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BACKGROUND: Per- and polyfluoroalkyl Substances (PFAS) are synthetic chemicals widely detected in humans and the environment. Exposure to perfluor-
ooctanesulfonic acid (PFOS) or perfluorohexanesulfonic acid (PFHxS) was previously shown to cause dark-phase hyperactivity in larval zebrafish.
OBJECTIVES: The objective of this study was to elucidate the mechanism by which PFOS or PFHxS exposure caused hyperactivity in larval zebrafish.

METHODS: Swimming behavior was assessed in 5-d postfertilization (dpf) larvae following developmental (1–4 dpf) or acute (5 dpf) exposure to
0:43–7:86 lM PFOS, 7:87–120 lM PFHxS, or 0.4% dimethyl sulfoxide (DMSO). After developmental exposure and chemical washout at 4 dpf,
behavior was also assessed at 5–8 dpf. RNA sequencing was used to identify differences in global gene expression to perform transcriptomic bench-
mark concentration–response (BMCT) modeling, and predict upstream regulators in PFOS- or PFHxS-exposed larvae. CRISPR/Cas9-based gene edit-
ing was used to knockdown peroxisome proliferator-activated receptors (ppars) pparaa/ab, pparda/db, or pparg at day 0. Knockdown crispants were
exposed to 7:86 lM PFOS or 0.4% DMSO from 1–4 dpf and behavior was assessed at 5 dpf. Coexposure with the ppard antagonist GSK3787 and
PFOS was also performed.

RESULTS: Transient dark-phase hyperactivity occurred following developmental or acute exposure to PFOS or PFHxS, relative to the DMSO control.
In contrast, visual startle response (VSR) hyperactivity only occurred following developmental exposure and was irreversible up to 8 dpf. Similar
global transcriptomic profiles, BMCT estimates, and enriched functions were observed in PFOS- and PFHxS-exposed larvae, and ppars were identified
as putative upstream regulators. Knockdown of pparda/db, but not pparaa/ab or pparg, blunted PFOS-dependent VSR hyperactivity to control levels.
This finding was confirmed via antagonism of ppard in PFOS-exposed larvae.
DISCUSSION: This work identifies a novel adverse outcome pathway for VSR hyperactivity in larval zebrafish. We demonstrate that developmental,
but not acute, exposure to PFOS triggered persistent VSR hyperactivity that required ppard function. https://doi.org/10.1289/EHP13667

Introduction
Per- and polyfluoroalkyl substances (PFAS) are a diverse class
of synthetic chemicals containing >14,000 unique structures
used in industrial manufacturing (US EPA PFASSTRUCTv3,
last checked December 20231). PFAS have surfactant-like,
water-resistant, and flame-retardant properties2,3 and are widely
used in packaging products, nonstick cookware coatings, and
firefighting foams.4 Given their chemical stability, PFAS are
mostly resistant to degradation processes,5 which leads to their
wide detection in the environment (e.g., Gawor et al.,6 Rankikn
et al.,7 Pan et al.8), wildlife,9,10 and humans.11–13 Toxicity
effects associated with exposure to perfluorooctanesulfonic acid

(PFOS) or perfluorohexanesulfonic acid (PFHxS) include endo-
crine disruption, immunotoxicity, developmental toxicity, de-
velopmental neurotoxicity (DNT), and cardiovascular toxicity
in rodent and human cell models.14,15 PFOS was added to Annex
B of the Stockholm Convention on Persistent Organic Pollutants in
2009. PFHxS was added to Annex A of the Stockholm Convention
without exemptions in 2023 (EU Regulation 2019/1021, Decision
SC10/13). In 2023, the US Environmental Protection Agency (EPA)
proposed a National Primary Drinking Water regulation for six
PFAS, including PFOS and PFHxS.16 PFOS and PFHxS accumulate
in the brains of humans, wildlife, and in exposed laboratory animals
(reviewed by Cao and Ng17) and PFAS exposure during early stages
of development is associated with altered behavior in humans.18–21

Studies using early life–stage zebrafish have shown that exposure to
PFAS caused a diversity of behavioral effects22–26 and had structure-
dependent trends in chemical bioconcentration.27–29 We and others
have identified alkyl sulfonic acids as a particularly bioaccumulative
subclass of PFAS that triggered dark-phase locomotor hyperactivity
in larval zebrafish light–dark transition tests.27–29 A systematic com-
parison of aliphatic sulfonic acid PFAS data revealed that potency
for dark-phase hyperactivity increased with longer carbon chain
length.23,29 Based on thesefindings, we hypothesized that exposure to
structurally similar alkyl sulfonic acid PFAS, such as PFOS and
PFHxS, cause hyperactivity via a sharedmolecularmechanism.

One strategy to investigate the chemicalmode of action is the use
of genetically modified zebrafish lines that experience either target
gene knockout or an overrepresentation of gene function. Individual
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fish lines can be generated by injecting a single Cas9/guide RNA
(gRNA) complex into a single-cell–stage zebrafish embryo.30 A key
constraint of this strategy is that two to three generations of adult ani-
mals are required to obtain homozygousmutants.30 A recent alterna-
tive approach to the creation of stable knockout lines is to generate
F0 knockdown zebrafish embryos.31 This strategy used multiple
guideRNAs per gene to generate F0 functional knockdown zebrafish
larvae in a single day31 and was therefore considered convenient for
rapid hypothesis testing in larval zebrafish.

In the present study, we used the Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR)/Cas9-based gene knockdown
to identify putative causal links between exposure to PFOS or
PFHxS, genes encoding peroxisome proliferator-activated receptors
(ppars), andmultiple hyperactivity phenotypes. This study dissected
behavior phenotypes that arise from developmental or acute expo-
sure and paired RNA sequencing (RNA-seq), gene editing, and
pharmacological manipulation to ultimately reveal a novel mecha-
nism bywhich thesewidely occurring environmental chemicals trig-
ger visual startle response (VSR) hyperactivity in larval zebrafish.

Methods

UFZ Zebrafish Husbandry
Except for the RNA-seq study, performed at the US EPA, all data
was generated at the UFZ, where all procedures involving zebra-
fish (Danio rerio) were approved by Landesdirektion Leipzig
Aktenzeichen (75-9185.64; TVV41/19; TVV 61/20) and carried
out in accordance with relevant guidelines and regulations. Strain
TL adults were housed in 26-L glass tanks at an approximate den-
sity of 3 fish=L. Physicochemical parameters of the aquaria water
were frequently measured (pH 7–8; water hardness 2–3mmol=L,
nitrate <2:5 mg=L, nitrite<0:025 mg=L, ammonia<0:6 mg=L,
oxygen saturation 87%–91%). Adults were fed dry food (Special
Diets Services) twice daily and shell-free artemia (Sanders) once
daily Mondays through Fridays. Both food sources were fed once
on weekends. Zebrafish were maintained on a 14:10 light:dark
cycle at 28.5°C and bred every 1–2 wk by placing breeding trays in
on-rack glass tanks. The following morning, embryos were col-
lected. Fertilized and normally developed embryos were selected32

with a dissection microscope (Olympus SZx7-ILLT). For gene
editing experiments, sex-segregated breeds were transferred to
2:6-L divided tanks with one female and two males. The following
morning, inserts containing the fish were placed in fresh rack
water, and dividers were sequentially pulled between 0800 and
1200 hours. Inserts were routinely changed to fresh bottom tanks
to collect single-cell–stage embryos formicroinjections.

Chemical Preparation
PFOS [Chemical Abstracts Service Registry No. (CASRN):
1763-23-1; CAT# 6164-3-08] and PFHxS (CASRN: 3871-99-6;
CAT# 6164-3-X4) were purchased from Synquest Laboratories
(purities >99:9%). Stock solutions (20mM) were prepared by
dissolving neat powder into anhydrous dimethyl sulfoxide (DMSO;
Sigma-Aldrich). Aliquots were stored at −80�C until use. In line
with previous work,29 for each experiment, 250-fold working solu-
tions were prepared by thawing single-use stock solution aliquots
and performing quarter-log serial dilutions in DMSO in a 96-well
polycarbonate microtiter plate prepared <12 h before use and dis-
carded after each experiment. For repeat exposure experiments per-
formed at the US EPA for RNA-seq analysis, and in line with
previously published work,29 stock plates containing 250-fold
working solutions were sealed (Biorad MSB1001) and stored at
room temperature in the dark, used for the duration of each experi-
ment, and then discarded.

Study Design and Chemical Exposure (UFZ)
To stay in linewith our previouswork,29 we opted to bleach embryos
to reduce microbial burden and reduce associated decrements in
embryo and larval development. At day 0, zebrafish embryos were
bleached using a 0.05% sodium hypochlorite (NaOCl) solution.
Until plating, bleached embryos were kept at a density of 1 embryo
per 2 mL of 10% Hanks’ Balanced Salt Solution (10% HBSS) in
glass crystallization dishes at 28°C. For all experiments (excluding
the ppard antagonist-PFOScoexposure study), at 1 d postfertilization
(dpf), single embryos were placed into each individual well of a 96-
square well clear polystyrene plate (Whatman microplate devices,
Uniplate, CAT#WHAT7701-1651) with 400 lL of 10%HBSS. For
all experiments, embryos were exposed by transferring 1:6 lL of
250-fold working solution to each well. This resulted in a final con-
centration of 0.4% DMSO for all groups, including the vehicle con-
trol. Cross-contamination between wells and evaporation was
minimized using Microsealers (Biorad MSA5001) and by wrapping
the plate with parafilm. Plates were incubated at 28°C on a 14:10 h
light:dark cycle. Unless otherwise indicated, the chemical solution
was removed at 4 dpf, before 1200 hours, replaced with 400 lL of
10%HBSS, and behavior was measured at 5 dpf, after which the lar-
vae were visually assessed for general malformations (e.g., edemas,
body axis defects), death, and swim bladder inflation. Malformed,
dead, or larvae with uninflated swim bladders were not included in
behavior assessments. We conducted four different exposure
designs, described below. Replicate numbers are indicated in figure
legends.

Developmental or acute exposure. To disentangle behavioral
phenotypes, acute and developmental exposure experiments were
conducted. For developmental exposures, zebrafish embryos
were exposed to 0:43–7:86 lM PFOS or 7:87–120 lM PFHxS
from 1–4 dpf. At 4 dpf, the exposure solution was removed by
1200 hours and replaced with 400 lL of 10% HBSS. For acute
exposures, 5 dpf larvae were exposed to 0:43–7:86 lM PFOS for
60 min or to 44:8–160 lM PFHxS for 412 min before the behav-
ior test. The time-of-peak-effect (i.e., exposure window) for
PFHxS was determined using a series of consecutive behavior
tests (Figure S1, n=44 and 46). For acute exposures, the chemi-
cal was not removed prior to testing. Replicate numbers ranged
from 15 to 43 (Figure 1) for developmental exposures and from
21 to 47 for acute exposures (Figure 2).

Crispant exposure. Zebrafish embryos that experienced
CRISPR/Cas9-dependent gene knockdown (i.e., crispants; details
in the section “CRISPR/Cas9 Gene Editing Strategy”) were devel-
opmentally exposed (1–4 dpf) to 7:86 lMPFOS or 0.4%DMSO in
96-square well plates (Whatman microplate devices, Uniplate,
CAT# WHAT7701-1651). The level 7:86 lM of PFOS was
selected because it provoked VSR hyperactivity in earlier concen-
tration–response experiments (Figure 1C). At 4 dpf, the exposure
solution was removed before 1200 hours and replaced with 400 lL
of 10%HBSS. Replicate numbers ranged from 10 to 74 (Figure 7).

Depuration exposure (i.e., chemical washout). Embryos
were exposed to 2:48–7:86 lM PFOS, 44:8–120 lM PFHxS, or
0.4% DMSO from 1 to 4 dpf in 96-square well plates (Whatman
microplate devices, Uniplate, CAT# WHAT7701-1651). At 4
dpf, before 1200 hours, larvae were transferred in 20 lL of expo-
sure solution to 48-round well plates (TPP Techno Plastic
Products, Switzerland) containing 1 mL of 10% HBSS without
PFAS chemicals. To remove the residual chemical, 800 lL of
media was removed and replaced with 1 mL of 10% HBSS for a
total volume per well of 1:2 mL. Microtiter plates were placed in
the incubator at 28°C. Daily, between 5 and 8 dpf, 700 lL were
removed from each well, and following a 2-h acclimation period,
behavior was measured. Postbehavior, 700 lL of 10% HBSS
containing Gemma Micro 75 food (Skretting Zebrafish) was
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added to each well. Replicate numbers ranged from 23 to 48
(Figure 3).

Prolonged exposure to PFOS. To determine the effect of pro-
longed PFOS exposure, at 1 dpf, zebrafish were statically
exposed to 0:38–12:0 lM PFOS or 0.4% DMSO in T25 tissue
cultured flasks containing 15 embryos in 25 mL of exposure
media. From 5 to 8 dpf, 80% media exchanges containing PFOS
or DMSO and feeding (as previously described) were performed
daily. At 8 dpf, media that did not contain PFOS or DMSO was
used and the animals were fed. At 9 dpf, the larvae were trans-
ferred to 48-well plates in chemical-free media and stored in the
dark for at least 2 h at 28°C prior to behavior testing (Figure S2).

ppard antagonist coexposure. To mimic CRISPR/Cas9 study
conditions where knockdown occurred at 0 dpf and chemical ex-
posure commenced at 1 dpf, embryos were bleached, plated, and
exposed to the ppard antagonist GSK3787 (3:14–80 lM) or 0.4%
DMSO at 0 dpf. At 1 dpf, the embryos were exposed to 7:86 lM
PFOS or 0.4% DMSO, and the exposure solution was removed
and replaced with 400 lL of 10% HBSS at 4 dpf. Replicate num-
bers ranged from 16 to 55 (Figure 8).

Automated Behavior Assay
On the day of testing, microtiter plates containing zebrafish lar-
vae were transferred in the dark to an incubator set to 28°C, with
lights off in the behavior testing room. After a minimum of 45
min, plates were transferred to the behavior machine (ZebraBox,
ViewPoint) and a protocol comprising a 20-min dark acclimation
at 0 lux, followed by testing in 20-min light at 13,238 lux [light
phases 1, 2 (L1, L2)] and 22-min dark at 0 lux [dark phases 1, 2
(D1, D2)] was run. Zebrafish locomotion was captured using an
infrared camera and the tracking algorithm of the ZebraLab soft-
ware (Viewpoint). Videos were recorded at 25 frames/s and
movement data were obtained at 1-s intervals. Data visualization
and analysis procedures are described below. The entire pipeline
is available as a user-friendly set of functions (version 0.1;
Zenodo; https://doi.org/10.5281/zenodo.11396730).

For photoperiod (phase) data analysis, the individual distance
moved per larvae was summarized in 2-min intervals. Assay
phases comprised 10-min periods as follows: light phase 1 (L1),
light phase 2 (L2), dark phase 1 (D1), dark phase 2 (D2).
Accordingly, for each assay phase (L1, L2, D1, D2), five × two-
min-sums per larva were calculated. A model of distance moved
was fitted, using a beta distribution because distances are bound
by zero and a maximum. This value was calculated as 1.001
times the maximum distance moved by a single larva within each
experiment. The nonlinear effect of time was modeled using
smoothing splines. Concentration and phase were modeled as cat-
egorical variables, and their second-order interactions were
included. Finally, because all larvae were repeatedly measured,
variability between individuals was modeled as random effects.
This was done using generalized additive mixed effects models
(GAMMs33), implemented in the R package mgcv.

The model formula was as follows:

log itðdistancemovedÞ∼ sðtimeÞ+ concentration+ phase

+ concentration:phase+ ð1janimalÞ+ e,

where
• logit(distance moved) is the distance moved scaled from 0 to
1, and logit transformed

• (time) is the smoothing spline for the trend through time,
corrected for autocorrelation

• concentration is the categorical variable, the different con-
centrations tested

• phase is the categorial variable, the different assay phases

• concentration:phase is the second-order interaction of con-
centration and assay phase

• (1|animal) is the random effect, to control for variability
between larvae and repeated measures design

• e is the error term following a Beta distribution.
Model quality was assessed by visually inspecting residuals

and fitted smooths for each model (Figures S3 and S4). Estimated
marginal means (EMMs) based on the fitted model were calculated
as post hoc tests. Obtained p-values were Tukey-adjusted to
account for multiple comparisons. EMMs were calculated using
the R package emmeans.34 TheVSRwas calculated as the summed
distance moved over the first 3 s after the dark–light (VSR1) or
light–dark (VSR2) transitions. The VSR was modeled using a lin-
ear mixed effects model using lme4 package in R (R Development
Core Team, v4.0.4).

The model formula was as follows:

startle response∼ concentration+ startle phase+ ð1janimalÞ+ e,

where:
• startle response is the startle response measured
• concentration is the categorial variable, the different concen-
trations tested

• startle phase is the categorial variable, either VSR1 or
VSR2

• (1|animal) is the random effect, to control for variability
between larvae and repeated measures design

• e is the error term following a Gaussian distribution.
EMMs based on the fitted model were calculated as post hoc

tests. Obtained p-values were Tukey-adjusted to account for mul-
tiple comparisons. EMMs were calculated using the R package
emmeans. All statistical analyses and visualizations were done
using custom-built scripts in R (version 4.0.4; R Development
Core Team) and the following packages:

• Reshape2 (version 1.4.435)
• Ggplot2 (version 3.3.636)
• Car (version 3.0-1137)
• Dplyr (version 1.0.738)
• Data.table (version 1.14.239)
• Openxlsx (version 4.2.540)
• multCompView (version 0.1-841)
• lme4 (version 1.1-27.142)
• emmeans (version 1.7.034)
• tidyverse (version 1.3.243)
• mgcv (version 1.8-3333).

CRISPR/Cas9 Gene Editing Strategy
F0 gene knockdown larvae (i.e., crispants) were generated for
pparg, pparaa/ab, or pparda/db. The following sections describe
the strategy and methods used for guide RNA selection, forma-
tion of guide RNA-adapter RNA duplexes, RNA duplex/Cas9 as-
sembly into ribonuclear protein (RNP) triplexes, RNP pooling,
and single-cell–stage microinjections (adapted from Kroll et al.31).
In addition to the multiplexing strategy, and to increase data repro-
ducibility, we opted to additionally include a second crispant
group that included three different potential mutations in the same
target genes. Therefore, six guide RNAs were designed to target
each ppar gene at different loci. Two sets, each targeting three dif-
ferent loci on the gene, were microinjected in the two groups of
embryos. Both sets were designed to disrupt gene function.
Therefore, all behavior data generated with either set of crispants
should be the same. As a control for the microinjection process,
negative control (NC) crispants were microinjected with RNP
complexes that contained guide RNAs that had no targets in the
zebrafish genome.
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Guide RNA selection. Guide RNAs were purchased from
Integrated DNA Technologies (IDT; Alt-R CRISPR-Cas9
crRNA). Target site–specific guide RNAs were selected from the
IDT database of predesigned guide RNAs for most annotated
zebrafish genes (https://eu.idtdna.com/site/order/designtool/index/
CRISPR_PREDESIGN). All guide RNA sequences are listed in
Tables S1 and S2. For each target gene, guide RNAs were ranked
based on predicted on-target and off-target scores. To increase the
likelihood of inducing functional knockdown mutations, guide
RNAs targeting anterior positions in early exons of the gene were
selected. For the NC group, three guide RNAs that lacked targets in
the zebrafish genome were selected (Alt-R CRISPR-Cas9 Negative
Control crRNA #1, #2, #3; IDT). After each experiment,
guide RNA efficiency was assessed as described below. New
guide RNAs were designed as needed to ensure gene knockdown
in subsequent studies (Table S2). Guide RNAs were individually
resuspended in Duplex buffer (IDT) to form 200 lM stocks that
were aliquoted and stored at −80�C until use.

Guide RNA duplex formation.Adapter RNA, termed tracrRNA,
was also purchased from IDT (Alt-R CRISPR-Cas9 tracrRNA) and
functioned to anneal to the guide RNA and bind the Cas9 protein.
TracrRNA was resuspended in Duplex buffer (IDT) (200 lM), ali-
quoted, and stored at −80�C until use. For each experiment, guide
RNA and tracrRNA were annealed to form 57 lM guide RNA
duplex. Complexes were prepared by combining 1 lL of guideRNA
200 lM, 1 lL of tracrRNA 200 lM, and 1:51 lL of Duplex buffer.
Themixture was heated to 95°C for 5min followed by cooling on ice
to induce annealing and formation of the guideRNAduplex.

Guide RNA/Cas9 RNP assembly. Cas9 Alt-R S.p. HiFi Cas9
Nuclease V3 was purchased from IDT (10 lg=mL or 61 lM).
Cas9 working buffer was prepared using 20mM Tris-HCl (Tris-
hydrochloride), 600mM potassium chloride, and 20% glycerol in
ultrapure water. The pH was adjusted to 7.5 using sodium hy-
droxide (NaOH) then sterile-filtered (0:2-lm pores). Cas9 work-
ing buffer was aliquoted and stored at −20�C until use. Before
each experiment, Cas9 protein was diluted in Cas9 working
buffer to 57 lM. RNP complexes were prepared individually for
each target site by combining 1 lL of diluted Cas9 protein with
1 lL of guide RNA duplex.

RNP pooling. One day prior to each experiment, three RNP
pools were prepared for microinjections. For each crispant set
(set 1–8 or NC), 2 lL of each assigned RNP were mixed, yield-
ing a total volume of 6 lL (for pparg, NC) or 12 lL (for pparaa/
ab or pparda/db). Pooled RNP complexes were stored overnight
at 4°C until microinjections.

Single-Cell–Stage Microinjections
Prior to microinjections, RNP pools were mixed with 1 lL of
filter-sterilized phenol red (Sigma-Aldrich) to facilitate injection
success. Approximately 1 nanoliter of each RNP pool was
injected into the yolk of embryos at the single-cell–stage, which
comprised ∼ 28:5 fmol of guide RNA, 28.5 fmol of Cas9, and
28.5 fmol of total guide RNA. RNPs were present in equal
amounts in the pool. Accordingly, in the case of three RNPs per
set, 9.5 fmol of each RNP were coinjected.

NaOH-Based Lysis/DNA Extraction
DNA extraction of whole zebrafish larvae samples was per-
formed using NaOH-based lysis.44 Morphologically normal lar-
vae were selected for DNA extraction. Prior to extractions, five
anesthetized and euthanized larvae were pooled in 1:5-mL micro-
centrifuge tubes. Five to seven replicates were generated per
crispant set (i.e., set 1–8 or NC). Excess medium was removed
and the larvae were submerged in 100 lL of 50mM NaOH

(CASRN: 1310-73-2; Roth). Subsequently, pooled larvae in
NaOH were heated to 95°C for 15 min. After heating, the tubes
were cooled on ice to 4°C. After cooling, 10 lL of 1M Tris-HCl
(pH 8.0) was added, followed by centrifugation at 5,000 rpm for
5 min at room temperature, then 100 lL of supernatant was trans-
ferred to a thermocycler plate, sealed with adhesive polymerase
chain reaction (PCR) sealer, and stored at −20�C.

Primer Design
To evaluate the success of target gene disruption, primers were
designed.45 Briefly, individual primer pairs were designed for
each target site (Tables S1 and S2). The left primer spanned the
guide RNA target site. If mutations were induced at the target
site, binding of the left primer was blocked, resulting in lower
levels of the amplification product. Primers were designed using
the online tool Primer 346 and purchased from Eurofins
Genomics. After arrival, primers were diluted to 10 lM stocks
with MilliQ water, according to the manufacturer’s specifica-
tions, aliquoted, and stored at −20�C until use.

Quantitative Real-Time PCR
Gene knockdown efficiency was assessed using quantitative real-
time PCR (qRT-PCR; Applied Biosystems StepOnePlus). Prior to
amplification, theDNAcontent of lysed sampleswasmeasured using
Qubit (ThermoFisher). To ensure equal starting amounts of DNA per
reaction, DNA content was normalized to 1 ng=lL. Separate master
mixeswere created, one for each primer pair.Mastermixes contained
3:25 lL of diethyl pyrocarbonate (DEPC)–treated water, 6:35 lL of
Sensi Mix Hi-ROX (Bioline), 0:5 lL of left primer stock (Eurofins),
0:5 lL of right primer stock (Eurofins), and 2 ng of DNA in 2 lL.
Three technical replicates for each sample were generated. One
primer set per reaction was used. Samples were heated to 95°C, and
held for 10min followed by 40 cycles of 15 s at 95°C, 20 s at 53.5°C,
20 s at 72°C, 15 s at 95°C, and 1min at 60°C, after which the samples
were heated to 95°C in 0.3°C per 15-s steps. The ratio of Ct-values
between the NC control and set 1–8 crispants were used to assess
gene knockdown efficiency for each target site and analyzed using
Wilcoxon signed rank tests.

Verification of pparda/db Target Gene Knockdown Using
DNA Sequencing
DNA sequencing of gRNA target sites was used as an additional
verification of gene knockdown efficiency. Refined sets compris-
ing 5 gRNAs targeting pparda/db (Table S3; sets 9–10) were used
for single-cell–stage microinjections, as described above. This
comprised five cut sites located on exons pparda exon 2, pparda
exon 3, ppardb exon 5, ppardb exon 6, and ppardb exon 8. At day
0, after microinjections, the zebrafish embryos were bleached
using a 0.05% NaOCl solution. Bleached embryos were kept at a
density of 1 embryo per 2 mL of 10%HBSS in glass crystallization
dishes at 28°C until 5 dpf. At 5 dpf, the larvae were anesthetized by
placing the glass dishes on ice for at least 20 min. Then, single lar-
vae were collected in individual tubes and stored on ice after the re-
moval of excess liquid. DNA extraction of single larvae samples
was conducted using a DNeasy Blood and Tissue Kit (Qiagen),
according to manufacturer instructions. DNA from 9 NC control
individuals (Alt-R CRISPR-Cas9 Negative Control crRNA #1, #2,
#3; IDT), 10 set 9, and 10 set 10 crispants targeting the pparda/db
genes were amplified. DNA normalization and qRT-PCR were
performed as described above in the section “Quantitative Real-
Time PCR” using primers that flanked the cut sites (Table S3).
PCR products with at least 4 ng=lL DNA were transferred to a
PlateSeq Kit for crude PCR products (Eurofins Genomics) and
shipped for sequencing using Sanger Sequencing (Eurofins
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Genomics). Sequences derived from NC control individuals,
where a majority of base calls had quality values >30, were
included in the aligned results. Because gene editing in F0 crisp-
ants results in mosaicism, all crispant sequences were aligned to
the controls. Sequence alignments were performed via the R
package msa (version 1.30.1)47 using ClustalW48 and aligned
against sequences for ENSDARG00000044525 (pparda) and
ENSDARG00000009473 (ppardb) obtained from the GRCz11
Ensemble genome assembly (https://www.ensembl.org/Danio_
rerio/Info/Index). Alignments were visualized using the seqvisr
package in R (R Development Core Team, v4.0.4).49

US EPA Zebrafish Husbandry
All procedures involving zebrafish were approved by the US EPA
National Health and Environmental Effects Research Laboratory
Institutional Animal Care and Use Committee and carried out per
the relevant guidelines and regulations. Embryos were obtained
from amixed wild-type adult zebrafish line (D. rerio) that was gen-
erated and maintained as previously described.29 Zebrafish adults
were housed in 6-L tanks at an approximate density of 8 fish=L.
Adults were fed Gemma Micro 300 (Skretting) once daily and
shell-free E-Z Egg (Brine Shrimp Direct) twice daily Mondays
through Fridays. Both food sources were fed once daily on week-
ends. US EPA wild-type zebrafish were maintained on a 14:10
light:dark cycle at 28.5°C and bred every 2–3 wk. For embryo col-
lection, 60–100 adults were placed in 10- or 20-L angled static
breeding tanks overnight. The following morning, adults were
transferred to new angled bottom tanks containing fish facility
water, and embryos were collected 30–40min later.

RNA-Seq Study Design and Chemical Exposure (US EPA)
At 0 dpf, zebrafish embryoswere bleached as previously described.50
Embryos at the dome to epiboly stages32 were placed in individual
wells of a 96-well plate containing a 40 lM nylon mesh filter
(Millipore, CAT# MANMN4010) with 400 lL of 10% HBSS per
well. Filter inserts containing zebrafish embryos were transferred to
96-well culture trays (Millipore, CAT# MAMCS9610) containing
250 lL of 10% HBSS and 1 lL of 250-fold working solutions per
well (0:88–2:8 lL PFOS or 7:87–25:1 lMPFHxS). A final concen-
tration of 0.4% DMSO was used for all exposure groups, including
the vehicle control. Daily, from 1 to 5 dpf, plates underwent 100%
media changes to refresh chemical dosing solutions by blotting
(Brandel CAT#: FPXLR-196) and transferring mesh inserts contain-
ing zebrafish to new bottom 96-well plates (Millipore, CAT#
MAMCS9610). To minimize evaporation, plates were sealed
(Biorad CAT#: MSA5001) and wrapped with parafilm. Plates
were maintained on a 14:10 light:dark cycle at 26.0°C. At 4 and 5
dpf, morphologically normal larvae were collected for head dis-
sections followed by RNA-seq.

RNA Extraction from Zebrafish Head Tissue
Prior to dissections, zebrafish larvae were anesthetized for 10
min in ice-cold 10% HBSS. Scalpels were used to collect head
tissue at 4 or 5 dpf, cutting anterior to the swim bladder. This
included the lower jaw. Fifteen head tissue samples were pooled
in 400 lL of 10% HBSS in 1:5-mL RINO Red Bead lysis micro-
centrifuge tubes (Next Advance). Eight biological replicates per
treatment group were generated. After adding 450 lL of Trizol to
each tube, the samples were homogenized at speed 8 for 3 min
using a Bullet Blender Tissue Homogenizer (Next Advance). The
samples were spun down at room temperature for 8 min at
12,000 g and stored on ice until subsequent RNA isolation. RNA
was isolated from aqueous supernatant using a Direct-zol kit (Zymo
Research, CAT# R2052) according to the manufacturer’s protocol.

Isolated RNA was purified and enriched using RNA Clean &
Concentrator Kit (Zymo Research, CAT# 1019) according to the
manufacturer’s protocol. Illumina Next Seq500 RNA-seq was per-
formed by the Genomics Research Core at the National Health and
Environmental Effects Research Laboratory (NHEERL).

RNA-Seq
RNA sample quality was checked by Bioanalyzer (Agilent
Technologies, CAT# 2100) and concentrations were assessed
by Qubit RNA BR kit (ThermoFisher, CAT# Q10211). Six samples
per group, with RNA integrity number (RIN) values >9:0, were
selected for use. Selected RNA samples were randomized and proc-
essed on Apollo324 for polyA selection (IntegenX), and then com-
plementary DNA (cDNA) libraries were prepared with PrepX
mRNA 48 Protocol (version 19; Takara Bio USA). PCR amplifica-
tion with 16 index primers was run for 13 cycles. The resulting PCR
products were cleaned up on Apollo324 with PCR Cleanup 48
Protocol (Takara Bio USA). The resulting PCR product quality was
checked on Bioanalyzer with High Sensitivity DNA chips and the
average size (in base pairs) was obtained according to an electro-
pherogram. All samples had identifiable peaks between 250 and 290
bp. Collected libraries were quantified by Qubit DNA HS kit
(ThermoFisher, CAT# Q32851). The molar concentration of each
library was estimated by using average molecular size from
Bioanalyzer data and concentration from Qubit measurement. An
equal amount from each library (volume × concentration) was
pooled from 16 randomized libraries to make the sequencing library
pools (total 3 pools of 16 libraries each) and concentrations of the
pooled librarieswere checked byQubit. All samples had a concentra-
tion >1 nM after pooling. Library pools were denatured and diluted
according to Illumina NextSeq protocols. The final concentrations
for sequencing were 2.5 pM +2% Phix and they were run for 75
cycles Single Read (SR). Q30 scores were at least 92.4% and there
were >10million total reads. The resulting sequencing data was
stored on the Gene ExpressionOmnibus (GEO) repository under the
identifiersGSE190490 (for PFOS) andGSE190009 (for PFHxS).

Gene Expression Analysis
Identification of differentially expressed genes. Illumina basecall
files were converted to FASTQ format, demultiplexed by bcl2fastq2,
and uploaded to Partek Flow (version 8.0.19.0428). Within Partek
Flow, adapters were trimmed, and reads were quality filtered. Bases
withPhredquality scores <20were trimmed fromeither end and reads
with lengths <25 nucleotides were removed. Trimmed and filtered
FASTQ files were aligned to D. rerio GRCz11 using STAR (version
2.5.3a) with default settings in Partek Flow. Alignment resulted in an
average of 31million mapped reads± standard deviation ðSDÞ of 5:1
[coefficient of variation ðCVÞ=16%] with average base quality
scores of 34± 2:0 (CV=0:52%) and >91% alignment to the ge-
nome, of which 64± 4:8%were, on average, uniquely mapped. Gene
counts were quantified from aligned reads by Partek Expectation
Maximization using Ensembl D. rerio GRCz11.93, with a high per-
centage of reads mapping to exonic regions of the genome (>72%).
Low expression genes across all samples were filtered if the geometric
mean was ≤1. Sample gene counts were then normalized to library
size using quantile normalization and log2 transformed prior to differ-
ential gene expression analysis with Partek Gene Specific Analysis
(GSA). GSA uses a multi-model approach and the lowest corrected
Akaike information criterion (AIC) to identify the best response distri-
bution (lognormal, normal, negative binomial, or lognormal with
shrinkage) for the data. Contrasts for PFHxS and PFOS included all
concentrations vs. control. Genes were considered differentially
expressed genes (DEGs) if they had a p<0:05 and an absolute binary
logarithmic base 2 fold change (log2FC) value >1:5.
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Prediction of upstream regulators. For pathway analysis and
upstream regulator prediction, significant D. rerio genes were
converted to human orthologs using biomaRt (version 2.34.2) in
R (version 3.4.3; R Development Core Team). Please note that
human PPARs are denoted throughout using capital letters while,
in line with common nomenclature standards, zebrafish ppar
genes are denoted using lowercase letters. For multiple identified
orthologs (i.e., one Homo sapiens gene to many D. rerio), those
considered “high confidence” (i.e., percentage identity of ≥50,
gene order conservation score of ≥75, and whole genome align-
ment score of ≥75) were given precedence in a 1:1 ratio. If a
high confidence ortholog was not identified, then the ortholog
with the highest percentage identity between the D. rerio and
H. sapiens was selected in a 1:1 ratio. Gene order conservation
scores were calculated by determining how many of the four
nearest neighboring genes match between orthologous pairs and
whole genome alignment scores to calculate the coverage of
alignment in regions surrounding the orthologs pairs (https://
useast.ensembl.org/info/genome/compara/Ortholog_qc_manual.
html/#hc, last accessed 6 February 2020). Significantly enriched
canonical pathways and upstream regulators were identified
from the H. sapiens orthologs in Ingenuity Pathway Analysis
(IPA; version 01-06, Qiagen). Significant enrichment was
identified by Fisher’s exact test (p<0:05) or an absolute value
z-score ≥2.

Benchmark concentration analysis. Benchmark concentration
(BMC) analysis was used to estimate the threshold concentration at
which specific genes were differentially expressed. Transcriptional
BMC analysis of head RNA-seq data was conducted using
BMDExpress (version 2.2).51 The low expression filtered, normal-
ized, and log2-transformed count matrixes for each chemical and
time point were loaded into BMDExpress using Ensembl zebrafish
identifiers. Filtering and analyses followed general recommenda-
tions provided by the National Toxicology Program (NTP)
Research Report on National Toxicology Program Approach to
Genomic Dose-Response Modeling52 with minor changes. Briefly,
genes were analyzed by analysis of variance (max absolute log2FC
>1:5, p<0:05) to identify treatment-related effects. To identify
concentration–responsive genes, significant genes were then fit to
the following models: Hill, power, linear, 2° and 3° polynomial
models, exponential 2, exponential 3, exponential 4, and exponen-
tial 5 models. Each model was run assuming constant variance with
a 0.95 confidence level. The benchmark response factor was set to
1.349 times the standard deviation in the control animals and power
restricted to ≥1.53 For best-fit polynomial model selection, a nested
likelihood ratio test was performed on the linear and polynomial
models. If the more complex model provided a significantly
improved fit (p<0:05), the more complex model was selected. The
simpler model was selected if the more complex model did not pro-
vide a significantly improved fit.54 Models with a global goodness-
of-fit p<0:1were excluded. To select the best globallyfittingmodel
with the least complexity, the AIC for the selected polynomial
model was then compared with the AIC for theHill and powermod-
els. The model with the lowest AIC was selected as the final model.
The Hill model was flagged if the k parameter was <1=3 the lowest
positive concentration and then the next best model with a fit of
p>0:05 was used. If no other best-fit model could be identified
when the Hill model was flagged, the Hill model was retained.
Genes with a transcriptomic BMC value greater than the highest ex-
posure concentration were excluded.55 Modeled genes were then
compared with Gene Ontology Biological Process (GOBP) to iden-
tify significantly enriched gene sets using the BMDExpress func-
tional classification. To be included, gene sets needed to have a
minimum of three overlapping genes with the GOBP and a Fisher’s
exact test two-tailed, p<0:05. Genes also needed to have a ratio of

the upper bound BMC (95th percentile; BMCU) to lower bound
BMC (95th percentile; BMCL) <40. The median of the lowest
enrichedGOBPwas used to set the overall transcriptomic BMC as a
conservative indicator of biological activity for comparison with the
behavior response.

Global analysis of gene expression using the zebrafish self-
organizing map. To visualize and compare responses on a
transcriptome-wide scale, we used the zebrafish embryo (ZFE)
toxicogenomic universe map.56 The self-organizing map (SOM)
was based on a large training dataset of zebrafish embryo toxico-
genomic data and is a two-dimensional grid of 60× 60 nodes,
each containing up to 54 genes. Genes were arranged on the
map based on their expression profiles in the training data
where genes within the same node or arranged in nodes in close
proximity were coexpressed in different exposure scenarios.
Map nodes were clustered and a functional enrichment analysis
on these clusters confirmed enrichments for certain biological
functions in specific regions of the map. New data can be pro-
jected onto the map to identify up- or down-regulated parts of
the transcriptome and to compare the effects of different chemi-
cals. Linear modeling was used to identify DEGs using a treat-
ment vs. control contrast (R package limma version 3.52.557).
To increase statistical power, individual concentrations were
combined for each test chemical and at each time point.
Unadjusted p-values with a threshold of 0.1 were used to define
DEGs. Binary logarithmic fold changes (i.e., logFCs) of DEGs
with p>0:1 were set to zero so that only those with p<0:1
influenced the SOM. SOMs were then generated by calculating
mean logFCs for all nodes according to the assignment of genes
to nodes in the toxicogenomic universe and visualized using R
package ggplot2.36

Global analysis of gene expression using INfORM. The
INfORM analysis tool was used to identify responsive modules of
gene expression patterns58 in PFOS- or PFHxS-exposed larvae, rel-
ative to the control. Prior to the analysis, gene nameswere converted
to Human Genome Organisation (HUGO) Gene Nomenclature
Committee (HGNC) symbols.59 DEGs were calculated with a treat-
ment vs. control contrast (p<0:05 and log2FC ±1:5). The normal-
ized expression matrix of all DEGs served as input for the INfORM
network analysis to identify walktraps of coexpressed genes.58 The
resulting walktrap data was used to conduct an analysis of overre-
presentation using the Kyoto Encyclopedia of Genes and Genomes
(KEGG)60 and the Gene Ontology databases.61,62 In addition, gene
set enrichment analyses for the Gene Ontology and Reactome path-
way data of each walktrap were performed using the INfORM anal-
ysis tool.58

Toxicity prioritization index determination. Half-maximal
effect concentration (AC50) data for 9,542 chemicals were
retrieved from the current public release of the US EPA ToxCast
project (invitrodb; version 3.563). Relevant PFAS chemicals were
obtained using a US EPA research list of PFAS (EPAPFASINV)
retrieved from the CompTox Chemicals Dashboard (https://
comptox.epa.gov/dashboard/). Potency profiles of PFAS chemi-
cals tested in PPAR-relevant assays were calculated based onAC50
values and visualized using a toxicity prioritization index (ToxPi)
analysis where all assays were weighed equally.64 ToxPi scores for
PFOS and PFHxS were extracted and visualized using ggplot2
package in R (version 3.3.6; RDevelopment Core Team).

Results

Identification of DNT Phenotypes
We tested for DNT phenotypes using a light–dark transition test.
Each of the four assay phases was 10-min long and the zebrafish
larvae were subjected to light (L1, L2), or no light (D1, D2). In this
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study, we introduced an additional end point, the VSR, defined as
the distance moved over the first 3 s after the dark–light (VSR1) or
light–dark (VSR2) transition (Figure 1A). Relative to the DMSO
control, zebrafish larvae exposed to PFOS exhibited hyperactivity
in the L1 (2:47–4:06 lM), L2 (2:47–7:86 lM), D1 (0:77 lM,
2:47–7:86 lM), and D2 (2:47–7:86 lM) periods (Figure 1B). In
addition, VSR hyperactivity was observed in larvae exposed
to 7:86 lM PFOS (Figure 1C). Similar to PFOS, hyperactivity
was observed in larvae developmentally exposed to PFHxS in the
L1 (120 lM), L2 (120 lM), D1 (14:05–120 lM), and D2
(14:05–120 lM) periods (Figure 1E), as well as in the VSR1 and
VSR2 end points (120 lM), as compared with the DMSO control
(Figure 1F).

Acute Neurotoxicity Phenotypes in PFOS- or PFHxS-
Exposed Larval Zebrafish
To determine whether the D1 and VSR2 hyperactivity pheno-
types were linked, we tested whether exposure to PFOS or
PFHxS can acutely affect these stereotypic behaviors. PFOS-
exposed larvae exhibited hyperactivity 60 min postexposure in
the D1 (2:48–7:86 lM) and D2 (4.4, 7:86 lM) phases (Figure
2B). For PFHxS, we evaluated the relationship between exposure
time and behavioral effects (Figure S1). Similar to PFOS, larvae

acutely exposed to PFHxS exhibited hyperactivity 412 min post-
exposure in the L1 (146:4 lM), L2 (44:8–146:4 lM), and D1
(146:4 lM) periods (Figure 2E). Acute exposure to 0:43–7:86 lM
PFOS or 44:8–160 lM PFHxS had no effect on the VSR end
points (Figure 2C,F).

Systematic Characterization of DNT Phenotypes
Becausewe observed dark-phase (i.e., D1) hyperactivity following
both developmental (Figure 1B,E) and acute (Figure 2B,E) expo-
sure to PFOS or PFHxS, but only observed VSR2 hyperactivity
following developmental exposure to the compounds (Figure 1C,
F), we hypothesized that the D1 hyperactivity phenotype occurs
via an acute, receptor-mediated mechanism, whereas the VSR2
phenotype has a developmental origin. To test this hypothesis, we
performed a depuration (i.e., chemical washout) study, where lar-
vae were developmentally exposed to 2:48–7:86 lM PFOS,
44:8–120 lMPFHxS, or 0.4%DMSO from 1 to 4 dpf. After chem-
ical removal at 4 dpf, locomotor activity was assessed at 5, 6, 7,
and 8 dpf (Figure 3A). Differences in hyperactivity responses were
observed in the D1 and VSR2 periods (Figure 3B–E). Larvae
developmentally exposed to PFOS exhibited concentration-
dependent hyperactivity in the D1-phase at 5 dpf (2:48–7:86 lM)
and 6 dpf (2:48–7:86 lM) (Figure 3B). By 7 dpf, the

Figure 1. Locomotor activity assessment in 5-dpf zebrafish developmentally exposed to PFOS or PFHxS. Locomotor response following exposure to
(A) 7:86 lM PFOS (blue), (D) 120 lM PFHxS (green), or 0.4% DMSO (gray) in the light (yellow)–dark (white) transition test. Data expressed as the mean
distance moved (cm/s) ± standard error and represent 15–43 larvae per group. (B,E) Distance moved (cm) for each larva in 2-min periods across each 10-min
light phase at 13,238 lux (L1, L2) and dark phase at 0 lux (D1, D2). Data are represented as box and violin plots. Violins around the box plots describe the ker-
nel probability density of the underlying data. Significance was determined by Tukey-adjusted estimated marginal means following a generalized additive
mixed effects model. Significant differences (p<0:05) between groups are indicated by different letters. VSR data [within 3 s after dark–light (VSR1) or light–
dark transition (VSR2)] following developmental exposure to (C) 0:43–7:86 lM PFOS, or (F) 7:87–120 lM PFHxS are also shown. Data are represented as
box and violin plots and comprise 1 value per larva for VSR1 and VSR2. Significance was determined by Tukey-adjusted estimated marginal means following
a linear mixed effects model. Significant differences (p<0:05) between groups are indicated by different letters. Individual box plots comprise a box that
describes the IQR, a bold line that represents the median, and whiskers that indicate the calculated minimum (25th percentile –1:5× IQR) and the calculated
maximum (75th percentile +1:5× IQR). Dots represent outliers beyond the calculated minima or maxima. Violins around the box plots describe the kernel
probability density of the underlying data. Replicate numbers tested for PFOS ranged from 18 to 43 larvae (C) and from 15 to 42 larvae for PFHxS (F).
Summary data can be found in Excel Tables S1–S4. Note: D, dark; DMSO, dimethyl sulfoxide; dpf, days postfertilization; IQR, interquartile range; L, light;
PFHxS, perfluorohexanesulfonic acid; PFOS, perfluorooctanesulfonic acid; VSR, visual startle response.
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concentration–response relationship was lost, and at 8 dpf, larvae
exposed to 7:86 lM PFOS were no longer hyperactive relative to
the DMSO control (Figure 3B). In contrast to the observed tran-
sient D1 hyperactivity, persistent and irreversible VSR2 hyperac-
tivity was observed in larvae exposed to 2:48–7:86 lMPFOS from
5 to 8 dpf (Figure 3C). Similar to PFOS, at 5 dpf, larvae
developmentally exposed to 44:8–120 lM PFHxS displayed
concentration-dependent D1 hyperactivity, as compared with the
DMSO control (Figure 3D), and again in line with the PFOS data
(Figure 3B), by 7 and 8 dpf, concentration-dependent D1-hyperac-
tivity was no longer present and, in some cases, activity levels
returned to baseline (Figure 3D). In contrast to the D1 end point
and analogous to PFOS-exposed larvae, we observed persistent
concentration–response hyperactivity in the VSR2 from 5 to 8 dpf
for larvae exposed to 44:8–120 lM PFHxS (Figure 3E). These
data suggest two distinct phenotypes: a) that exposure to PFOS or
PFHxS caused transient and reversible D1 hyperactivity, and b)
that exposure to PFOS or PFHxS caused persistent and irreversible
VSR2 hyperactivity. In support of this, prolonged exposure (1–8
dpf) to PFOS resulted in VSR hyperactivity but not D1 hyperactiv-
ity (Figure S2). Because this study was aimed at uncovering mech-
anisms by which these chemicals cause DNT-related effects, the
VSR2 phenotype is the focus of the remainder of the report.

Transcriptomic Identification of Putative PFASMode of
Action

To test the hypothesis that PFOS- or PFHxS-dependent VSR2
hyperactivity arose based on a developmental perturbation during
neurodevelopment, a hypothesis generation study was conducted
to identify putative upstream regulators that might causally regu-
late the hyperactivity effects in exposed larvae. Three strategies,
including a global analysis of coregulated gene sets, pathway
analysis, and predicted upstream regulators, were used to analyze
the DEGs (Figure 4).

Projection of the DEGs onto a zebrafish transcriptomic SOM
was used to compare global changes in gene expression. As pre-
dicted, exposure to structurally similar PFAS compounds pro-
duced similar transcriptomic responses at 4 dpf (Figure S5) and 5
dpf (Figure 5A–C). Using an INfORM-based analysis, three func-
tional groups (walktraps), consisting of 37–194 DEGs (Figure 5D–
E), were identified. The sets of DEGs in walktrap 2 related to dis-
ruption of fatty acid synthesis and maintenance (Figure 5D),
whereas walktrap 3 and, to a lesser extent, walktrap 4 contributed
to overrepresentation of pathways involved in neurological dis-
eases, including Huntington’s, Alzheimer’s, Parkinson’s, and
prion diseases and amyotrophic lateral sclerosis, as well as general

Figure 2. Locomotor activity assessment in 5-dpf zebrafish acutely exposed to PFOS or PFHxS. Locomotor response following acute exposure to (A) 7:86 lM
PFOS (blue), (D) 146:4 lM PFHxS (green), or 0.4% DMSO (gray) in the light–dark transition test. Data expressed as the mean distance moved (cm/s) + stand-
ard error and represent 21–47 larvae per group. (B,E) Distance moved (cm) for each larva in 2-min periods across each 10-min light phase at 13,238 lux (L1,
L2) and dark phase at 0 lux (D1, D2). Data are represented as box and violin plots comprising five values per larva in L1, L2, D1, D2. Violins around the box
plots describe the kernel probability density of the underlying data. Significance was determined by Tukey-adjusted estimated marginal means following a gen-
eralized additive mixed effects model. Significant differences (p<0:05) between groups are indicated by different letters. VSR data [within 3 s after dark–light
(VSR1) or light–dark transition (VSR2)] following acute exposure to (C) 0:43–7:86 lM PFOS, or (F) 44:8–160 lM PFHxS are also shown. Data are repre-
sented as box and violin plots that comprise 1 value per larva for VSR1 and VSR2. Significance was determined by Tukey-adjusted estimated marginal means
following a linear mixed effects model. Significant differences (p<0:05) between groups are indicated by different letters. Individual box plots comprise a box
that describes the IQR, a bold line that represents the median, and whiskers that indicate the calculated minimum (25th percentile –1:5× IQR) and the calcu-
lated maximum (75th percentile +1:5× IQR). Dots represent outliers beyond the calculated minima or maxima. Violins around the box plots describe the ker-
nel probability density of the underlying data. Replicate numbers tested for PFOS ranged from 23 to 47 larvae (C) and from 21 to 46 larvae for PFHxS (F).
Summary data can be found in Excel Tables S5–S8. Note: D, dark; DMSO, dimethyl sulfoxide; dpf, days postfertilization; IQR, interquartile range; L, light;
PFHxS, perfluorohexanesulfonic acid; PFOS, perfluorooctanesulfonic acid; VSR, visual startle response.
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Figure 3.Washout study to characterize persistence of PFOS- or PFHxS-dependent dark-phase and VSR hyperactivity. (A) Experimental design of the wash-
out study. (B,D) Distance moved (cm) for each larva in 2-min periods across each 10-min light phase at 13,238 lux (L1, L2) and dark phase at 0 lux (D1, D2)
for behavior tests at 5–8 dpf. Data are represented as box and violin plots comprising 5 values per larva in the D1 phase. Violins around the box plots describe
the kernel probability density of the underlying data. Significance was determined by Tukey-adjusted estimated marginal means following a generalized addi-
tive mixed effects model. Significant differences (p<0:05) between groups are indicated by different letters. VSR data within 3 s after light–dark transition
(VSR2) following developmental exposure to (C) 2:48–7:86 lM PFOS, or (E) 44:8–120 lM PFHxS are also shown for behavior tests at 5–8 dpf. Data are rep-
resented as box and violin plots that comprise 1 value per larva. Significance was determined by Tukey-adjusted estimated marginal means following a linear
mixed effects model. Significant differences (p<0:05) between groups are indicated by different letters. Individual box plots comprise a box that describes the
IQR, a bold line that represents the median, and whiskers that indicate the calculated minimum (25th percentile –1:5× IQR) and the calculated maximum
(75th percentile +1:5× IQR). Dots represent outliers beyond the calculated minima or maxima. Violins around the box plots describe the kernel probability
density of the underlying data. Replicate numbers tested for PFOS ranged from 23 to 43 larvae (B,C) and from 38 to 48 larvae for PFHxS (D,E). Summary
data can be found in Excel Tables S9–S12. Note: Chem, chemical; D, dark; DMSO, dimethyl sulfoxide; DNT, developmental neurotoxicity; dpf, days postferti-
lization; IQR, interquartile range; L, light; PFHxS, perfluorohexanesulfonic acid; PFOS, perfluorooctanesulfonic acid; VSR, visual startle response.
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enrichment for neurodegeneration (Figure 5E). BMC–response
modeling showed that larvae exposed to PFOS or PFHxS demon-
strated significant differences in gene set expression at nominal
concentrations that produced D1 hyperactivity in the same strain of
zebrafish (Table S4). When mapped to human orthologs, upstream
prediction analysis revealed that the PPARs PPARa, PPARd, and
PPARc were potential regulators of PFOS- and PFHxS-dependent
gene expression (Figure 6A). Across a suite of US EPA CompTox
PPAR-specific biochemical or in vitro assays, there is some evi-
dence of bioactivity following exposure to PFOS or PFHxS
(Figure 6B).

Determination of ppar Essentiality for PFOS-Dependent
VSR2 Hyperactivity
Based on the prediction that ppars function as potential upstream
regulators of PFOS- or PFHxS-dependent VSR2 hyperactivity
(Figure 6A), we hypothesized that one or more ppars are required
for these chemicals to cause permanent disruption of the nervous
circuit controlling the VSR2-response in developing zebrafish
larvae. In zebrafish, there are two PPARa genes (pparaa and
pparab), one PPARc gene (pparg), and two PPARd genes
(pparda and ppardb). To test our hypothesis, we opted to knock-
down all duplicated genes via the generation of pparaa/ab,
pparda/db, or pparg-knockdown larvae (i.e., crispants) at 0 dpf
(Figure 7A). To evaluate our hypothesis, we focused on PFOS
because it robustly caused significant VSR2 hyperactivity in all
experiments.

Larvae were injected with guide RNA sets that knocked down
target gene function (set 1–8) or NC guide RNAs (i.e., NC) that do
not cause mutations in the target genes (Figure 7A; Tables S1 and
S2). Gene knockdown in pparaa/ab, pparda/db, or pparg crispants
was molecularly confirmed using a qRT-PCR–based method
(Figure S6). In addition, sequencing of five pparda/db-knockdown
cut sites in F0 crispants verified the presence of indels in 90%–
100% of injected individuals (Figure S7). Knockdown of pparg
(Figure 7B), pparaa/ab (Figure 7C), or pparda/db (Figure 7D,E)
did not affect baseline activity in DMSO-exposed crispants
[knockdown sets (blue) vs. NC control (gray)]. In larvae exposed
to 7:86 lM PFOS from 1 to 4 dpf (Figure 7B), pparg-knockdown
failed to block or blunt chemical-dependent hyperactivity (set 1 or
set 2 vs. NC crispants). In the case of pparaa/ab, a reduction of the

VSR2-response as compared with NC (set 3 or set 4 vs. NC) was
observed; however, set 3 or set 4 crispants exposed to 7:86 lM
PFOS were still hyperactive compared with unexposed NC crisp-
ants (Figure 7C). In addition, no consistent block or blunting
effects on D1 hyperactivity were observed for pparg or pparaa/ab
crispants exposed to PFOS (Figure S8A,B). Interestingly, PFOS-
exposed crispants with pparg-knockdown exhibited D1 hyperac-
tivity (Figure S8A). Molecular analysis showed successful knock-
down of the pparaa/ab and pparg genes in all crispants (sets 1–4,
Figure S6).

In contrast to pparg and pparaa/ab, pparda/db-knockdown
blunted the VSR2-response to control levels following develop-
mental exposure to 7:86 lMPFOS (Figure 7D). Successful knock-
down of ppardb was achieved in both set 5 and set 6 crispants
(Figure S6). Gene knockdown was also molecularly confirmed for
pparda in set 6 crispants (Figure S6). The efficiency of ppardawas
not evaluated in set 5 crispants because there were no available
primer sites that spanned the set 5 guide RNA cut sites. Editing of
pparda/db genes were also verified using sequencing (Figure S7).
Therefore, to confirm these data, we performed a validation study
using additional pparda guideRNAs that were determined to lower
amplicon amplification in previous experiments (Figure S6 and
Table S2). In line with the data shown in Figure 7D, pparda/db-
knockdown blunted PFOS-dependent hyperactivity to the control
level (set 7, set 8 in shades of orange), relative to the negative con-
trol crispant group (NC, gray) (Figure 7E). These results suggest
an interaction between pparda/db, PFOS, andVSR2 hyperactivity.
In contrast, consistent blunting of D1 hyperactivity was not
observed across experiments (Figure S8C,D).

Orthogonal Evaluation of ppard-Dependent VSR
Hyperactivity in PFOS-Exposed Larvae
To provide multiple lines of evidence that pparda/db is required for
chemical-dependent VSR2 hyperactivity, we tested whether expo-
sure to the potent and selective pparda/db-antagonist GSK3787
blunted PFOS-dependent VSR2 hyperactivity. Exposure at 0 dpf to
9.25 or 27:2 lMGSK3787 alone did not affect the VSR2-response
(shades of green; Figure 8). Exposure to 7.86 or 11:72 lM PFOS at
1 dpf (shades of blue) caused VSR2 hyperactivity at 5 dpf, in com-
parison with the DMSO control (gray) (Figure 8). In support of the
pparda/db-knockdown experiments shown in Figure 7, larvae

Figure 4. Experimental design for exploratory RNA-seq. Head dissections of PFOS (0:88 lM, 1:57 lM, 2:8 lM) or PFHxS (7:87 lM, 14 lM,
25:1 lM)-exposed larvae were conducted on 4–5 dpf for RNA-seq with five biological replicates per condition. Differentially expressed genes (DEGs) were
used for functional enrichment analysis using ToxNodes in SOM-format, calculation of transcriptomic benchmark concentrations (BMCT), and upstream regu-
lator predictions via an Ingenuity Pathway Analysis. Note: dpf, days postfertilization; PFHxS, perfluorohexanesulfonic acid; PFOS, perfluorooctanesulfonic
acid; RNA-seq, RNA sequencing; SOM, self-organizing map.
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coexposed to 27:2 lMGSK3787 and both concentrations of PFOS
blunted theVSR2 response to the control level (Figure 8).

Discussion
In this study, we investigated causal links between exposure to
structurally similar alkyl sulfonic acid PFAS and behavioral effects
in larval zebrafish. We used developmental and acute exposures
paired with RNA-seq, gene editing, and pharmacological manipu-
lation to reveal a novel mechanism by which exposure to PFOS
caused VSR2 hyperactivity within a zebrafish DNT new approach
method (NAM).

This work replicated previously observed dark-phase (D1)
hyperactivity in zebrafish larvae exposed to either PFOS or
PFHxS.29 Genetic background and environmental factors, such as
laboratory-specific handling and housing, have been reported to
influence larval zebrafish behavior in zebrafish exposed to a range
of chemicals,65,66 including PFAS.67 The data presented here
reproduced PFOS- and PFHxS-dependent hyperactivity in the D1
period, despite study-specific differences in zebrafish strain and ex-
perimental design. This supports the concept that PFOS or PFHxS

exposures disrupt neurodevelopment via a conserved mode of
action(s).

In this study, we also characterized the dark-phase hyperactiv-
ity phenotype following acute exposure to PFOS or PFHxS. We
observed acute dark-phase hyperactivity for both chemicals fol-
lowing different exposure periods. Using a window of exposure
design, we report that larvae exposed acutely to PFHxS took
approximately 7 times longer to exhibit acute dark-phase hyper-
activity after exposure, relative to PFOS. Across seven studies,
PFHxS exposure resulted in lower bioconcentration factors, rela-
tive to PFOS (Tal and Vogs68). The increased bioconcentration
potential of PFOS likely explains why a longer period was
needed for PFHxS exposure to cause acute dark-phase hyperac-
tivity. A recent study reported that osmoregulation modified peri-
cardial edema (a morphological effect) in zebrafish exposed to
the flame-retardant triphenyl phosphate in the presence of higher
salinity.69 Given that PFAS accumulation was elevated upon
increased salinity in different marine wildlife organisms70,71 and
elevated PFAS accumulation in marine medaka was associated with
salinity-induced expression of PFAS-binding proteins (i.e., OAT1

Figure 5. Global gene expression patterns and altered pathways in head tissue obtained from zebrafish developmentally exposed to PFOS or PFHxS. (A,B,C)
Significantly enriched gene nodes at 5 dpf following exposure to (A) PFOS or (B) PFHxS, or (C) the combined dataset were projected onto a self-organizing map
(SOM). Individual concentrations were combined for each substance and a single SOMwas calculated with a treatment vs. control contrast. (See Figure S4 for 4-dpf
SOMs.) Mean logarithmic fold changes (FCs) per node are shown. (D) Overrepresentation analysis of the top 10 Gene Ontology (GO) pathways based on differen-
tially expressed genes (DEGs) identified for each functional group (i.e., walktrap) for the combined 5-dpf dataset. (E) Overrepresentation analysis of the top 10
KEGG pathways based on DEGs per walktrap. Numbers in brackets indicate the total number of genes assigned to each walktrap. The number of genes per pathway
(count) and significance levels (p.adjust) are shown. Five biological replicates containing pools of 15 heads were used. RNA-seq data shown here can be found in
Excel Tables S13–S18. Note: ATP, adenosine triphosphate; dpf, days postfertilization; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes;
PFHxS, perfluorohexanesulfonic acid; PFOS, perfluorooctanesulfonic acid; RNA-seq, RNA sequencing; TCA, tricarboxylic acid.
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and FABP),71 future work should address whether osmoregulation
influences PFAS-dependent behavioral effects. Following develop-
mental or acute exposure, dark-phase hyperactivity was consistently
observed beginning at 2:47 lM. Following developmental exposure,
VSR hyperactivity was observed at 7:86 lM. These values exceed
the maternal serum levels of pregnant women from the Danish
National Birth Cohort72 by roughly two orders of magnitude.

To further characterize dark-phase hyperactivity after develop-
mental or acute exposure to PFOSor PFHxS,we conducted a depu-
ration study and measured behavior 1–4 d after chemical removal.
We observed that concentration-dependent dark-phase hyperactiv-
ity was transient. This suggests that dark-phase hyperactivity, trig-
gered by acute exposure to PFOS or PFHxS, is mediated by direct
receptor interactions rather than by permanent disruption to the de-
velopment of the behavioral circuit(s) that control the stereotypic
response to a dark period that follows a light period. In support of
this, an in vitro study conducted in Xenopus oocytes, human
induced-pluripotent stem-cell derived neuronal cocultures, and pri-
mary rat cortical cultures showed that PFOS antagonizes the most
abundant receptor subunit combination of the human gamma-
aminobutyric acid type A (GABAA) receptor with a range of
assay-specific lowest observed effect concentrations (LOECs;
0:1–100 lM)73 that are in line with the concentrations tested here.
TheGABAA receptor is themain inhibitory neurotransmitter in the
central nervous system (CNS), and it is critical for neurodevelop-
ment by exerting influence on long-term potentiation and synaptic
plasticity.74,75 Relative to perfluorooctanoic acid (PFOA), PFOS
demonstrated higher affinity to the GABAA receptor in vitro,

resulting in slower reversibility of PFOS-induced effects.73 This is
in line with our in vivo findings, where dark-phase hyperactivity
was present 3 (PFOS) or 2 (PFHxS) d after chemical removal. In
larval zebrafish, dark-phase hyperactivity has been reported fol-
lowing exposure to GABAA receptor antagonists76–78 and expo-
sure to PFOS has been shown to directly perturb neural activity
in vivo.79 In addition, loss-of-function mutations in the c2 GABAA
subunit in zebrafish was reported to induce behavioral hyperactiv-
ity.80 Taken together, these data indicate a relationship between
GABAA receptor function and dark-phase locomotion in the light–
dark transition test. Future work should explore whether the
GABAA receptor causally mediates dark-phase hyperactivity in
zebrafish acutely exposed to alkyl sulfonic acid PFAS, such as
PFOS and PFHxS.

In the present study, we extended the phenotypic resolution of the
conventional light–dark transition test by recording data every second
of the assay. This allowed us to increase the phenotypic range of
zebrafish behaviors potentially disrupted by chemical exposure to
include the VSR. The VSR describes a simple reflex behavior, con-
served across taxa to escape from a threatening stimulus.81 Despite
the general behavior being described for nearly a century, and the
introduction of the VSR as a relevant behavioral end point to under-
stand the genetics that control vertebrate behavior,82 it has, to our
knowledge, not been considered as a relevant end point for the inves-
tigation of potential neurotoxic effects following exposure to PFAS.
In the updated light–dark transition test, we measured the startle
response following dark–light (VSR1) and light–dark (VSR2) transi-
tions. After developmental exposure to either PFOS or PFHxS, we

Figure 6. Predicted upstream regulators affected by developmental exposure to PFOS or PFHxS and in vitro potency profiles. (A) Human orthologs for zebra-
fish differentially expressed genes (DEGs) were analyzed by Ingenuity Pathway Analysis and predicted human PPARa, PPARd, and PPARc as putative
upstream regulators for multiple concentrations of PFOS and PFHxS at 4–5 dpf. Significant enrichment was identified by Fisher’s exact test p<0:05; crosses
indicate nonsignificance. Five biological replicates containing pools of 15 heads were used. (B) Visualized potency profiles of PFOS and PFHxS in US EPA
CompTox (version 3.5) in vitro assays targeting human (h), rat (r), mouse (m), zebrafish (zf), or Japanese medaka (jm) PPARa, PPARd, and/or PPARc.
Profiles for both chemicals were calculated based on AC50-values using the ToxPi framework. Distance from the center indicates potency. All assays were
weighted equally. ToxPi data can be found in Excel Table S19. Note: AC50, 50% activity concentration; dpf, days postfertilization; EPA, Environmental
Protection Agency; PFHxS, perfluorohexanesulfonic acid; PFOS, perfluorooctanesulfonic acid; PPAR, peroxisome proliferator-activated receptor; ToxPi, toxic-
ity prioritization index.
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Figure 7. Knockdown study to determine the essentiality of ppar genes for VSR hyperactivity in PFOS-exposed zebrafish. (A) CRISPR/Cas9-based gene edit-
ing experimental design were embryos that experience gene knockdown (set 1 or set 2 crispants) relative to negative control crispants (NC) that did not experi-
ence gene knockdown and were subsequently exposed to 7:86 lM PFOS at 1 dpf. The chemical was removed at 4 dpf and behavior was assessed at 5 dpf.
VSR within 3 s after light–dark transition (VSR2) in (B) pparg-knockdown, (C) pparaa/ab-knockdown, or (D,E) pparda/db-knockdown larvae exposed to
7:86 lM PFOS are shown. Data are represented as box and violin plots and comprise 1 value per larva. Significance was determined by Tukey-adjusted esti-
mated marginal means following a linear mixed effects model. Significant differences (p<0:05) between groups are indicated by different letters. Individual
box plots comprise a box that describes the IQR, a bold line that represents the median, and whiskers that indicate the calculated minimum (25th percentile
–1:5× IQR) and the calculated maximum (75th percentile +1:5× IQR). Dots represent outliers beyond the calculated minima or maxima. Violins around the
box plots describe the kernel probability density of the underlying data. Replicate numbers were 24–41 for pparg-knockdown (B), 31–44 for pparaa/ab-knock-
down (C), 10–47 for initial pparda/db-knockdown, and 44–75 for pparda/db-knockdown with revised guide sets. Summary data can be found in Excel Tables
S20–S23. Note: CRISPR, Clustered Regularly Interspaced Short Palindromic Repeats; DNT, developmental neurotoxicity; dpf, days postfertilization; IQR,
interquartile range; PFOS, perfluorooctanesulfonic acid; ppar, peroxisome proliferator-activated receptor; VSR, visual startle response.
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observed dark-phase and VSR2 hyperactivity. Future work should
explore the possibility of a nonmonotonic concentration–response
relationship in larvae developmentally exposed to PFOS or PFHxS.
We initially hypothesized that dark-phase- and VSR2-hyperactivity
might be dependent phenotypes (i.e., linked) because both were ele-
vated following exposure to both test compounds. We additionally
hypothesized that dark-phase and VSR2 hyperactivity might share a
similar underlyingmechanism in exposed larvae. Surprisingly, unlike
the dark-phase hyperactivity phenotype that occurred developmen-
tally and acutely, VSR2 hyperactivity only occurred following devel-
opmental exposure to the compounds given that acute exposure to
either PFOS or PFHxS failed to cause VSR2 hyperactivity.
Intriguingly, the depuration study showed that although dark-phase
hyperactivity was transient and likely receptor-mediated, concentra-
tion-dependent VSR2 hyperactivity was persistent and irreversible
up to 4 d following chemical removal, when the study ceased (i.e., at
8 dpf). Therefore, in contrast to dark-phase hyperactivity, we ulti-
mately hypothesized that VSR2 hyperactivity in PFOS- or PFHxS-
exposed larvae resulted from a developmental perturbation in the cir-
cuit controlling the stereotypicVSR2 response.

To shed light on underlying mechanisms that may cause devel-
opmental VSR2 hyperactivity in PFOS- or PFHxS-exposed zebra-
fish larvae, we used an unbiased transcriptomic strategy for
hypothesis generation. DEGs were projected onto a zebrafish
SOM.56 This approach integrates and aggregates time- and
concentration-resolved toxicogenomic data to generate compara-
ble toxicogenomic fingerprints.56 Our analysis showed that expo-
sure to structurally similar PFOS or PFHxS produced similar
global changes in transcriptomics. Although the SOM analysis
revealed similar clusters of coregulated genes, their underlying
functions are not clear.We used an INfORM-based analysis to bet-
ter understand potential functions associated with differentially
expressed gene sets (i.e., walktraps).58 We identified functional
gene clusters related to pathways controlling different stages of
neurodevelopment. From a global perspective, similar gene
clusters in larval head tissue were dysregulated following

developmental exposure to PFOS or PFHxS, further indicating
that these structurally similar chemicals provoke the same
behavior phenotypes via a potential shared mechanism. It also
supports previous work showing that exposure to similar con-
centrations of PFOS, disrupted neurodevelopmental pathways
related to axonal deformation, neuroinflammatory stimulation,
and dysregulation of calcium-signaling pathways.83 However,
it remains unclear whether gene expression changes and
pathway-level perturbations are causative or simply associated
with compound exposure.

BMC–response modeling is increasingly used to assess data
generated using NAMs as it allows for direct comparisons of effect
concentrations across assays and laboratories.84,85 BMCmodeling
has also been widely applied to transcriptomic data.86–88 In our
study, BMC modeling showed significant differences in gene set
expression, before the onset of hyperactivity (Table S4 and
Gaballah et al.29). We therefore hypothesized that, rather than
describe putative dysregulated signaling pathways, transcriptomic
data could be used to identify an underlying mechanism(s) by
which PFOS or PFHxS exposure caused VSR2 hyperactivity. We
identified ppars as predicted upstream regulators that might
explain the observed gene expression differences and related
VSR2 hyperactivity phenotype. PPARs have a wide variety of vital
roles in fatty acid transportation and catabolism, glucose metabo-
lism, adipogenesis, thermogenesis, cholesterol transportation and
synthesis, and anti-inflammatory response.89 In the developing
nervous system of rats, PPARa and PPARd mRNAs were omni-
present in different brain regions, whereas PPARc levels were
low.90 In zebrafish, in situ hybridization studies showed that
orthologous genes, including pparaa/ab, pparg, and pparda/db,
are expressed throughout the developing nervous system.91,92 In
line with a previous study conducted in whole larvae,93 we identi-
fied PPARs as putative upstream regulators at both time points, fol-
lowing exposure to multiple concentrations of PFOS or PFHxS.
PPARs are routinely associated with exposure to a wide range of
PFAS, including PFOS and PFHxS, in mammalian transcriptomic

Figure 8. Coexposure of pparda/db-antagonist GSK3787 and PFOS. To mimic the CRISPR study design, embryos were exposed to 9.25 or 27:2 lM of the
ppard antagonist GSK3787 or 0.4% DMSO at 0 dpf. At 1 dpf, embryos were exposed to 7.86 or 11:72 lM PFOS or DMSO, the chemical was removed at 4
dpf, and behavior was assessed at 5 dpf. Data shown for VSR within 3 s after light–dark transition (VSR2) are represented as box and violin plots and comprise
1 value per larva. Significance was determined by Tukey-adjusted estimated marginal means following a linear mixed effects model. Significant differences
(p<0:05) between groups are indicated by different letters. Individual box plots comprise a box that describes the IQR, a bold line that represents the median,
and whiskers that indicate the calculated minimum (25th percentile –1:5× IQR) and the calculated maximum (75th percentile +1:5× IQR). Dots represent
outliers beyond the calculated minima or maxima. Violins around the box plots describe the kernel probability density of the underlying data. Replicate num-
bers ranged from 16 to 55 larvae. Summary data can be found in Excel Table S24. Note: CRISPR, Clustered Regularly Interspaced Short Palindromic Repeats;
DMSO, dimethyl sulfoxide; dpf, days postfertilization; GSK3787, ppard antagonist; IQR, interquartile range; PFOS, perfluorooctanesulfonic acid; VSR, visual
startle response.
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studies94,95 and in in vitro high-throughput signaling assays96 and
the liver is considered to be a major target of PFAS.97 Despite this
understanding, their potential role in chemical-dependent DNT has
yet to be described.

Adverse outcome pathways (AOPs) serve as a conceptual basis
to link chemical exposures, key events, and adverse outcomes that
are of potential regulatory relevance.98 Key events can be repre-
sented by a series of NAMs and assembled into testing batteries
that can be used to reduce, replace, or refine animal tests as part of
an Integrated Approach to Testing and Assessment (IATA).99

AOPs are assembled based on a weight-of-evidence approach
showing biological links between key events and adverse out-
comes (i.e., biological plausibility) and associated toxicological
data supporting such links.98 AOP weight of evidence can also be
increased if effects are observed in multiple species or effect pat-
terns are consistent for structurally similar compounds.100 One
underused strategy to build confidence in NAMs for risk assess-
ment is to demonstrate key event essentiality or demonstration that
an eventmust occur for downstream effects tomanifest.101

We used CRISPR/Cas9 gene editing to causally investigate
whether pparaa/ab, pparg, or pparda/db were required for PFOS
exposure to cause VSR2 hyperactivity. In contrast to the transient
nature of morpholino knockdowns,102 CRISPR/Cas9 knockdown
results in a stable loss of gene function across successive cells
within an edited cell lineage in F0 crispants.31 We adapted a previ-
ously published strategy to generate F0 knockdown zebrafish lar-
vae31 to generate diverse null alleles via the use of guide RNAs that
targeted three different cut sites on different exons (wherever possi-
ble) on the same target gene to consistently induce gene loss of
function. Multiplexing guide RNAs against the same target gene
was recommended31 to decrease the likelihood that compensatory
mechanisms allow for the production of functional proteins in F0
crispants.103 It has been reported that diversity in null-allele (i.e.,
knockout) organisms experiencing gene knockout may produce
different phenotypes.104,105 In contrast, genetically diverse F0
knockdown animals are posited to provide a reproducible and ro-
bust outcome caused by the absence of the functional protein.31 As
a foundational strategy to ensure data reproducibility, we also
designed a second set of guideRNAs targeting three different sites
in the same target gene. Here, we only report concordant behavior
effects, across both CRISPR sets, as a positive result. We therefore
exclude the possibility of discordant effects that could be explained
by off-target knockdown. This strategy builds confidence in result-
ing data as it a) reduces the possibility of confounding off-target
effects that are unlikely to be present in both sets of disparate
gRNAs that target the same gene, and b) should provoke similar
outcomes across all paired sets. This robust design was hypothe-
sized to reveal the same mechanistic data for both sets of ppar
crispants evaluated in each experiment.

In line with phenotyping experiments showing acute and tran-
sient dark-phase hyperactivity, pparaa/ab, pparda/da, and pparg
were not required for PFOS exposure to evoke dark-phase hyper-
activity. Our results also showed that pparaa/ab or pparg were
dispensable for PFOS exposure to cause developmental perturba-
tion of the behavior circuit that controls the stereotypic VSR2
hyperactivity response. In contrast, based on multiple lines of evi-
dence, we propose that there is a key event relationship that cau-
sally links pparda/db to the downstream VSR2 hyperactivity key
event in a novel AOP for DNT. Key event essentiality was dem-
onstrated with both sets of crispants that experienced pparda/db-
knockdown and following exposure to PFOS and this result was
confirmed in coexposure experiments using a pparda/db-antago-
nist. We observed concordant results in acute and developmental
exposure experiments, the depuration study, and the transcrip-
tomic experiments in zebrafish exposed to PFOS or PFHxS.

Future work should evaluate the hypothesis that PFHxS and other
structurally similar alkyl sulfonic acid PFAS cause VSR hyperac-
tivity via a pparda/db-dependent mechanism.

In mice, PPARd is the most abundant receptor subtype in the
CNS,106 where it is specifically and highly expressed in medium
spiny neurons in the striatum, an area of the brain involved with
motor function.107 In support of a role of PPARd in locomotor
circuits, expression of dominant-negative PPARd in the mouse
CNS was sufficient to induce motor dysfunction.108 Collectively,
this supports a role for ppard in vertebrate locomotion and addi-
tionally suggests that ppard may be involved in the development
of the VSR in zebrafish. Although more information on the num-
ber and cellular distribution of this receptor across species is
needed, we submit that these findings may be relevant for
humans, as the human PPARd and zebrafish pparda/db proteins
share 71%–73% similarity, demonstrating high conservation
between protein structure and putative function.109

DNT studies are typically assessed in Organisation for Economic
Co-operation and Development (OECD) or US EPA guideline stud-
ies.110,111 These guidelines are based on rodent tests that are time con-
suming, costly,112 and ethically questionable such that DNT hazard
information is only available for 110–140 compounds of an estimated
∼ 350,000 registered chemicals and mixtures.113–115 A next-
generation high-throughput in vitro DNT test battery has been
assessed by the European Food Safety Authority, conducted in
human-derived stem-cell models, and captures a range of neurodeve-
lopmentally relevant cellular events.116 From a functional perspec-
tive, the integrated battery117 also includes functional neuronal
activity measurements captured on microelectrode arrays.118,119
However, these in vitro assays, by design, are unable to provide direct
analogs for OECD TG 426 test end points including motor activity,
motor and sensory function, learning and memory, brain morphome-
try, and histopathology analyses.110 The expanded light–dark transi-
tion test reported here includes end points for motor activity and
motor and sensory function (i.e., VSR). When combined with
zebrafish-based NAMs for learning and memory,120 and automated
brain morphometrics,121 which can be evaluated in the same larvae
post behavior, we submit that larval zebrafish behavior tests have the
potential to add value to 3R-compliant DNT testing strategies to ulti-
mately identify chemicals that pose a threat to the developing nervous
systems in humans and other animals.
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