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BACKGROUND: Harmful algal blooms (HABs) produce potent neurotoxins that threaten human health, but current regulations may not be protective of
sensitive populations. Early life exposure to low levels of the HAB toxin domoic acid (DomA) produces long-lasting behavioral deficits in rodent and
primate models; however, the mechanisms involved are unknown. The zebrafish is a powerful in vivo vertebrate model system for exploring cellular
processes during development and thus may help to elucidate mechanisms of DomA developmental neurotoxicity.

OBJECTIVES: We used the zebrafish model to investigate how low doses of DomA affect the developing nervous system, including windows of sus-
ceptibility to DomA exposure, structural and molecular changes in the nervous system, and the link to behavioral alterations.

MEeTtHODS: To identify potential windows of susceptibility, DomA (0.09-0.18 ng) was delivered to zebrafish through caudal vein microinjection during
distinct periods in early neurodevelopment. Following exposure, structural and molecular targets were identified using live imaging of transgenic fish and
RNA sequencing. To assess the functional consequences of exposures, we quantified startle behavior in response to acoustic/vibrational stimuli.

REsuLTS: Larvae exposed to DomA at 2 d postfertilization (dpf), but not at 1 or 4 dpf, showed consistent deficits in startle behavior at 7 dpf, including
lower responsiveness and altered kinematics. Similarly, myelination in the spinal cord was disorganized after exposure at 2 dpf but not 1 or 4 dpf.
Time-lapse imaging revealed disruption of the initial stages of myelination. DomA exposure at 2 dpf down-regulated genes required for maintaining
myelin structure and the axonal cytoskeleton.

Discussion: These results in zebrafish reveal a developmental window of susceptibility to DomA-induced behavioral deficits and identify altered
gene expression and disrupted myelin structure as possible mechanisms. The results establish a zebrafish model for investigating the mechanisms of
developmental DomA toxicity, including effects with potential relevance to exposed sensitive human populations. https://doi.org/10.1289/EHP6652

Introduction

Domoic acid (DomA) is a potent neurotoxin that is produced by
diatoms in the genus Pseudo-nitzschia. DomA exerts its toxicity by
binding to and activating ionotropic glutamate receptors, particu-
larly the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) and kainate (KA) subtypes (Hampson et al. 1992).
Human exposure to DomA occurs primarily through the consump-
tion of contaminated seafood. Acute exposure to high levels of
DomA can lead to a syndrome called amnesic shellfish poisoning,
with symptoms ranging from mild gastrointestinal issues to mem-
ory loss, seizures, coma, and death (Jeffery et al. 2004; Lefebvre
and Robertson 2010; Perl et al. 1990b). To protect adults from
these acute effects, regulatory limits of 20 g DomA /g of shellfish
tissue have been established and are recognized internationally
(Marién 1996; Pulido 2008; Wekell et al. 2004). However, seafood
with measurable levels of DomA below these regulatory limits is
still widely harvested and consumed. Epidemiological research
suggests that chronic exposure to DomA at or below these
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regulatory limits has consequences for learning and memory in
adults (Grattan et al. 2018, 2016). Furthermore, these regulations
may not be sufficiently protective for exposures that occur during
embryonic and early postnatal development when animals are
known to be more sensitive to DomA (Doucette et al. 2004;
Tryphonas et al. 1990; Xi et al. 1997).

Research in animal models has demonstrated that developing
animals can be exposed to DomA through both placental transfer
and lactation. In rats, DomA readily crossed the placenta, making
its way into the fetal brain and accumulating in fetal fluids
(Maucher and Ramsdell 2007). In sea lions (Brodie et al. 2006;
Lefebvre et al. 2018; Scholin et al. 2000) and cynomolgus mon-
keys (Shum et al. 2020), amniotic fluid was shown to serve as a res-
ervoir for DomA, suggesting that fetuses could experience
prolonged exposure to DomA following a single maternal expo-
sure. DomA may also be transferred to breast milk. DomA was
measured in the milk of sea lions consuming DomA-contaminated
prey (Rust et al. 2014). In lactating rats injected with DomA, the
toxin was detectable in both the maternal plasma and the milk, and
persisted in the milk much longer than it did in the plasma
(Maucher and Ramsdell 2005).

Lasting behavioral deficits can occur following either prena-
tal or postnatal exposure to DomA. These behavioral effects
occur even at doses that do not lead to overt signs of toxicity ei-
ther in mothers (in the case of prenatal exposures) or in the
pups themselves (for postnatal exposures). Rodents exposed
prenatally to DomA exhibited aberrant exploratory behaviors
(Levin et al. 2005; Tanemura et al. 2009) subtle motor coordi-
nation deficits (Shiotani et al. 2017), and in some cases deficits
in contextual learning (Shiotani et al. 2017; Tanemura et al.
2009). Rodents exposed postnatally displayed seizures when
exposed to novel environments (Doucette et al. 2004; Perry
et al. 2009) and also had aberrant drug-seeking behaviors as
assessed by nicotine place preference tests (Burt et al. 2008a,
2008Db).
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Although developmental exposure to DomA in rodents can
lead to lasting behavioral deficits (Levin et al. 2006; Shiotani et al.
2017; Tanemura et al. 2009), the cellular and molecular mecha-
nisms underlying these deficits are poorly understood. To elucidate
these mechanisms, we used zebrafish as a model. Zebrafish have
brain structures and sensory-motor pathways that are homologous
to those of humans (Panula et al. 2010; Tropepe and Sive 2003).
Furthermore, the transparency of zebrafish embryos and the avail-
ability of transgenic lines allow us to directly observe critical cellu-
lar processes and structural targets during early development
invivo (Fetcho and Higashijima 2004; Guo 2004; Higashijima et al.
2003; Sumbre and de Polavieja 2014). Moreover, larval zebrafish
have simple behaviors that are driven by well-characterized neural
circuits and comprised of known cell types, allowing us to link
behavior to the underlying structural and cellular targets
(Arrenberg and Driever 2013; Orger and de Polavieja 2017).

The goal of this study was to identify the behavioral, struc-
tural, and transcriptional changes from low-dose exposures to
DomA during critical periods in early development. Using intra-
venous microinjection, we were able to deliver single doses at
specific developmental times that spanned late embryonic [1 d
postfertilization (dpf)] to larval stages (4 dpf). The dosages used
were similar to those causing behavioral effects in developing
rodents (Adams et al. 2008; Bernard et al. 2007; Doucette et al.
2004; Gill et al. 2010; Marriott et al. 2012; Perry et al. 2009;
Tasker et al. 2005), and well below those associated with acute
toxicity in adult humans (Perl et al. 1990a, 1990b).

We investigated whether exposure to DomA during a specific
window in early development leads to disrupted myelination in
the spinal cord and altered gene expression, and their association
with behavioral deficits.

Materials and Methods

Fish Husbandry and Lines Used

These studies were approved by the Woods Hole Oceanographic
Institution Animal Care and Use Committee (Assurance D16-
00381 from the National Institutes of Health Office of Laboratory
Animal Welfare). Fish were maintained in recirculating tank sys-
tems that were specifically designed for zebrafish culture
(Aquatic Habitats Inc.). Temperature, lighting, and water quality
were monitored daily and maintained according to recommenda-
tions from the Zebrafish International Resource Center. Fish were
fed twice daily, once with live brine shrimp and once with the
pellet feed Gemma Micro 300 (Skretting Inc.). The afternoon
before breeding, males and females were separated with a di-
vider. The morning of the breeding, dividers were removed, and
embryo collectors—containers with mesh on the top that let
embryos filter to a catch basin—were placed in tanks with multi-
ple breeding pairs for batch breeding unless otherwise noted.
Embryos were maintained at 28-28.5°C with a 14 h:10 h light—
dark cycle during the experimental period. In experiments where
daily morphological attributes were scored, fish were kept indi-
vidually in 48-well plates; otherwise they were group housed in
6-well plates with 0.3 X Danieau’s medium that was refreshed
daily.

Larvae were not fed during the duration of the study (up to
7 dpf). Behavioral experiments are routinely done on unfed lar-
vae up to 7 dpf (Schneider et al. 2012). Furthermore, lack of feed-
ing through 8 d of larval life has not been shown to affect
subsequent growth or survival of zebrafish through several weeks
of life, suggesting that the lack of feeding through 7 d would not
be a major source of stress for the fish (Hernandez et al. 2018).

The transgenic line Tg(mbp:EGFP-CAAX) in the AB back-
ground was used for acute neurotoxicity, behavioral assays,
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RNA-seq, and myelin labeling experiments. This line was origi-
nally generated by the David Lyon’s lab (Almeida et al. 2011)
and was generously provided by Sarah Kucenas’ lab. The double
transgenic, [Tg(nkx2.2a:mEGFP) x Tg(sox10:RFP)] outcrossed
to the AB background was used for time-lapse microscopy
experiments. This line was a generous gift from Bruce Appel’s
lab (Kirby et al. 2006; Kucenas et al. 2008).

DomA Exposure Paradigm

DomA (5 mg; see the section “Reagents” in the Supplemental
Material) was dissolved directly in the vial with diluted embryo me-
dium (0.2 X Danieau’s) to obtain a 20 mM solution. This was im-
mediately used to generate stock concentrations of 0.675 pg/mL
and 1.4 pg/pL. Aliquots (10 pL each) were stored at —20°C.
Experiments were completed within 19 months of generating the
stock. Working solutions were prepared fresh prior to microinjec-
tion by diluting the stock to obtain the appropriate doses.
Microinjection needles (see the section “Equipment” in the
Supplemental Material) were created from glass capillary tubes
and microinjections were performed to deliver 0.2 nL. per embryo.
To determine the window of susceptibility for exposure at
lower doses, DomA (0.09, 0.13, 0.14, 0.18 ng nominal dose) was
intravenously microinjected into the common posterior cardinal
vein at different developmental stages ranging from 1-4 dpf
(Figure 1A) (Cianciolo Cosentino et al. 2010). Controls from the
same breeding cohort were injected with the saline vehicle (0.2 X
Danieau’s). To perform intravenous microinjections, fish were
manually dechorionated using forceps then anesthetized with tri-
caine methanesulfonate (MS222; 0.10%) and placed laterally on
dishes coated with 1.5% agarose. An injection was deemed
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Figure 1.Experimental setup. (A) Exposure paradigm and end points
assessed during zebrafish development. Domoic acid (DomA) was intrave-
nously microinjected at one developmental time. Arrows indicate the three
developmental time points that were used across all experiments [1, 2, and
4 d postfertilization (dpf)]. Thinner arrowheads represent other developmen-
tal time points at which DomA was injected in selected experiments (1.5,
2.5, and 3 dpf). For each injection category, the associated ranges of injec-
tion times in hours postfertilization (hpf) were: 1 dpf (28-32.5 hpf), 1.5 dpf
(35.5-39 hpf), 2 dpf (47-53 hpf), 2.5 dpf (60-64 hpf), 3 dpf (71-77 hpf),
and 4 dpf (99-105.5 hpf). Mortality, morphological defects, the presence or
absence of convulsions, pectoral flapping, and touch responses were
recorded daily from the day after exposure to 5 dpf. (B) Apparatus used to
assess startle responses to auditory/vibrational stimuli. A speaker with a
bonded platform was sent a 3-ms, 1,000-Hz pulse, which was then delivered
to a 16-well plate. A high-speed camera captured startle responses at 1,000
frames per second. (See the section “Equipment” in the Supplemental
Material.) (C) Sample trace of the bend angle over time as a larva undergoes
startle. Bend angle is estimated by measuring the changes in angles between
three line segments that outline the larvae.
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successful if there was a visible displacement of blood cells.
Incorrectly injected fish (evidenced by morphological defects
such as yolk punctures) were immediately removed from the
study. The specific doses, injection times, and numbers of fish
used in each experiment are indicated in the figure legends and
associated tables and summarized in Table S1.

Assessment of Acute Neurotoxic and Morphological
Phenotypes Associated with Developmental Exposure to
DomA

Fish were imaged using brightfield microscopy to visualize
potential gross morphological defects. The presence or absence
of the swim bladder at 5-7 dpf was scored blindly, and then the
percentage was quantified for fish exposed to DomA at different
doses and during different developmental stages. Images were
white balance—corrected using Adobe Photoshop.

To analyze morphological defects and acute neurotoxicity,
fish were kept individually in 48-well plates for phenotypic ob-
servation. Mortality, the presence or absence of convulsions, pec-
toral flapping, and touch responses were recorded daily from the
day after exposure to 5 dpf. Larvae were considered convulsing
when whole body contractions were observed. Pectoral fin flap-
ping was scored when larvae continued to rapidly move pectoral
fins even when the fish were not active. Touch responses were
assessed using a tactile stimulus produced by an embryo poker—
a piece of fishing line (0.41-mm diameter). Larvae were identi-
fied as having no touch response when they were unable swim
away following tactile stimulation.

Modeling the Prevalence of Neurotoxic Phenotypes by Dose,
Day of Exposure, and Day of Observation

Following daily observation, generalized estimating equations
(GEEs) were used to model the effects of both DomA dose (as a
continuous factor) and the number of days postexposure (categor-
ical factor) on the prevalence of acute neurological phenotypes
[presence of convulsions or pectoral fin flapping (combined),
lack of touch responses] within a trial [gee(); geepack R package]
(version 3.6.1; R Development Core Team) (Hgjsgaard et al.
2006). Observations of the same group of fish over multiple days
were treated as repeated measures.

There were only single observations for fish exposed at 4 dpf
(observed at 5 dpf). To determine whether DomA dose alters the
presence of neurotoxic phenotypes 1 d postexposure, a generalized
linear model was formulated containing the different doses as pre-
dictors, and the prevalence of phenotypes within the treatment
group as the response. To account for variability amongst trials,
dispersion was estimated using the quasibinomial link function.

Startle Behavior Setup and Assessment (7 dpf)

The custom-built startle behavior setup (see the section
“Equipment” in the Supplemental Material) is shown in Figure 1B.
A speaker was connected to an amplifier, which served as a source
of auditory/vibrational (A/V) stimuli. A hollow cylinder with a flat
base was glued to the center of the speaker, and served as a platform
to rest the plate that contained the fish (radius=250 mm,
height =50 mm). A 16-well acrylic plate (4.83 X 4.83 cm) housed
16 larvae individually (Wolman et al. 2011). The intensity and fre-
quency of the A/V stimuli were controlled using a pulse generator.
Stimuli were coded to deliver 3-ms pulses of 1,000 Hz frequency
(Matlab File 1).

Larvae were transferred to a light box beside the behavioral
arena at least 5 min prior to testing. To assess startle, groups of
16 larvae (7 dpf) were given 7 identical stimuli (41 dB) that were
spaced 20 s apart to prevent habituation (Wolman et al. 2011). A
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high-speed video camera (Edgertronic) was set at a 10% pre-
trigger rate to capture 13 frames prior to the stimulus being eli-
cited, while recording larval movements at 1,000 frames per
second.

All exposed larvae, including those with uninflated swim
bladders, were tested. Any fish with overt morphological defects
(those with opaque brains or with widespread edema) were
excluded from the analysis.

Measuring startle vibration. Vibration was measured using a
3-axis accelerometer. The output signal was first conditioned and
then passed through an analog filter using a 10-kHz low-pass cut-
off frequency and 30 dB gain. Finally, the signal was collected by
a data acquisition board. Raw voltage data were converted into
acceleration units (meters per second squared) using manufac-
turer sensitivity values for each axis of the accelerometer. The
Euclidian norm (vector sum) for the three acceleration signals
was calculated to get the total acceleration. Individual peaks were
identified, and metrics were calculated for the time window
between 9 ms prior to the peak to 50 ms after. The maximum
value (peak) during each time window was taken as the zero-to-
peak acceleration value for a given impulse, and this value was
converted to dB using the following equation:

L,y =20x1og;,(x),

where L. is the zero-to-peak acceleration level in dB re 1 m/ s,
and x is the maximum acceleration level (of the Euclidian norm)
over the peak analysis window.

Startle Behavioral Analysis

High-speed videos were converted into JPEGs (.mov files with a
minimal resolution of 720 x 720 pixels) (Matlab File 2). To
reduce the noise and tracking errors, the background was sub-
tracted, and the image contrast was enhanced using a custom
script in MATLAB (Matlab File 3). Flote software was then used
to analyze the JPEGs (Burgess and Granato 2007). Quantitative
attributes of the startle response measured include startle respon-
siveness (whether larvae responded or not), latency (delay time
prior to startle), maximal bend angle, and maximal angular veloc-
ity (Mav) during startle. The identities of individual larvae across
the multiple stimuli were distinguished based on their position on
a grid.

Statistical Modeling of Startle Responsiveness

Every fish was given seven replicate A/V stimuli, spaced 20 ms apart.
For all instances where a fish was successfully tracked, response rates
were recorded. Percent response rates for individual fish were
calculated (percentage responsiveness =number of times the
fish responded/number of successfully tracked videos with a
maximum of seven tracks per individual fish). A mixed-effects
logistic regression model was used to identify treatment differen-
ces in percent responsiveness, with dose as a fixed effect and the
population of exposed fish (those exposed during a specific ex-
perimental trial) as a random effect [glmer(); Ime4 R package]
(Bates et al. 2015). A Dunnett post hoc test was used to identify
potential treatment differences in responsiveness [glht(); mult-
comp R package] (Hothorn et al. 2008).

Identifying short latency C-bend vs. long latency C-bend
Responses Using Mixture Models

For fish that responded, startle responses were classified as either
short latency C-bends (SLCs) or long latency C-bends (LLCs).
Latency cutoffs have been known to vary based on environmental
conditions such as temperature (Burgess and Granato 2007). To
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empirically determine the latency cutoffs, clustering was done
using a Gaussian mixture model, which fits two Gaussian distri-
butions, and assigns each latency data point a probability of
belonging to either of the two distributions (R package, mixtools)
(Benaglia et al. 2009). The cutoff for assigning a response as an
SLC was 13 ms—the latency with a greater than 50% probability
of belonging to the first fitted Gaussian distribution (Figure S1).
Startle responses with latencies greater than 13 ms were classified
as LLCs.

Analysis of Treatment Differences in Startle Response
Kinematics

There were several instances when individual fish performed a
combination of LLC and SLC responses over the seven replicate
stimuli. Kinematic responses from the two types of startle
responses (SLC vs. LLC) were analyzed separately based on previ-
ous research that shows they are driven by different neural circuits
and have distinct kinematic characteristics (Burgess and Granato
2007; Marsden and Granato 2015; O’Malley et al. 1996).
Following this classification, the median response of individual
fish for each startle type was then used to identity treatment-
specific differences in kinematics. The median response was ana-
lyzed in order to address potential outliers in the data that result
from fish that were incorrectly tracked or were performing sponta-
neous movements unrelated to startle.

Normality and variance homogeneity were tested using the
Shapiro-Wilk method [shapiro.test(), R] and Bartlett’s test [bart-
lett.test(), R], respectively. Kinematic data (bend angle, maxi-
mum angular velocity) showed departures from normality and
had unequal variances. To account for this, we used nonparamet-
ric tests to determine whether fish exposed to various doses of
DomA at different developmental periods had altered bend angles
and Mavs.

Kinematic data from fish exposed to DomA at different devel-
opment days and during different experimental trials were ana-
lyzed separately. For trials that contained a single dose of DomA,
nonparametric Behrens-Fisher 7-tests were used to test the alterna-
tive hypothesis that kinematics of fish exposed to DomA were dif-
ferent from their control counterparts [npar.t.test(); nparcomp
package, R] (Konietschke et al. 2015). For trials that contained
multiple doses, we used a nonparametric multiple comparison pro-
cedure with Dunnett-type contrasts to compare each of the doses to
the control [nparcomp(); nonparam package, R] (Konietschke et al.
2015; Munzel and Hothorn 2001). Both the nonparametric
Behrens-Fisher ¢-tests and the nonparametric multiple comparison
procedure with Dunnett-type contrasts compute relative effects,
which range from O to 1. Under the null hypothesis, the relative
effect size is 0.5, which represents a 50% probability (an equal
probability) that the treated fish has a value greater than the control
fish, whereas values closer to 0 indicate a higher probability that
the measured kinematic parameter in the treated group has a
smaller value than the control. After analysis of the individual tri-
als, the responses of individual fish from different trials were then
graphed together, with the fraction above each treatment (by day
injected and dose) corresponding to the number of trials that
showed statistically significant results.

Startle Kinematic Analysis for Interaction Effects between
Dose and Day of Exposure

We directly tested whether there was an interaction between dose
and day injected by analyzing a subset of trials that had fish that
were collected from the same breeding cohort at 0 dpf and then
exposed to DomA at different developmental days (1, 2, or 4
dpf). We assessed the kinematics of LLC startles because these
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responses were shown by the previous analysis to be more sensi-
tive to treatment differences.

Either a two-factor analysis of variance (ANOVA) or an
aligned ranked transformed ANOVA test was done to determine
whether there was an interaction between dose (0 vs. 0.09 ng, or
in a separate analysis, O vs. 0.13ng DomA) and day of exposure
(1, 2, or 4 dpf) on startle kinematics [aov(), base R stats package
art(); ARTool R package] (version 3.6.1; R Development Core
Team) (Wobbrock et al. 2011).

An aligned ranked transformed ANOV A rather than a two-way
ANOVA was used when there was heterogeneity of variance
between treatment groups [assessed using Levene’s test,
leveneTest()], and model residuals from the two-factor ANOVA
test were not normally distributed [assessed using the Shapiro
test, shapiro.test(); base R base stats package] (Fox and Weisberg
2018).

Following the two-way ANOVA, Tukey’s post hoc test was
done to identify significant differences in kinematics between dif-
ferent treatment groups. Conversely, following aligned ranked
transformed ANOVA, difference-of-difference contrast tests were
performed to determine whether day of exposure affected
the extent of kinematic differences between control and DomA-
exposed fish. Nonparametric Mann-Whitney U tests were also
employed to test for treatment differences within a specific day of
exposure (e.g., comparing control with DomA-exposed fish
injected at 1 dpf). The Holm-Bonferroni method was used to cor-
rect for multiple comparisons [testContrasts(); Phia R package]
(Rosario-Martinez and Fox 2015).

Assessment of Startle Kinematics in Fish with Different
Morphological Traits

To assess the effect of morphological phenotypes on startle kine-
matics, we reanalyzed a subset of trials in which fish were
exposed to 0.14ng of DomA at 2 dpf (3 trials). Morphological
attributes (presence vs. absence of an inflated swim bladder; bent
vs. straight body axis) were identified for individual fish from the
kinematics videos. These morphological attributes were then
matched to previously calculated startle kinematic measurements
(outlined in the startle behavioral analysis section). A nonpara-
metric multiple comparison procedure with Dunnett-type con-
trasts was used to determine whether DomA-exposed fish with
different morphological attributes were different from control fish
with control-like phenotypes—fish with inflated swim bladders
and straight body axes [nparcomp(); nonparam package, R]
(Konietschke et al. 2015; Munzel and Hothorn 2001).

Fluorescence Microscopy

Fluorescence microscopy was used to image transgenic fish (see
below). Fish were anesthetized in MS222 (0.16%) and then
imaged using either widefield epifluorescence microscopy or con-
focal microscopy. For images collected on the confocal micro-
scope, fish were mounted laterally in 1.5% low-melt agarose and
imaged using the confocal microscope with the 40 X water objec-
tive [numerical aperture (NA)=1.1]. Images were taken along
the anterior spinal cord in the region around the 5th and 10th
somites.

For rapid imaging on the widefield epifluorescence micro-
scope, fish were oriented into custom-made acrylic molds that
contained narrow channels; anesthetized larvae were positioned
laterally using the embryo poker. Fish were imaged using an
inverted epifluorescence microscope with either a 20X (Fluar,
NA =0.75) or a 10x (Fluar, NA =0.5) objective. Images were
taken along the anterior to medial spinal cord between somites 5
and 15.
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Analysis of the Prevalence and Severity of Myelin
Phenotypes by Dose and Day of Exposure

Tg(mbp:EGFP-CAAX) is a stable line in which EGFP is localized
to myelin sheaths (Almeida et al. 2011). We exposed Tg(mbp:
EGFP-CAAX) fish to different doses of DomA at selected devel-
opmental times (Figure 1A) and then imaged their spinal cords
using fluorescence microscopy.

We first assessed myelin defects at 5- to 7-dpf in fish exposed to
intermediate doses (0.13-0.14 ng) of DomA at 1, 2, and 4 dpf. Once
we determined that exposure to 0.14 ng DomA at 2 dpf resulted in
myelin defects, we then sought to narrow the defined window of sus-
ceptibility by assessing myelin integrity following exposures at 1, 2,
2.5, 3, and 4 dpf. We further tested a more extensive range of doses of
DomA (0.09, 0.13,0.14, and 0.18 ng) with exposure at 2 dpf.

Images were blindly classified qualitatively into Categories 0—
5 based on the severity in the myelin defects observed (Figure S2).
The categories and descriptions were as follows: (0) Normal phe-
notype—dorsal and ventral regions had labeled myelin sheaths.
The myelin sheath surrounding the Mauthner axon was visible. (1)
Myelin sheaths were present but disorganized. In some cases, my-
elinated axons that were normally found ventrally were located
more dorsally. In others, the myelinated axons terminated prema-
turely with distal ends located more dorsally. (2) Myelin was la-
beled in both the dorsal and ventral regions of the spinal cord, but
there were some deficits. Although the ventral spinal cord was la-
beled, it had noticeably less myelin labeled compared with con-
trols. (3) The loss of labeled myelin in the ventral spinal cord
resulted in large, observable gaps between myelinated axons. (4)
Myelin was essentially nonexistent in the ventral spinal cord.
Instead of sheaths forming, numerous hollow circular profiles were
present both in the ventral and dorsal spinal cord. (5) Visible
sloughed off portions of myelin were defined by a rough-looking
appearance and being separated from the thin elongated sheaths.

Multinomial logistic regression was used to model the effect of
both dose and day injected on the distribution of the myelin severity
phenotypes [multinom(); nnet R package] (Venables and Ripley 2002).

The overall significance of the dose and development day of
exposures was obtained by performing a drop-in-deviance test to
compare residual deviances from two multinomial logistic regres-
sion models. Model 1 included the dose of DomA as a predictor of
the distribution of myelin phenotypes: B, + Bgose- Model 2 incor-
porated both dose and day of exposure: B+ Byose + BpayExposure: A
drop-in-deviance test was then used to determine whether the
more complex Model 2 was significantly better at capturing the
data than the initial simpler one [ANOVA (initial model, first al-
ternative model), car package, R] (Fox and Weisberg 2018).

Multinomial logistic regression models were constructed to
identify the effects of increasing doses of DomA injected at 2 dpf
on the distribution of these myelin phenotypes.

Time-Lapse Microscopy

Tg(nkx2.2a:mEGFP) X Tg(sox10:RFP) embryos were exposed to
DomA (0.14ng; n=06) or the vehicle saline (n=35) at 2 dpf. At
approximately 2.25 dpf, they were anesthetized and mounted in
1.5% low-melt agarose. Images were acquired on the LSM710
using the 20 X dry (Plan-Apochromat 20 X /0.8) objective. Z-stacks
were acquired every 9-13 min over the course of 12—13 h. For each
embryo observed, maximum intensity projections of the z-stacks
were then generated and compiled over time to generate the movie
file (ZEN blue, ZEN black imaging software, Zeiss Microscopy).

Experimental Design for RNA-seq

Three individual breeding tanks were set up with two male and
one female Tg(mbp:EGFP-CAAX) adults per tank. Embryos
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collected from each tank were split so that some were injected
with DomA (0.14 ng) and others with the saline vehicle control.
The dose (0.14 ng) was chosen because the previous experiments
showed that exposure to this dose led to consistent behavioral
and structural phenotypes without leading to other broad-scale
neurotoxic effects. Stratified random sampling was employed by
selecting embryos randomly within three 15-min injection blocks,
with injections taking place over a 2-h span. This was to ensure
that there would be no potential confounding from the timing of
injections over the 2-h time span. Pools of six embryos from each
of the three breeding sets were collected for RNA sequencing
(RNA-seq; n=3 pools of six embryos per treatment) at 3 dpf (76
hpf). The remaining fish were used for imaging myelin at 5 dpf
and for assessing startle behavior at 7 dpf (see below). At the end
of the behavioral trial, a subset (3 pools of 6 larvae per treatment)
of the fish was snap frozen at 7 dpf (124 hpf) for RNA-seq. Two
DomA-exposed embryos were excluded from the RNA-seq
experiment because these larvae has no visible acute phenotypes
immediately postinjection (at 2 dpf) and showed no myelin
defects at 5 dpf.

To ensure effectiveness of the exposure, exposed fish were
imaged to visualize myelin structure at 5 dpf and then subjected
to behavioral tests (startle response) at 7 dpf. Phenotypic analysis
thus validated the use of RNA-seq to identify potential transcrip-
tional changes from exposures.

RNA Isolation and Sequencing

RNA was isolated using the Zymo Direct-Zol kit (ZymoResearch)
and quantified using a Nanodrop spectrophotometer. RNA quality
was checked using the Bioanalyzer (Harvard Biopolymers
Facility, Cambridge, MA). RNA integrity numbers were >8.2.
Library preparation for single stranded RNA-seq was done using
the Illumina TruSeq total RNA library kit. Single-end 50 base pair
sequencing was done on an Illumina HiSeq2000 platform. Library
preparation and sequencing were performed at the Tufts University
Core Facility (Boston, MA). Raw data files were assessed for quality
using FastQC (Andrews 2010). Adapter trimming was done using
Trimmomatic (Bolger et al. 2014). Trimmed reads were aligned to
the genome (GRCzl0, version 84) using Spliced Transcripts
Alignment to a Reference (STAR) software (Dobin et al. 2013).
HTSeq-count was used to count the number of reads mapped to the
annotated regions of the genome (Anders et al. 2015). Differential
gene expression (DGE) analysis was done using Bioconductor
package, edgeR, following the DGE analysis pipeline of Chen (Chen
et al. 2016; Robinson et al. 2010). Raw and processed data files were
deposited in National Center for Biotechnology Information Gene
Expression Omnibus database (accession no. GSE140045).

DGE analysis involved filtering genes with read counts less
than 10/n, where n is the minimal library size, and then normal-
izing read counts. Negative binomial models were used to
account for gene-specific variability from biological and techni-
cal sources. Multidimensional scaling (MDS) plots were used
to visualize the leading fold changes (largest 500 log, fold
changes) between pairs of samples. False discovery rate of 5%
[Benjamini-Hochberg method (Benjamini and Hochberg 1995)]
was used as a statistical cutoff for identifying differentially
expressed genes. Gene annotation was done using BioMart with
GRCzl11. gProfiler (version r1750_e91_eg38) was then used to
identify enriched Gene Ontology (GO) terms and human pheno-
type ontology terms (Kohler et al. 2019; Reimand et al. 2016).
GO terms with evidence only from in silico curation methods
were excluded from the enrichment analysis and a statistical
significance level of <0.05 (adjusted p-value using the g:SCS
threshold) was used.
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Results

To elucidate the developmental windows of susceptibility to
DomA and explore the mechanisms involved, we established a
zebrafish exposure model involving intravenous injection of
DomA into embryos or larvae at discrete developmental periods
ranging from 1 and 4 dpf. The molecular, cellular, and behavioral
end points were assessed at later times (3—7 dpf) (Figure 1A).

Gross Morphological Effects from Developmental Exposure
to DomA

We initially examined acute effects resulting from DomA exposure
over a range of doses. A majority of the larvae exposed to DomA at
2 dpf did not have inflated swim bladders at 5 dpf (Figure S3A,B;
Table S2). Furthermore, some larvae injected at 4 dpf with the high-
est dose of DomA (0.18 ng) had brains with a darkened appearance.
These opaque brains were signs of widespread apoptosis or necrosis,
suggesting that this dose could lead to widespread neurotoxicity
(Table S3). Based on this, DomA doses of 0.14 ng or lower were pri-
marily used for imaging and gene expression analyses.

Acute Neurotoxic Phenotypes Associated with
Developmental Exposure to DomA

Injection of DomA at low doses (0.09-0.14 ng) caused transient,
acute effects that included the loss of touch responsiveness, pec-
toral flapping, and convulsions (Figure S3C,D; Tables S5-S9).
These resolved within 1 d of exposure and did not lead to appre-
ciable mortality (Table S4). Specifically, the percent of fish dis-
playing touch responsiveness/response was significantly lower in
the DomA-treated fish exposed at 1 and 2 dpf (0.09-0.18 ng)
compared with their respective controls (Figure S3C; Tables S5,
S6, and S8). The prevalence of this phenotype increased with the
dose of DomA (p=1.54 x 1078 for 1 dpf injected; p=9.4x 10~
for 2 dpf), but was transient, dropping significantly after the first
day postexposure (p =0.0028 for 1 dpf, p=75.9x 107 for 2 dpf).
In contrast, for exposures at 4 dpf, no fish exposed to DomA
doses <0.14 ng exhibited any touch response deficits and nearly
all of the fish with touch response deficits were in the group
exposed to the highest DomA dose (0.18 ng) (Table S7).

Similarly, fish exposed to DomA at both 1 and 2 dpf (but not at
4 dpf) had a dose-dependent increase in the prevalence of convul-
sions or pectoral fin flapping (»p =0.0001 for 1 dpf-exposed fish,
p=3.9% 107 for 2 dpf-exposed fish) (Figure S3D; Tables S5-S7
and S9). This phenotype was also transient, dropping significantly
after 1-2 d postexposure (p =0.001 for 1 dpf-exposed fish compar-
ing prevalence at 3 d postexposure to a day after exposure,
p=2.2x107 for 2 dpf-exposed fish comparing prevalence 2 d
postexposure to a day after exposure) (Figure S3D; Tables S5 and
S9). Although fish exposed to DomA at both 1 and 2 dpf exhibited
convulsions or pectoral fin flapping, 2 dpf-exposed fish exhibited
these acute neurotoxic phenotypes at higher proportions, especially
at the higher doses (0.14-0.18 ng) (Tables S5, S6, and S9).

Startle Responsiveness to A/V Stimuli after Developmental
Exposure to DomA

We assessed the functional impact of developmental DomA ex-
posure by measuring startle response behavior during the larval
stage (7 dpf) of development. We first assessed responsiveness—
the ability of fish to react to A/V stimuli. Fish exposed to DomA
at 2 dpf were significantly less responsive to A/V stimuli at all
doses tested (0.09-0.18ng) (p <0.001) compared with controls
(Figure 2; Table S10). In contrast, fish exposed to DomA at 1 dpf
were less responsive only when exposed to doses >0.13ng
(p £0.001), whereas those exposed to DomA at 4 dpf were sig-
nificantly less responsive only when exposed to the highest dose
(0.18 ng) tested (p < 1 x 1074).

Startle Response Kinematics after DomA Exposure

During the larval startle response, larvae perform a distinctive C-
bend as the head and body bend together at a high angular velocity
(Figure 1C; Video S1). Kinematics that underlie this C-bend include
bend angle and Mav. We evaluated kinematics for the two types of
startle responses: SLC and LLC startle responses (Figure S1).
Exposure to DomA at 2 dpf led to consistent kinematic defi-
cits at all doses tested and in all experimental trials (Figures 3
and 4; Tables S11-S13). Fish exposed to DomA at 2 dpf had
both smaller bend angles and slower Mavs relative to vehicle-
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Figure 2. Startle responsiveness in zebrafish exposed to domoic acid (DomA) at 1, 2, and 4 d postfertilization (dpf). Fish were exposed to different doses of DomA
at (A) 1 dpf, (B) 2 dpf, or (C) 4 dpf, and startle responses were measured at 7 dpf. Points represent the percentage response of individual fish to replicate stimuli.
Ratios listed above represent the number of fish that responded to 100% of the stimuli over the total number of fish tested per treatment group. Violin plots are over-
laid to show kernel density distribution of the data. Significance was determined with post hoc pairwise Dunnett comparisons following binomial modeling of percent-
age responsiveness. p-Values indicate significant differences in responsiveness in DomA-exposed larvae compared with controls injected with saline during the same
developmental time period (*, p < 0.05; ™, p <0.005). Responsiveness data from nine trials were combined. See Table S10 for data.
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Figure 3. Kinematics for short latency C-bend (SLC) startles in zebrafish exposed to domoic acid (DomA) at 1, 2, and 4 d postfertilization (dpf). Fish were
exposed to different doses of DomA at (A,D) 1 dpf, (B,E) 2 dpf, and (C,F) 4 dpf, and startle responses were measured at 7 dpf. SLC startle responses were
characterized by (A—C) bend angle and (D-F) maximal angular velocity. Each point represents the median of up to seven responses for an individual fish. Box
plots show the group medians, upper 75% quantiles, and lower 25% quantiles. Significance was determined using Behrens-Fisher 7-tests (for trials with one
DomA dose) or using nonparametric multiple comparison procedures with Dunnett-type contrasts (for trials with multiple DomA doses). Asterisks represent
statistical significance between DomA and controls within a single trial (*, p<0.05; - p <.001). The numbers shown above each column represent the number
of trials with statistically significant treatment effects/the total number of trials conducted. Tables S11, S14, and S16 contain the results from the statistical anal-

ysis for 2 dpf-, 1 dpf-, and 4 dpf-injected fish, respectively. Table S13 includes medians and interquartile ranges for 2 dpf-injected fish.

injected controls; these behavioral deficits were evident with both
SLC (Figure 3; Tables S11, S13) and LLC startle responses
(Figure 4; Tables S12 and S13).

In contrast to exposure at 2 dpf, exposure at 1 and 4 dpf to the
lowest dose of DomA tested (0.09 ng) did not lead to any kinematic
deficits for either type of startle (SLC or LLC) (Figures 3 and 4;
Tables S14 and S15). At higher doses (0.13-0.18 ng), exposure to
DomA at 1 dpf led to kinematic deficits that differed by startle
response type. Fish exposed to DomA (>0.13ng) at 1 dpf had
smaller bend angles and slower Mavs, particularly when they per-
formed the LLC startle responses (Figure 4). These fish also had sig-
nificant kinematic deficits when performing the SLC responses, but
this was primarily in smaller bend angles rather than slower Mavs
(Figure 3; Table S15). Exposures to DomA at 4 dpf did not result in
consistent effects on kinematics (Figures 3 and 4; Tables S16 and
S17). Thus, although exposures to DomA at all developmental
stages tested (1, 2, and 4 dpf) resulted in some kinematic deficits at
higher doses, only those at 2 dpf consistently led to kinematic defi-
cits in all trials and across the entire range of doses tested.

We then directly compared the effect of both dose and day of
exposure on LLC startle kinematics using trials in which fish from
the same breeding cohort were exposed to DomA at 1, 2, and 4 dpf.

At the lowest dose of DomA (0.09 ng), startle kinematic pa-
rameters were significantly influenced by the interaction between
treatment and day of exposure for bend angle [F(2,520) =21.6,
p=1x10"] and for Mav [F(2,520)=14.7, p=6.2x107]
(Figure S4A,C). Treatment effects from exposure to DomA at 2
dpf were distinct from treatment effects from exposures at 1 dpf
(p=8.7x107%) or 4 dpf (p=8.7x 107%). Although fish exposed
to DomA at 2 dpf had significantly lower Mavs (p=1< x 107'0)
and smaller bend angles (p=5.91x 107!'") compared with their
control counterparts, those exposed at 1 dpf and at 4 dpf had

Environmental Health Perspectives

117002-7

indistinguishable bend angles (1 dpf: p=0.97, 4 dpf: p=0.79),
and Mavs (1 dpf: p=0.97, 4 dpf: p=0.99) compared with their
controls. Thus, at the lowest doses of DomA (0.09 ng), exposure
at 2 dpf led to distinct kinematic deficits that were not found
when exposures occurred 1 or 4 dpf.

With exposure to the intermediate doses of DomA
(0.13-0.14 ng), the interaction between treatment and day of expo-
sure remained significant for both bend angle [F(2,474)=23.0,
p=3x10"1" and Mav [F(2,474)=19.2, p=9.2x 10~°] (Figure
S4B,D). Similar to the results with the lowest dose of DomA, expo-
sure to 0.13 ng DomA at 2 dpfled to significant kinematic deficits rel-
ative to exposures at 1 dpf (p = 4.4 x 107°) and at 4 dpf (p < 0.0001).
In addition, fish exposed to intermediate doses of DomA at 1 dpf had
smaller bend angles and slower maximum angular velocities relative
to their control counterparts (bend angle: p = 0.002, Mav: p =0.008).
However, these deficits were less pronounced compared with those
that occur after exposure at 2 dpf (bend angle comparison estimate for
treatment effects between 1and2dpf=-141) [(p=4.4X 107%);
Mav comparison of DomA-exposed fish at 2 vs. 1 dpf (p < 1 x 10719)].
Thus, at medium doses of DomA, exposure at 1 dpf led to significant
kinematic deficits. However, these were still less severe than when ex-
posure occurred at 2 dpf.

Startle kinematics were determined for all exposed fish, includ-
ing those with uninflated swim bladders. To address the possibility
that the startle response deficits observed at 2 dpf were due only to
morphological defects (uninflated swim bladders or bent body
axes in a subset of fish with uninflated swim bladders), we reana-
lyzed three trials in which fish were exposed to 0.14 ng of DomA at
2 dpf—the treatment combination that led to pronounced behav-
ioral deficits. DomA-exposed fish with uninflated swim bladders
had more pronounced kinematic deficits that those with inflated
swim bladders (estimated relative effect size of 0.042 vs. 0.094)
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Figure 4. Kinematics for long latency C-bend (LLC) startles in zebrafish exposed to domoic acid (DomA) at 1, 2, and 4 d postfertilization (dpf). Fish were
exposed to different doses of DomA at (A,D) 1 dpf, (B,E) 2 dpf, and (C,F) 4 dpf, and startle responses were measured at 7 dpf. LLC startle responses were
characterized by (A—C) bend angle and (D-F) maximal angular velocity. Each point represents the median of up to seven responses for an individual fish. Box
plots show the group medians, upper 75% quantiles, and lower 25% quantiles. Significance was determined using Behrens-Fisher #-tests (for trials with one
DomA dose) or using nonparametric multiple comparison procedures with Dunnett-type contrasts (for trials with multiple DomA doses), Asterisks represent
statistical significance between DomA and controls within a single trial. (*, p<0.05; = p <.001). The numbers shown above each column represent the num-
ber of trials with statistically significant treatment effects/the total number of trials conducted. Tables S12, S15, and S17 contain the results from the statistical
analysis for 2 dpf-, 1 dpf-, and 4 dpf-injected fish, respectively. Table S13 includes medians and interquartile ranges for 2 dpf-injected fish.

(Figure S5A,B; Table S18). This was also true for DomA-exposed
fish with bent body axes vs. those that had straight body axes
(Figure S5C,D; Table S19). Nonetheless, DomA-exposed fish with
normal morphologies (fully inflated swim bladders and straight
body axes) still had kinematic deficits compared with control fish
(Figure S5; Tables S18 and S19).

Moyelination in the Spinal Cord after DomA Exposure

Startle response deficits could arise from myelin defects. Proper
myelination in the spinal cord is critical for rapid startle responses,
and mutations that disrupt myelin structure cause lower angular
velocities, shallower bend angles, and longer startle latencies
(Pogoda et al. 2006). To determine whether disrupted myelination
underlies the DomA-induced deficits in startle response, we
exposed fish with labeled myelin sheaths [Tg(mbp:EGFP-CAAX)]
(Almeida et al. 2011) to a range of DomA doses and then assessed
spinal cord myelination during the larval stages (Figure 5A).
Exposed fish were imaged at 5 dpf using confocal microscopy
(Figure 5B). The severity of myelin defects was scored blindly
on the scale of 04 (Figure 5D; Figure S2). Exposure to DomA
caused myelin sheath defects, with the prevalence and severity
influenced by day of exposure (Figure 5B,C; Table S20). Fish
exposed to DomA at 1 dpf had no visible myelin defects (n=31).
In contrast, 32% of fish exposed at 1.5 dpf had visible myelin
defects (n=11 of 34). Defects included the overall reduction in
labeled myelin, along with the appearance of unusual circular
membranes (Figure 5B). The majority of fish (91%) exposed at
2 dpf showed myelin defects (n =96 of 106). The prevalence of
these defects remained high for fish exposed at 2.5 dpf, with 35
of 40 (88%) exhibiting a myelin defect. However, these myelin
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phenotypes were less severe, with 2.5 dpf-exposed larvae having
milder myelin sheath defects compared with those exposed to
2 dpf. In comparison, very few fish exposed to DomA at 4 dpf
had disrupted myelin sheaths (n =2 out of 46).

Confocal imaging data suggested that fish exposed at 2 dpf
had more severe and more prevalent myelin defects compared
with those exposed to DomA at other developmental periods. To
confirm this, we performed additional experiments in which fish
were exposed to DomA (at various doses and times) and then
imaged at 5 dpf using widefield epifluorescence microscopy
(Figure 6; Tables S21 and S22). This provided the higher
throughput to statistically model the effects of DomA dose and
the timing of exposure on the distribution and prevalence of the
observed myelin sheath defects.

To determine whether the day of exposure influenced the
appearance and prevalence of myelin defects, we performed a
drop-in-deviance test to compare an initial model, with only
DomA dose as the predictor, to an alternative model with both
dose and day of exposure as predictors. Incorporating the day of
exposure significantly improved the model’s predictive power
(p < 1x1071%), indicating that timing of DomA exposure influ-
enced myelin deficits (Table S23).

We then determined whether DomA exposures (0.14 ng) that
occurred during particular periods in development led to a higher
prevalence of specific myelin defects at 5 dpf. We found that the
odds of fish exhibiting myelin defects (those from Categories
1-4) were higher when exposures occurred at 2 dpf, relative to
exposures that occurred at any other developmental period tested
(1, 2.5, 3, and 4 dpf) (Table S24; p< 1 X 1077 for 2 dpf exposed).
Conversely, the odds of fish exhibiting a Category-5 myelin
defect were higher when fish were exposed later in development
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Figure 5. Confocal imaging of myelin sheath structures of zebrafish exposed to domoic acid (DomA) at different developmental days (A) Tg(mbp:EGFP-
CAAX) fish were used to visualize labeled myelin sheaths. (B) Representative images of fish exposed to DomA (0.13-0.14 ng) during discrete periods in early
development [1-4 d postfertilization (dpf)], then imaged at 5 dpf using confocal microscopy. Arrows indicate the unusual circular membrane profiles. (C)
Stacked bar plots show the distribution of the different myelin phenotypes when fish were exposed to DomA at discrete developmental times. Multiple trials
were combined to calculate the percentage distribution per phenotype observed. (D) Representative confocal microscopy images of different myelin phenotypes
that were observed. Each fish was blindly classified and assigned a category based on the severity of the myelin deficit observed. The scoring was as described
in detail in Figure S2. Briefly, the classification was as follows: (0) normal phenotype, (1) myelin sheaths present but disorganized, (2) myelin with noticeable
deficits, (3) myelin gaps in ventral spinal cord, and (4) myelin sheaths lacking in ventral spinal cord. Scale bar: 50 pm (Figure 5B) and 100 pm (Figure 5D).

Table S20 includes the number of trials represented along with the associated numbers of fish per trial.

(2.5-4 dpf) However, this phenotype was not prevalent, even at
these later periods (Figure 6; Table S24).

To determine whether the myelin phenotypes observed at 5 dpf
persist, fish were also imaged at 6 and 7 dpf (Figure 7; Tables S25—
S28). Similar to imaging at 5 dpf, fish exposed to DomA at 2 dpf
and then imaged at 6 or 7 dpf had a significantly higher incidence
of myelin defects compared with control fish (Table S29).
Furthermore, the higher the dose of DomA (delivered at 2 dpf), the
more likely it was for the fish to exhibit all of the myelin pheno-
types observed (Figure 7A,B; Tables S26, S28, and S29).

Effects of DomA on the Initial Stages of Myelin Sheath
Formation as Revealed by Time-Lapse Imaging

We observed very few myelination defects or behavioral pheno-
types in larvae exposed to DomA at 4 dpf, a time point after the
onset of myelination. We hypothesized that, rather than affecting
established sheaths, DomA is perturbing the formation of nascent
myelin. To test this hypothesis, we imaged fish exposed to DomA
at 2 dpf either during the initial stages of myelin formation, or
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shortly after it. We found that DomA-exposed fish already had dis-
rupted myelin sheaths by 3 dpf (the earliest development period at
which myelin sheaths are established) (Figure 8A). To directly vis-
ualize the initial stages of myelin sheath formation, we performed
time-lapse imaging in double transgenic fish (Tg:sox10:RFP; Tg:
nkx2.2a:mEGFP), in which cells of the oligodendrocyte lineage—
the cells responsible for myelination in the central nervous system
(Czopka 2016)—are labeled. Imaging the axon wrapping and nas-
cent myelin sheath formation from 2.5-3 dpf confirmed that all the
control animals developed myelin (n=35), whereas oligodendro-
cytes in all of the DomA-exposed larvae (n=6) were unable to
form elongated sheaths but, rather, formed unusual circular mem-
branes (Figure 8B; Videos S2 and S3).

RNA-seq to Evaluate Gene Expression Changes after DomA
Exposure

To identify the gene expression changes that accompany the myeli-
nation and startle deficits, whole-embryo RNA-seq was performed
on embryos exposed to 0.14 ng DomA at 2 dpf and then sampled at
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Figure 6. Myelin sheaths of zebrafish at 5 d postfertilization (dpf) following exposure to domoic acid (DomA) at different developmental days. (A) Tg(mbp:
EGFP-CAAX) fish were exposed to DomA (0.09-0.18 ng) over a range of discrete developmental periods (14 dpf), then imaged at 5 dpf using widefield epi-
fluorescence microscopy. Images were blindly classified into six categories based on the severity of the observed myelin phenotype. The scoring was as
described in detail in Figure S2. Briefly, the classification was as follows: (0) normal phenotype, (1) myelin sheaths present but disorganized, (2) myelin with
noticeable deficits, (3) myelin gaps in ventral spinal cord, (4) myelin sheaths lacking in ventral spinal cord, and (5) visible sloughed myelin. Arrows indicate
the myelinated Mauthner axon that is required for short latency C-bends startle responses. (B) Stacked bar plots show the distribution of the different pheno-
types. Multiple trials were combined to calculate the percentage distribution per phenotype observed. Scale bar: 50 um Table S21 includes the number of trials
represented along with the associated numbers of fish per trial. Table S22 includes the myelin phenotype classification by dose and day injected. Table S24
contains the output of the multinomial logistic regression model to assess the role of developmental day of exposure on the distribution of myelin phenotypes.

Table S29 contains the output of the multinomial logistic regression model for the influence of dose on the distribution of myelin phenotypes.

3 and 7 dpf (Figure 9A; Excel Tables S1 and S2). To ensure that the
fish used for RNA-seq exhibited the same behavioral and cellular
changes observed in other experiments, myelin sheath labeling
was assessed at 5 dpf and startle response was assessed at 7 dpfin a
subset of the exposed fish. The results confirmed the differences in
behavior and myelin labeling between DomA-exposed fish and
controls (Figure S6). Fish exposed to DomA at 2 dpf had shorter
bend angles and slower angular velocities relative to controls
(Figure S6A.,B). Also consistent with other experimental trials,
only DomA-exposed larvae showed any visible myelin defects,
with most of the fish having myelin defects that were in the second
to highest severity (Category 3 =21/49; Figure S6C). Phenotypic
analysis thus validated the use of RNA-seq to identify potential
transcriptional changes from exposures.

RNA-seq yielded an average of 21 million raw reads per sam-
ple. Of these, 77.6% were uniquely mapped to the zebrafish ge-
nome. An MDS plot revealed that differences in gene expression
were clustered primarily by both developmental stage (3 dpf vs.
7 dpf) and breeding clutch (3 breeding trios) (Figure 9B).
However, a number of genes were identified as being differentially
expressed in response to DomA.

Statistical analysis revealed differential expression of 82 genes
at 3 dpf (28 h postexposure), and 10 genes at 7 dpf in DomA-
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exposed fish vs. controls (Figure 9C,D; Tables S30 and S31; Excel
Tables S1 and S2). Among the 82 genes differentially expressed at
3 dpf, 51 genes were down-regulated and 31 were up-regulated in
DomA-exposed larvae as compared with controls.

Pathway analysis of the differentially expressed genes (DEGs;
DomA vs. control; Excel Tables S1 and S2) indicated an overre-
presentation of the GO biological process terms—protein depolari-
zation and microtubule depolarization. The genes represented
under these GO terms include genes in the stathmin family. Two
of three stathmin genes were up-regulated, and one was down-
regulated in DomA-exposed fish.

Human phenotype ontology terms that had a statistically signif-
icant association with the down-regulated genes included periph-
eral axonal degeneration, segmental peripheral demyelination/
remyelination, and myelin outfoldings (Table S31). Several genes
required for the maintenance of axonal structure (neflb, nefinb,
nefma, nefla) (reviewed by Julien and Mushynski 1998; Yuan
et al. 2012) and myelin structure (mpba, mpz) (reviewed by
Barkovich 2000; Boggs 2006; Niemann et al. 2006) were down-
regulated in DomA-exposed fish relative to controls and were
overrepresented in the human phenotype ontology terms (Figure
10). There were no human disease phenotypes associated with
up-regulated genes.
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Figure 7. Myelin sheaths of zebrafish at 6 and 7 d postfertilization (dpf) following exposure to domoic acid (DomA) at different developmental days. Tg(mbp:
EGFP-CAAX) fish were exposed to DomA over discrete developmental periods (1, 2, and 4 dpf), then imaged at (A) 6 dpf and (B) 7 dpf using widefield epiflu-
orescence microscopy. Images were blindly classified into six categories based on the severity of the observed myelin phenotype. The scoring was as described
in detail in Figure S2. Briefly, the classification was as follows: (0) normal phenotype, (1) myelin sheaths present but disorganized, (2) myelin with noticeable
deficits, (3) myelin gaps in ventral spinal cord, (4) myelin sheaths lacking in ventral spinal cord, and (5) visible sloughed myelin. Stacked bar plots show the
distribution of the different phenotypes per each dose. Data from individual fish from multiple trials were combined to calculate the percentage distribution per
phenotype observed. Tables S25 and S27 contain the number of trials and associated numbers of fish per trial for 6 dpf- (A) and 7 dpf-injected fish (B), respec-
tively. Table S26 includes myelin phenotype classification by dose and day injected, with imaging at 6 dpf. Table S28 includes myelin phenotype classification
by DomA dose and day injected, with imaging at 7 dpf. Table S29 contains the output of the multinomial logistic regression model for the influence of dose on

the distribution of myelin phenotypes.

At 7 dpf, there were only 10 DEGs, with 9 down-regulated and
1 up-regulated in DomA-exposed fish relative to the controls
(Figure 9D; Excel Table S2). Comparison of DEGs from 3 and 7
dpf revealed 4 of the 10 genes to be common to both the time
points. Among these, 3 were down-regulated and 1 was up-
regulated, with only 2 being annotated. Two of the 3 shared down-
regulated genes were neurofilament genes required for maintaining
axonal integrity (nefmb and neflb) (reviewed by Julien and
Mushynski 1998; Yuan et al. 2012) (Excel Table S2).

Discussion

Early development is a period of enhanced sensitivity to effects of
DomA exposure and low doses of DomA can lead to persistent be-
havioral deficits, as shown in rodent models (Burt et al. 2008a;
Doucette et al. 2004; Levin et al. 2005, 2006; Shiotani et al. 2017;
Tanemura et al. 2009; Tryphonas et al. 1990; Xi et al. 1997).
However, the mechanisms that underlie these changes are largely
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unknown. This study in zebrafish identified the period around 2 dpf
as a window of susceptibility to DomA neurodevelopmental toxic-
ity and then characterized the resulting molecular, structural, and
behavioral consequences of exposures during this period.
Exposure to DomA during this window led to changes in gene
expression, disruption of myelin sheath formation in the spinal
cord, and aberrant startle behavior.

Use of a Novel Exposure Method to Assess the Window of
Susceptibility to Low Doses of DomA

This study established zebrafish as a model for investigating the
mechanisms of toxicity from low-dose exposures to DomA during
development. Previous developmental DomA exposure studies in
zebrafish were done by injecting DomA into the yolk during the
early embryonic stages (512—1,000 cell stage) (Tiedeken et al.
2005; Tiedeken and Ramsdell 2007). However, the DomA doses
that led to behavioral phenotypes were also those that resulted in
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Figure 8. Time-lapse imaging of myelin sheath formation in zebrafish exposed to domoic acid (DomA) at 2 d postfertilization (dpf). (A) Tg(mbp:EGFP-
CAAX) fish were used to visualize labeled myelin sheaths. Shown are representative images of DomA-exposed (0.14 ng) (right panel), and control larvae (left
panel) that were exposed at 2 dpf and imaged at 3 dpf. White arrowheads denote the aberrant circular protrusions found in DomA-exposed larvae (control,
n=>5; DomA, n=10). (B) Stills from time-lapse imaging of a representative control and DomA-exposed transgenic fish [Tg(nkx2.2:mEGFP) x Tg(sox10:RFP)]
from 2.5-3 dpf. Time stamps (hour:minutes) show the time elapsed. Diagrams above the images show the key developmental processes in the oligodendrocyte
lineage during this time range (representative time-lapse image of control, n=5 and DomA, n=6). Large yellow arrowhead denotes an elongated myelin
sheath. Small white arrowheads denote unusual circular myelin membranes. Scale bar: 100 pm. Stills (B) were from a time lapse of control (Video S2) and

DomA-exposed fish (Video S3).

high mortality rates and lasting neurotoxic symptoms. To build on
this work, we used a novel exposure method in which DomA was
delivered intravenously at different periods in development—from
the embryonic to the larval stages at doses 3- to 260-fold lower
than previously used in zebrafish.

Using this method, we identified the period around 2 dpf as a
window of susceptibility for low doses of DomA (nominal doses
0.09-0.14 ng/embryo) at which structural and behavioral effects
occurred with no appreciable mortality and minimal gross mor-
phological defects.

Role of Dose and Timing of DomA Exposure on Startle
Responses

In zebrafish, the window of susceptibility was identified as 2 dpf; ex-
posure during this period led to persistent behavioral deficits even at
the lowest dose of DomA tested (0.09 ng). Although exposure at
both 1 and 2 dpf led to acute, nonlethal neurotoxic phenotypes in
embryos, they were transient, declining significantly 1 d after expo-
sure and absent by 5 dpf (Figure S3). In contrast, behavioral deficits
in startle persisted into later larval stages (7 dpf). Only fish exposed
at 2 dpf showed startle deficits at the lowest dose tested (0.09 ng) for
all metrics assessed: responsiveness, bend angle, and Mav. In com-
parison, fish exposed to DomA at 1 dpf had startle deficits only
when exposed to higher doses of DomA (0.14-0.18 ng) (Figures
2-4). Furthermore, even when exposed to the higher doses of
DomA, fish exposed at 1 dpf had less pronounced kinematic deficits
than those exposed at 2 dpf (Figure S4). All this evidence suggests
that whereas exposures at different times during early embryonic de-
velopment can lead to acute, transient effects, there is a critical pe-
riod around 2 dpf of enhanced sensitivity to these more persistent
behavioral deficits. Exposure prior to this period (i.e., at 1 dpf) was
associated with both reduced toxin potency and reduced severity of
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effects, potentially because DomA was present at lower concentra-
tions during the critical window at 2 dpf. In comparison, 4 dpf is a
period after this defined window, and as a result only a subset of fish
exposed to the highest doses (0.18 ng) had behavior deficits, which
were observed only inconsistently among multiple trials and
occurred in conjunction with overt neurotoxic phenotypes (opaque
brains described in Table S3).

Role of Dose and Timing of DomA Exposure on Myelin
Formation

As seen for the behavioral results, 2 dpf was also a window of sus-
ceptibility for disruption of myelin; fish exposed to DomA at 2 dpf
showed myelin defects in the spinal cord, even at the lowest doses
tested (Figures 5-7). By exposing embryos to DomA at other devel-
opmental time points around 2 dpf (1, 2.5, 3 dpf), we were able to
more precisely identify the window of susceptibility. We found that
fish exhibited less severe and less prevalent myelin defects the fur-
ther the exposure occurred from the 2 dpf developmental period
(Figure 6). One exception was the appearance of a distinct myelin
phenotype (Category 5) in a subset of fish exposed at 3 dpf (Figure
6). The uneven, sloughed appearance of myelin in these fish sug-
gests a phenotype that may involve mechanisms distinct from those
proposed below. Both the structural phenotype and the mechanisms
that underlie these would need to be addressed in future studies.

Fish exposed to DomA at 2 dpf had an overall reduction in la-
beled myelin, along with the appearance of unusual circular
membranes (Figures 5B and 6A). These deficits were visible as
early as 3 dpf, when nascent myelin sheaths are present (Figure
8A), and persisted until at least 7 dpf (Figure 7B). Furthermore,
time-lapse data showed that even the initial stages of axon wrap-
ping and nascent sheath formation at 2.5 dpf were perturbed
(Figure 8B). All this suggests that when DomA exposure closely
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Figure 9. Transcriptional changes associated with domoic acid (DomA) exposure at 2 d postfertilization (dpf). (A) Experimental design. Tanks of three adult
fish (2 females, 1 male) of Tg(mbp: EGFP-CAAX) background were bred and the embryos exposed to DomA (0.14 ng) or vehicle at 2 dpf. Pools of six embryos
within a given treatment from each tank were then sampled at 3 and 7 dpf for RNA sequencing. Three pools per treatment represented the three biological rep-
licates. For functional analyses, myelin sheath labeling was assessed at 5 dpf and startle response was assessed at 7 dpf prior to RNA sequencing. The results
confirming differences in behavior and myelin labeling between DomA-exposed fish and controls used for RNA sequencing are shown in Figure S6. (B) A
multidimensional scaling plot shows clustering of samples based on overall differences in expression profiles. (C,D) Mean-difference plots compare the log
fold changes of genes in DomA-exposed vs. control fish at the 3 dpf- and 7 dpf-sampling times. Hollow teal circles (+1) represent genes that were significantly
up-regulated in DomA-exposed fish relative to their controls, whereas filled magenta circles (-1) represent genes that were significantly down-regulated in
DomA-exposed fish relative to their controls. Significance was determined with a genewise negative bionomial generalized linear model with a quasi-likelihood
test. p-Values were adjusted for using a 5% false discovery rate cutoff. Tables S30 and S31 contain the results of the functional enrichment analysis done using
the differentially expressed genes shown in (C). Excel Table S1 contains the list of genes that were differentially expressed in DomA-exposed fish at 3 dpf, and
Excel Table S2 contains the list of genes that were differentially expressed in DomA-exposed fish at 7 dpf. Note: CPM, counts per million; FC, fold change.

precedes the formation of myelin (exposures at 2 dpf), it disrupts myelinates axons in the central nervous system—is just begin-
the initial formation of myelin, leading to lasting myelin defects ning to migrate and differentiate during this period (Brosamle
that do not recover within 5 d postexposure. Consistent with this, and Halpern 2002; Kirby et al. 2006). DomA exposure at 2 dpf

we saw very few myelin defects when DomA exposure occurred may perturb critical processes in oligodendrocyte development,
at 4 dpf—a time point after nascent myelin has been established. leading to the observed disrupted myelination.
The absence of a myelin phenotype following exposure at 4 dpf Both myelinating oligodendrocytes and their precursors

suggests that DomA, at least at the low to intermediate doses express functional ionotropic glutamate receptors, making them
used here, may not disrupt already established sheaths but, rather, ~ potential cellular targets for DomA (Kolodziejezyk et al. 2010;
may perturb the initial formation of myelin sheaths. Patneau et al. 1994). KA, a structural analog of DomA, caused
cell death in oligodendrocyte primary cell cultures at concentra-
tions comparable to those affecting neurons (Alberdi et al. 2002;
McDonald et al. 1998; Sanchez-Gémez and Matute 1999).
Binding to and activating glutamate receptors through the appli-
cation of AMPA or KA inhibited proliferation and lineage pro-
The 2-dpf window of susceptibility suggests that DomA may per- gression in oligodendrocyte progenitor cells (Gallo et al. 1996).
turb specific developmental processes that occur within this time Mature oligodendrocytes exhibited demyelination after chronic
period. Although most of the early neurons have already differen- direct infusion of KA on the optic nerves. All of this suggests
tiated by 2 dpf, the oligodendrocyte lineage—the lineage that that DomA may alter oligodendrocyte development and that

Comparison of the Window of Susceptibility to DomA
Corresponds to Critical Periods in Oligodendrocyte
Development
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exposure to DomA at 2 dpf may disrupt critical processes
important for OPC survival, proliferation, or myelin sheath
formation.

Our results showing myelin defects after DomA exposure are
consistent with those of a previous study in which 11-wk-old ju-
venile mice exposed to DomA in utero during gestational days
11.5 and 14.5, but not 17.5, had less staining for the myelin-
associated glycoprotein in their cerebral cortices (Tanemura et al.
2009). Our findings extend this work by identifying altered mye-
lination in the spinal cord and revealing that DomA does not dis-
rupt already established myelin sheaths but, rather, perturbs the
initial formation of the sheaths during a specific window in devel-
opment. It is possible that sensitivity at the early periods is due to
disruptions in oligodendrocyte development, thereby altering
their ability to form myelin sheaths during the postnatal period
(Foran and Peterson 1992; Verity and Campagnoni 1988).

Influence of Extrinsic Factors on a Critical Window for
DomA Toxicity

In addition to the intrinsic sensitivity of developing oligodendro-
cytes, the 2-dpf window of susceptibility may also be influenced
by extrinsic factors that affect the distribution and availability of
DomaA to the cells and tissues of interest. One process that may
influence DomA availability in the central nervous system is the
development of the blood—spinal cord barrier (BSCB) and the
blood-brain barrier (BBB)-structures that separate the blood
from the spinal cord and brain parenchyma, respectively
(Bartanusz et al. 2011; Eliceiri et al. 2011), and prevent the diffu-
sion of water-soluble molecules (Fleming et al. 2013; Jeong et al.
2008; Xie et al. 2010). In zebrafish, the BBB forms between 3
and 10 dpf, and thus DomA may be increasingly excluded from
the brain after 2 dpf. Although less is known about the formation
of the BSCB, dye exclusion experiments suggest it may form
later in development, excluding high-molecular weight com-
pounds (fluorescein isothiocyanate dextran, 2,000 kDa) at 3 dpf

(Jeong et al. 2008), and smaller molecular weight ones (961 Da)
by 8 dpf (Fleming et al. 2013).

DomA may also be less accessible to cell targets later in de-
velopment due to higher excretion rates as the kidney matures. In
mammals, DomA is primarily cleared from the plasma via the
kidneys (Lefebvre et al. 2007; Preston and Hynie 1991; Suzuki
and Hierlihy 1993). In zebrafish, glomerular filtration begins at
around 2 dpf, whereas full maturation of the kidney occurs by
4 dpf (Drummond and Davidson 2010; Drummond 2005). Thus,
DomA may be more readily cleared during periods in develop-
ment after 2 dpf.

DomA-Induced Transcriptional Changes

RNA-seq analysis identified genes and pathways that were consist-
ent with the imaging and behavioral data. DomA exposure down-
regulated genes required for maintaining myelin structure, includ-
ing myelin protein zero (mpz) and myelin basic protein a (mbpa),
along with genes required for maintaining axonal structure (nefla,
neflab, nefma, nefmb) (Figure 10). Stathmin genes were also over-
represented. Stathmins destabilize microtubules by sequestering
free tubulin and play critical roles in modulating neurite outgrowth
and branching in the developing nervous system (Grenningloh et al.
2004; Wen et al. 2010). It has also been shown that the dysregula-
tion of different stathmin genes (either through down- or up-
regulation) can lead to alterations in microtubule density and axo-
nal integrity (Cheng et al. 1997; Wen et al. 2010, 2013).

The altered expression of axonal structural genes suggests
that possibility that DomA may be primarily targeting axons and
that the myelination defects may be a secondary effect. AMPA
receptors are widely expressed in neurons and neuronal precur-
sors in the brain and spinal cord of developing zebrafish
(Hoppmann et al. 2008). Alternatively, DomA may perturb oligo-
dendrocyte development and myelin wrapping, leading to later
axonal dysfunction. Further work is underway to investigate the
potential axonal targets of DomA toxicity and to assess the
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Figure 10. Diagram of myelin and axonal structural proteins differentially expressed in domoic acid (DomA)-exposed fish. (A) Schematic of the cross section
of an axon—myelin interface with a focus on selected myelin and axon structural proteins that are differentially expressed in DomA-exposed fish at 3 d postfer-
tilization. The magnified cross section shows the major divisions in myelin (Barkovich 2000): first, major dense line: the electron-dense cytoplasm where mye-
lin basic protein (encoded by the mbp gene) attaches to the inner surface of the membrane proteins and stabilizes myelin, and second, the intraperiod line, the
less electron-dense extracellular space. Transmembrane proteins like myelin protein zero (encoded by the mpz gene) maintains compact myelin structure
through its cytoplasmic and extracellular interactions. The cross section also shows a simplified axoplasm that contains neurofilaments that form part of the
axon cytoskeleton. (B) Myelin and structural proteins that are differentially expressed, with their log fold change (logFC). —, gene was down-regulated in

DomA-exposed fish relative to controls.
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contribution of the axonal disruptions to the myelin sheath phe-
notypes that we characterized here (Panlilio 2019).

RNA-seq data showed higher expression of glial fibrillary
acidic protein (gfap) in DomA-exposed fish relative to controls.
The up-regulation of gfap in mammals is a hallmark of reactive
astrogliosis—the response of astrocytes following mechanical
injury, excitotoxicity, and ischemia (Brenner 2014; Burtrum and
Silverstein 1993; Eng and Ghirnikar 1994; Pekny and Nilsson
2005). In contrast, zebrafish and other teleosts have gfap-
expressing cells that include radial glial cells previously thought
to functionally substitute for astrocytes (Baumgart et al. 2012;
Lyons and Talbot 2015). Zebrafish may have a subpopulation of
gfap™ cells that have characteristics similar to those of mamma-
lian astrocytes, but it is yet to be determined whether these newly
described astrocytes respond to injury (Chen et al. 2020).
Although the cells that express gfap include cell types other than
astrocytes, the overall response is similar: gfap expression is
higher near the site of large injuries that result from brain stabs
(Baumgart et al. 2012; Mirz et al. 2011), spinal cord transections
(Hui et al. 2010; Mokalled et al. 2016), and excitotoxic lesions
(Skaggs et al. 2014). In contrast to mammals, fish have robust re-
generative mechanisms, and the up-regulation of gfap and the
infiltration of ependymoglia results in tissue repair and functional
integration rather than scar formation that occurs in mammals
(Adams and Gallo 2018; Baumgart et al. 2012; Hui et al. 2015;
Mirz et al. 2011). Notably, these studies have been done in adult
fish, and gfap up-regulation occurs over multiple days after
injury, so it may be difficult to generalize these findings to studies
with injuries that occur in early development. Nonetheless, the
up-regulation of gfap at 3 dpf following exposure to DomA at
2 dpf suggests that DomA exposure may have both led to injury
and triggered repair mechanisms associated with higher gfap
expression.

We did not validate our RNA-seq results with qPCR. There is
no clear consensus on whether it is necessary to validate RNA-
seq data using qRT-PCR (Fang and Cui 2011). Here, RNA-seq
was used as an initial exploratory tool to identify potential cellu-
lar processes and structures perturbed by DomA. RNA-seq analy-
ses will need to be followed up using more targeted approaches.

Implications for Human Health

Timing and targets. This study provides a careful examination of
potential windows of susceptibility to DomA exposure. The identi-
fication of key processes disrupted during these windows of sus-
ceptibility has important implications for identifying hazards for
early developmental exposures in humans. Unlike in zebrafish,
myelination in humans occurs over a prolonged period, starting
in utero and continuing into early childhood and adolescence. The
progression of myelination is mostly conserved across species,
with myelination commencing in the periphery, brainstem, and
spinal cord, then progressing rostrally to the forebrain (Rice and
Barone 2000; Tanaka et al. 1995). The most widespread and rapid
period of myelination in humans occurs within the first 2 years of
infancy (Kinney et al. 1988; Kinney and Volpe 2018). Although
most of the major tracts are myelinated by 3-5 years of age, myeli-
nation is now known to continue into adulthood, especially in cort-
ical regions where changes in myelination are associated with
experience and learning new skills (Fields 2005; Pajevic et al.
2014). Thus, for humans, there may not be a single window of sus-
ceptibility but, rather, multiple windows; DomA may perturb mye-
lin formation in specific regions of the nervous system in which
myelination coincides with the timing of exposures.

In this study, we showed that myelination was perturbed in
the spinal cord. Despite evidence that acute exposure to DomA in
humans can lead to the degeneration of neurons within the spinal
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cord (Teitelbaum et al. 1990), there has been little research on the
spinal cord as a target tissue for DomA toxicity. Only one other
study in rodents has investigated the spinal cord as a target tissue
for DomA exposures. Wang et al. (2000) found that postnatal
exposures to high doses of DomA led to spinal cord lesions by
2 h postexposure, even in the absence of any histological damage
to selected brain regions, including the well-known target, the
hippocampus (Wang et al. 2000). Our study confirms the spinal
cord as a potential target and identifies myelination as a process
perturbed in the spinal cord.

Behavioral analogies. We used startle response behavior as a
functional readout of neurodevelopmental toxicity. Deficits in the
kinematics of startle responses are reminiscent of motor deficits
found in incidental human exposures, chronic exposures in pri-
mates, and developmental exposures in rodents. Adult humans
acutely exposed to DomA developed sensorimotor neuropathy
and axonopathy as assessed by electromyography (Teitelbaum
et al. 1990). A subset of the primates exposed orally at or near
the accepted daily tolerable dose of 0.075 mg/kg developed visi-
ble hand tremors (Petroff et al. 2019). Rodents prenatally exposed
to DomA [postnatal days (PND) 10-17] developed aberrant gait
patterns including impaired interlimb coordination and aberrant
step sequence patterns (Shiotani et al. 2017).

Although there is evidence that DomA can perturb motor
function, developmental exposures to DomA in rodents have not
led to reductions in startle response amplitude during baseline
conditions (prior to habituation or pre-pulse inhibition tests)
(Adams et al. 2008; Marriott et al. 2012; Shiotani et al. 2017,
Zuloaga et al. 2016). This may be because exposures to DomA in
these rodent models were done during a period that does not cor-
respond to development of the startle circuit. Furthermore, there
are some notable differences between rodent and fish startle,
including distinct baseline startle kinematics and variations in the
specific neuronal subsets in the circuits (Eaton et al. 2001; Koch
1999; Yeomans and Frankland 1995). Despite these differences,
measuring startle response behavior in fish provides a tool to
assess sensory processing and motor control and how these proc-
esses are perturbed by toxin exposure.

Doses and toxicokinetics. In previous experimental studies
involving developmental exposure to DomA, low doses have
been defined based on the absence of acute neurotoxic symptoms,
rather than by a specific dose. Low doses are those that do not
lead to classic acute symptoms that include tremors, scratching,
and convulsions either in mothers (prenatal exposures) or in the
pups directly exposed to DomA (postnatal exposures). Our study
used nominal doses that were 3- to 260-fold lower than those
used previously in zebrafish; these lower doses caused only tran-
sient acute effects in embryos but led to persistent behavioral
effects and myelin defects. The weight-normalized doses (dos-
ages) of DomA used in our zebrafish experiments are comparable
to those used in the majority of the postnatal rodent studies
(Adams et al. 2008; Bernard et al. 2007; Doucette et al. 2004;
Gill et al. 2010; Marriott et al. 2012; Perry et al. 2009; Tasker
et al. 2005). Assuming a 1.4-mg wet weight per embryo
(Tiedeken et al. 2005), the dosages at which zebrafish embryos
consistently exhibited myelin defects and behavioral deficits in
our experiments were 0.06-0.10 mg/kg DomA. In comparison,
rodents that showed behavioral deficits following postnatal expo-
sure were dosed subcutaneously with seven injections of 0.005
and 0.020 mg/kg DomA between PND 8-14, leading to similar
cumulative DomA dosages of 0.035-0.14 mg /kg.

Challenges associated with translating doses used in animal
studies to humans include the dearth of human exposure and toxi-
cokinetic data, species differences in sensitivity to DomA, and
differences in bioavailability for different routes of exposure
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(reviewed by Costa et al. 2010; Lefebvre and Robertson 2010).
There is currently no information on DomA concentrations in
human fetal tissues or fluids, or even in maternal plasma. Human
exposures to DomA are only estimated from consumption data,
average weights of adults, and measured DomA concentrations in
shellfish. From such data it is estimated that adults exhibiting
acute neurotoxicity in a 1987 incident consumed approximately
1-5 mg DomA /kg body weight (Wekell et al. 1994). Tolerable
oral daily intake (TDI) values of 0.075-0.100 mg/kg per day
have been calculated from nonhuman primate and human data,
also for acute neurotoxic effects (Costa et al. 2010; Marién
1996). However, chronic exposure of pregnant monkeys at or
near the TDI (0.075 and 0.150 mg/kg) led to impaired memory
in offspring (Grant et al. 2019). The toxicokinetic behavior of
consumed DomA in humans is not known. However, research in
nonhuman primates showed that oral exposures to DomA led to
extended half-lives (almost 10X the length of the half-life fol-
lowing intravenous exposures) (Jing et al. 2018).

Even less information exists about the elimination and distri-
bution in DomA in fetuses when mothers are exposed to DomA.
One study in rodents showed that at 1 h following intravenous
injection of Dom A at GD13, concentrations of DomA found in
fetal brains, amniotic fluid, and maternal brains were similar
(Maucher and Ramsdell 2007). This suggests that earlier in de-
velopment there are no barriers for DomA entry to the fetal brain
and that DomA in the fetal brain reaches equilibrium concentra-
tions with DomA in the amniotic fluid. Emerging evidence from
marine mammals shows that DomA can remain in the fetal fluids
(amniotic and allantoic fluids) over prolonged periods of time
(Brodie et al. 2006; Lefebvre et al. 2018). Thus, DomA may be
recirculated within the fetal fluid compartments, allowing for
continuous exposures in fetuses, even when maternal plasma has
reached undetectable levels of DomA. Recent studies in nonhu-
man primates also show recirculation of DomA between fetus
and amniotic fluid, leading to a longer apparent fetal half-life
than the maternal half-life (Shum et al. 2020). Ultimately, data on
human fetal exposure levels will be needed to more fully under-
stand the implications of results from animal models.

Conclusions

DomA is a well-known developmental neurotoxin. However, few
studies have been able to identify the cellular and molecular proc-
esses that underlie the observed behavioral deficits seen follow-
ing developmental exposures. Using zebrafish, we were able to
deliver DomA at specific developmental times and link behav-
ioral deficits to structural changes in the neural circuit required
for the behavior. The results from this study show that there is a
critical window of susceptibility to DomA and that exposure
leads to altered expression of key axonal and myelin structural
genes, disruptions to myelination, and later perturbations to star-
tle behavior. These results establish the zebrafish as a model for
investigating the cellular and molecular mechanisms underlying
DomA-induced developmental neurotoxicity.
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