehavioral deficits in larval zebrafish
	Introduction
	Materials and methods
	Fish husbandry
	PCB congeners
	Ryanodine-ligand binding assay
	Chemical exposures
	Teratological and mortality assessments
	Larval photomotor behavior testing
	Extraction of PCBs from zebrafish larvae
	Gas chromatography analysis
	Enantioselective gas chromatographic analysis of PCB 84 and PCB 95
	Neurotoxicity ranking of congeners

	Results
	PCB activation of zebrafish RYR
	Viability and teratogenic effects
	Larval behavior—photomotor assay
	PCB levels in larvae
	Congener ranking

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References




