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ABSTRACT

Atrazine (ATZ) is an agricultural herbicide. The US Environmental Protection Agency has
set the maximum contaminant level at 3 pg/l in potable water, though concentrations can greatly
exceed this amount depending on the time of year. Epidemiological studies report associations
with developmental health outcomes with potable water exposure. Studies in model organisms
identify ATZ as a neurotoxicant and endocrine disrupting chemical. The zebrafish model system
was used to test the hypothesis that developmental ATZ exposure has immediate health
consequences as well as in the subsequent generation. It was first hypothesized that developmental
ATZ exposure generates metabolites similar to those found in mammals and alters morphology
and behavior in larvae. In the exposed generation, targeted metabolomic analysis found that
zebrafish produce the same major ATZ metabolites as mammals. The visual motor response test
at 120 hpf detected hyperactivity in larvae in the 0.3 ppb treatment group and hypoactivity in the
30 ppb treatment group. These findings suggest that developmental ATZ exposure generates
metabolite profiles similar to mammals leading to behavioral alterations supporting ATZ as a
neurodevelopmental toxicant. In the subsequent generation (F1), it was hypothesized that parental
ATZ exposure altered protein expression leading to modifications in morphology and behavior in
developing progeny. Proteomic analysis identified differential expression associated with
neurological development and disease and organ and organismal morphology, specifically the
skeletomuscular system. Head length and the ratio of head length to total length was significantly
increased in the F1 in the 0.3 and 30 ppb ATZ treated groups. Craniofacial morphology was
assessed based on molecular pathway analysis and revealed decreased cartilaginous structure size,
decreased surface area and distance between saccular otoliths, and a more posteriorly positioned
notochord, indicating delayed ossification. The visual motor response assay showed hyperactivity
in the F1 of the 30 ppb treatment group for total distance and time spent moving in the F1 of the
0.3 and 30 ppb treatment groups for all phases. Collectively, these results demonstrate persistent

ATZ developmental toxicity in this multigeneration study.
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CHAPTER 1. INTRODUCTION!

1.1 Abstract

Atrazine (ATZ) is an agricultural herbicide. Due to persistence and contamination of
drinking water sources, ATZ was banned by the European Union, but is still commonly used in
the US and other global regions. The US Environmental Protection Agency has set the maximum
contaminant level at 3 pg/l in potable water, though concentrations can greatly exceed this amount
depending on the time of year. Alternatively, the World Health Organization drinking water
guideline is 100 pg/l. Epidemiological studies report associations with developmental health
outcomes and raise concerns about ATZ as a potential carcinogen. Studies in model organisms
have identified ATZ as a neurotoxicant. Although there is evidence to support the site of action as
the hypothalamus, further studies are needed to determine if this herbicide targets specific
pathways within the hypothalamus or if it generally interferes with pathways that the hypothalamus
regulates. This chapter focuses on ATZ developmental neurotoxicity with studies reporting
disruption of the hypothalamus, neurotransmission, neuronal development, and behavioral

processes.

1.2 Introduction to developmental neurotoxicity of the herbicide atrazine

Atrazine (ATZ) is a synthetic agricultural herbicide used to control broad leafy weeds. ATZ is
commonly applied to corn and other crop fields, though it can be used on lawns as well (USGS
2016; British Crop Protection Council 1977; Li et al 2019; Russart and Rhen 2016). ATZ works
by interfering with the electron transport chain to interrupt photosynthesis. Resistant plants can
absorb and metabolize ATZ, but are not vulnerable to impeded photosynthesis (Cheremisinoff and
Rosenfeld 2011; Eldridge et al 1999). ATZ was introduced in 1958 and is the second most

! Sections of this chapter were originally published in:
Ahkin Chin Tai JK, Freeman JL. 2020. Zebrafish as an integrative vertebrate model to identify miRNA mechanisms
regulating toxicity. Toxicol Rep 7:559-570; doi:10.1016/j.toxrep.2020.03.010.

Ahkin Chin Tai, JK, Freeman, JL. Developmental Neurotoxicity of the Herbicide Atrazine. 2021. In: Diagnosis,

Management and Modelling of Neurodevelopmental Disorders: The Neuroscience Of Development. Academic Press.
219-228; https://doi.org/10.1016/B978-0-12-817988-8.00019-1.
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commonly applied herbicide in the US (Cheremisinoff and Rosenfeld 2011; USGS 2016; Ochoa-
Acufa et al 2009). In 2003 the European Union banned its use due to contamination concerns
(Bethsass and Colangelo 2006). The triazine herbicides are potential carcinogens and endocrine

disrupting chemicals (EDC).

1.3 Toxicant profile

Triazine herbicides consist of nitrogenous heterocyclic rings. These herbicides work by
binding to the Qg protein in photosystem Il of broad leafy weeds. This protein binding blocks the
movement of electrons through the photosynthetic electron transport chain. Resistant crop plants
have rapid metabolic detoxification through glutathione S-transferase and dealkylation through
cytochrome Paso (LeBaron et al 2008). ATZ is classified as a triazine herbicide and is the most
commonly used in its class. ATZ is composed of a triazine ring with an ethylamine, propylamine,
and chlorine as its functional groups (Figure 1.1). ATZ is a white, odorless powder that is

moderately soluble in water.

Atrazine Metabolism
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Figure 1-1. Atrazine metabolism. The parent chemical ATZ can break down into over 40 different metabolites, but
many are not regulated or monitored. ATZ detection is most common, followed by DEA, DACT, and DIA in rural
wells of the US, which are the primary ATZ metabolites.
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1.4 Toxicokinetics

ATZ can breakdown into over 40 metabolites (Figure 1.1). ATZ metabolites appear to have
toxicities comparable to or lower than ATZ. Syngenta, the manufacturer of ATZ, elected the
metabolites diaminochlorotirazine (DACT), deethyl-atrazine (DEA) and deisopropyl-atrazine
(DIA) for monitoring through the Syngenta Monitoring Program. These daughter compounds can
be generated through degradation of ATZ in surface water and soil via photolysis of
microorganisms and have been found in animal tissue. ATZ is the most common detected,
followed by DEA, DACT, and DIA in rural wells in the US. Another metabolite, hydroxyatrazine,
is more commonly found in groundwater. This metabolite is not water soluble, causing crystal
formation and is considered a nephrotoxicant. Although the half-life of ATZ is 125 days, the half-
life of its metabolites is around 20-50 days (WHO 2011).

ATZ and its metabolites can be absorbed gastrointestinally and minimally through the skin.
ATZ is rapidly eliminated through urine and feces. Circulating in the system, ATZ and its
metabolites have an affinity for protein, binding readily to erythrocytes, liver, spleen, and kidney.
In humans, ATZ is primarily metabolized via dealkylation (Cheremisinoff and Rosenfeld 2010;
Barr et al 2007; WHO 2011).

1.5 Occupational exposure

Chemical applicators and factory workers are the occupational population of concern.
Although applicators may only get exposure seasonally when the herbicide is applied, factory
workers who manufacture the chemical have the possibility of chronic exposure. A triazine factory
in Switzerland in a matched cohort study found an association between increased incidence of
gastritis and gastroenteritis (Ware 1987). In response to health concerns, the Occupational Safety
and Health Administration set a limit of 5 g ATZ/m? of exposure in an 8-hour workday. ATZ is
also registered as a restricted use pesticide to prevent uncertified applicators from applying
(ATSDR 2003).

1.6 Environmental exposure

Exposure routes via atmosphere, food, and groundwater are reported; however, water

contamination is the main route of environmental exposure for several reasons. Many areas of
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heavy ATZ application have clay soils or other low filtration soils where the herbicide not absorbed
by crops or weeds is only partially absorbed by the soil. ATZ also does not bind efficiently to soil
particles. Combined with heavy application in the Midwestern US, these factors contribute to the
herbicide being highly mobile in runoff. These factors and ATZ’s persistence in the environment
make chemical exposure a concern (Gammon et al 2005; WHO 2011; Meffe and de Bustamante
2014; Wang and Xie 2012). ATZ contaminates potable water, and although the US EPA has set
the maximum contaminant level (MCL) at 3 pg/l, concentrations can greatly exceed reaching up
to 30 pg/l or even 100 pg/l (WHO 2011; Blanchard and Lerch 2000). Since ATZ frequently
contaminates potable water supplies, is applied heavily in the Midwestern US, and can be found
at concentrations above the MCL, understanding health risks from either environmental or

occupational exposures and mechanisms of toxicity is important.

1.7 Human Health Risks

Populations of concern are centered around occupational exposures and residents who live
in areas near crop fields where ATZ is applied. Runoff from crop fields have the ability to infiltrate
lakes, rivers, streams, and groundwater. Epidemiological studies link ATZ contaminated potable
water to developmental toxicity, birth defects, and risks for cancer and neurodegenerative disease.
Maternal exposure to ATZ during gestation is linked with increased risk of preterm birth as well
as birth defects (Agopian et al 2013; Migeot et al 2013; Stayner et al 2017; Waller et al 2010).
Although a clear association with ATZ exposure and cancer is still controversial, trends for
increased risk of certain types of tumors and thyroid cancer have been suggested (Freeman et al
2007; Rusiecki et al 2004). In addition, a few studies suggest increased incidence in Parkinson’s
disease with pesticide exposure with ATZ as a potential pesticide of interest (Li et al 2014;
Priyadarshi et al 2000; Semchuk et al 1992). Overall, these outcomes suggest concern for
developmental exposure and neurological disorders. Although there is some controversy and
mostly associative data in epidemiological studies, investigations have been conducted in various

model organisms to further define toxicity outcomes.
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1.8 Toxicity Studies

Studies in various model organisms at a range of concentrations have assessed health
concerns related to ATZ exposure. Chronic exposure to ATZ at high doses caused earlier onset of
mammary gland tumors in Sprague Dawley rats (Wetzel et al 1994). The mechanism of tumor
induction is suggested to be related to ovarian function. Although this exposure level was above
biologically relevant exposure levels, this study raised questions regarding atrazine’s safety (WHO
2011; Ware 1987). This study also helped spur restricted personnel exposure levels. A follow up
study noted a reduction of luteinizing hormone (LH), which led to disrupted estrous cycle with
100, 200, or 300 mg/kg body weight of ATZ/day (Cooper et al 2000). LH and prolactin levels are
regulated by the hypothalamus, and there is speculation about ATZ disruption occurring at the
level of the hypothalamus or the Kisspeptin neurons above the hypothalamus. Tumor formation in
Sprague Dawley rats occurs by altering catecholamine function and gonadotropin releasing
hormone in the hypothalamus. This ultimately affects the HPG axis (WHO 2011). Studies in other
model organisms also support ATZ’s role as an EDC along the HPG axis.

As an EDC, ATZ does not necessarily act in a dose dependent manner, and several studies
have displayed sex differences. A study exposing embryonic snapping turtles to 2 or 40 pg/l ATZ
determined androgen receptors and Kkisspeptin 1 receptors were upregulated in both sexes at
hatching, but female specific upregulation of aromatase was observed. The gene prodynorphin,
which is associated with the HPA axis, was also upregulated (Russart and Rhen 2016). Six months
later, at 2 pg/l, aromatase and prolactin releasing hormone mRNA expression was increased in
both sexes. In vitro studies utilizing H295R adrenocortical carcinoma cell line had a 1.5-2 fold
increase in aromatase mMRNA activity with doses ranging from 0-30 uM ATZ, with a follow up
study determining that DEA and DIA also upregulated aromatase in the same cell line, as well as
breast and placental cells (Suzawa and Ingraham 2008; Ware 1987). Building on this study, Caron-
Beaudoin et al (2016) found promoter regions PI11 and 1.3 transcription levels to be increased for

aromatase.
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1.9 Neuroendocrine system toxicity

Many studies support the hypothalamus as the site of action for ATZ (ATSDR 2003; WHO
2011). The HPG, HPA, and HPT axes in particular work together to regulate synthesis and

sensitivity to stress, sex steroid hormones, growth, and reproductive function.

1.10 Hypothalamic-pituitary-gonadal axis

The specific site within the hypothalamus where regulation of the HPG axis starts is the
infundibular nucleus in humans and arcuate nucleus in rats. To understand how ATZ disrupts
hypothalamic function, it is important to understand how the HPG axis works (Figure 1.2). Kiss1
gene produces kisspeptin, which is important for normal reproductive function as well as its
receptor G-protein coupled receptor 54 (kiss1R). Kisspeptin and kiss1R are expressed in several
places throughout the body, but hypothalamic kissl is responsible for regulating metabolic
information to the HPG axis. This peptide hormone is also important for signaling GnRH neurons
for the onset of puberty. Kisspeptin-neurokininB-dynorphin (KNDy) neurons coordinate pulsatile
GnRH secretions in GnRH neurons via Kiss1R receptors. GnRH is then released into the anterior
pituitary gonadotropins. The anterior pituitary creates follicle-stimulating hormone (FSH) and LH,
which is carried throughout the body in the bloodstream. LH secretion then stimulates theca cell
development in the secondary follicle of the ovaries by binding to an LH receptor. Theca cells
synthesize estradiol, which binds to KNDy neurons to stop pulsatile secretion of GnRH to regulate

the system (Marques et al 2000; Karapanou and Papadimitriou 2010; Magoffin 2005).
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Figure 1-2. HPG axis in rats. Kisspeptin neurons secrete kisspeptin (1), which binds to receptors on the GnRH
neuron (2). The GnRH neurons sends pulsatile secretion of GnRH to the anterior pituitary (3). GnRH binds to
receptors on gonadotropes in the anterior pituitary releasing FSH and LH. LH stimulates thecal cell growth in the
secondary follicle of the ovary (4). Theca cells generate estradiol, which acts on KNDy neurons to inhibit GhnRH
activation (5).

A handful of developmental studies delve into ATZ exposure and its effects on the HPG
axis (Table 1.1). For example, an embryonic ATZ exposure in snapping turtles reported changes
in genes associated with the HPG axis (Russart and Rhen 2016). Sex- and age-dependent changes
in Kissl and its receptor KisslR were found. Young female Japanese quails exposed
developmentally to ATZ had decreases in hypothalamic GnRH and underdeveloped reproductive
organs (Qin et al 2015). Many studies focus on adult ATZ exposure in various rat models along
the HPG axis and report decreases in Kissl expression, decreases in GnRH pulse frequency and
amplitude, as well as a surge in LH (Figure 1.3). These effects have the potential to alter
downstream gonadal development with several studies noting apoptosis in female reproductive
cells and a decrease in uterine and ovarian weight (Goldman et al 2013; Kimura et al 2019;
Marques et al 2000). Although no widely accepted conclusion is drawn on what reproductive cells

are specifically targeted with ATZ exposure, there is a trend in decreased integrity in female
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reproductive tissue that can ultimately affect reproductive function. Sex steroids generated from

the HPG axis to promote reproductive function can also regulate the HPA axis.

Reference

Russart and Rhen
2016

Table 1-1. ATZ neurotoxicity along the HPG axis

Model organism

Developing
snapping turtles

Males had higher kiss1 and GhRH
mRNA, in embryos; Kiss1R higher in
hatchling females

ATZ concentration

2, 40 pg/l during
embryogenesis

Foradori et al 2009

Ovariectomized
adult female
Wistar rats

High dose of ATZ altered LH pulse,
amplitude and suppressed GnRH

50, 100, 200 mg/kg

Qinetal 2015

Developing female
quails

Underdeveloped ovaries/oviduct,
decreased hypothalamic GhRH mRNA,
LH in pituitary, and FSH in ovary;
Upregulated FSH and prolactin in
pituitary

50, 250, 500 mg/kg at
18 days for 45 days

Wilhelms et al 2006

Developing quails

At 14 days, hatchling and ovarian
weight decreased as well as circulating
progesterone at highest concentration

123, 246, 504 pg/kg in
ovo

Goldman et al 2013

Adult Long Evans
female rats

4 days of ATZ suppress LH surge, a
single exposure elevated
Increased kiss1 mRNA expression

4 days of 100 mg/kg or
a single exposure

Kimura et al 2019

Ovariectomized
female rats

Increased LH surge and decrease in
kissl mRNA in AVPV

100 mg/kg
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Figure 1-3. ATZ neurotoxicity along the HPG axis. ATZ is shown to decrease expression of Kissl (1) and
decrease GnRH neurons (2) in the hypothalamus. A decrease in the LH surge is widely documented with ATZ
exposure (3). ATZ has been associated with uterine weight loss (4), corpus luteum loss (5), and a decline in
granulosa cell quality (6). Integrating the findings from multiple studies in rat models implicates ATZ acting through
the neuroendocrine system to influence reproductive health.

1.11 Hypothalamic-pituitary-adrenal axis

The HPA axis regulates stress related hormones, particularly corticotropin releasing
hormone (CRH), adrenocorticotropic hormone (ACTH), and corticosterone (CORT). CRH is
synthesized in the paraventricular nucleus within the hypothalamus to help synthesize ACTH in
the pituitary and is considered a neuropeptide mediator of stress and HPA activation. CRH releases
ACTH to stimulate glucocorticoids (e.g., CORT) in response to stress in a negative feedback loop.
Stress during proestrus or exposure to estradiol in females causes an increase in plasma levels of
ACTH and generally higher levels of CRH, CORT, and progesterone. Conversely in males,
testosterone decreases ACTH levels and gonadectomy increases ACTH. Although the HPA axis
regulates stress hormones and is also regulated by sex hormones, it can also indirectly regulate the
HPG axis by altering levels of GnRH, pituitary sensitivity to GnRH, and LH secretion (Fraites et
al 2009; Toufexis et al 2014).
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Few studies have addressed developmental ATZ exposure and changes in glucocorticoids
or other endpoints for HPA activation from a neurotoxicity standpoint (Table 1.2). A study with
embryogenic ATZ exposure in snapping turtles looked at immediate and later in life changes in
genes associated with stress in the HPA pathway. The authors found upregulated
proopiomelanocortin (POMC), a precursor to ACTH, at hatching and at 6 months in females. This
implicates developmental ATZ exposure can cause changes in the HPA later in life. Many studies
focus on various stress responses in adult rats. These studies support ATZ and some of its
metabolites causing increases in blood plasma levels of CORT and ACTH (Foradori et al 2018;
Foradori et al 2009; Riffle et al 2014). A study in adult female Sprague-Dawley rats found that
pituitary removal prevented CORT synthesis, implicating the pituitary and specifically the CRH
receptor is necessary for ATZ to modulate increases in CORT levels (Foradori et al 2018). More
studies focusing on developmental ATZ exposure and its effect on the HPA axis will shed light on

how ATZ neurotoxicity affects stress responses at the neuroendocrine level.

Table 1-2. ATZ neurotoxicity along the HPA axis

Foradori et al Adult female Changes in adrenal morphology and 100 mg/kg
2018 Sprague- indirect adrenal stimulation to generate
Dawley rats CORT (CRH receptor important for ATZ

modulating corticosterone increase)

ATZ, DIA, and DEA elevate plasma 200 mg/kg

corticosterone concentrations
Russart and Developing Increase in hypothalamic POMC in 2,40 pg/l during
Rhen 2016 snapping turtles  hatchlings and at 6 months in females embryogenesis
Fraites et al 2009  Adult female Increase in ACTH, progesterone, and 60.5, 70 mg/kg of

Long Evans rats CORT; DACT had highest plasma levels, ATZ, DIA, or DACT
but didn’t affect HPA hormone release

Riffle et al 2014  Castrated male  Increase in adrenal proteins associated with 5, 25, 75, 200 mg/kg

Wistar rats stress; Increase in serum CORT and
progesterone
Lin et al 2014 C57BL/6 Increased anxiety-like behavior, decreased 1.4 mg/kg/day
mouse dams perirhinal cortex serotonin, and perirhinal

cortex serotonin homeostasis
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1.12 Serotonin and the HPA axis

Higher circulating levels of CORT and other stress related hormones and proteins in
females not only modulate the sensitivity to sex steroids estrous cyclicity by altering GnRH and
LH production through the HPG axis exposure, but also increase risk for developing psychological
disorders (Fraites et al 2009; Toufexis et al 2014). The developmental origin of adult disease
hypothesis suggests that toxicant exposure during development can increase the risk of certain
diseases during adulthood, so developmental exposure could also increase risk for adult
neurological disorders. The HPA axis is also important for regulation of psychological disorders
like depression and anxiety, which are higher in human females. A study exposed zebrafish to 0,
0.3, 3, or 30 pg/l during embryogenesis and found a significant reduction in 5-hydroxyindoleacetic
acid (5-HIAA), a major metabolite of serotonin in adult females. A subset of genes was down
regulated throughout the serotonergic pathway (Wirbisky et al 2015). Another study in C57BL/6
mice used a combination of behavioral and neurochemical assays to determine ATZ effects on the
brain and behavior. Offspring were exposed in utero from gestational day 6 to postnatal day (PND)
23 to 0, 0.03, or 30 mg/l. The authors found decreases in perirhinal cortex serotonin in adult
females and increases in anxiety-like behavior. These results suggest that ATZ exposure during
development causes sex-specific alterations in serotonergic systems that can ultimately affect
behavior (Lin et al 2014).

1.13 Hypothalamus-pituitary-thyroid axis

The HPT axis is important for regulating metabolism, growth, and reproduction. The
thyroid produces the hormones thyroxine (T3) and triiodothyronine (T4) that regulate activity of
thyroid receptor signaling found on Sertoli cells across vertebrates. At the pituitary level, there is
speculation that GnRH causes an increase in TSH and T3 in some amphibians and fish (Castafieda
Cortés et al 2014). Thyroid hormones can affect gonadal development and androgen levels,
particularly in males. Effects of ATZ and its metabolites have been noted in thyroid histology and
outcomes in gonadal pubertal development, but not many studies to date have linked endpoints in
the HPT axis to ATZ neurotoxicity (Stoker 2002).
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1.14 Dopamine

ATZ exposure has been shown to affect neurotransmission, particularly with dopamine
(DA), which has implications for diseases such as Parkinson’s Disease. A summary of
developmental atrazine effects in the dopaminergic system is provided in table 1.3. DA is an
important monaminergic transmitter responsible for facilitating motor movement with the main
metabolites being 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) (Li et
al 2014; Meiser et al 2013). In a study using 25 and 50 mg/kg of ATZ in pregnant mice with
exposure from gestational day 0 to PND 1, offspring exposed in utero had decreased levels of DA,
its precursors and transporters (DAT, TH), and decrease in genes and proteins necessary for
mecenphalic DA neuron growth (Nurrl, VMAT2) 6 months after developmental exposure ceased
in the substantia nigra. Follow up studies on ATZ exposure in pubertal rats around 20 days old
was performed with 0, 50, 100, or 200 mg/kg with the same endpoints and found similar results at
the highest ATZ exposure. In contrast, CB57BL/6 mice exposed in utero from gestational day 6
to PND 23 at 0, 0.03, 3, or 30 mg/L ATZ had increases in striatal DA and decreases in DA turnover
as juveniles at PND 35. As adults, DA levels were not altered, but increases in metabolites
methoxytyramine and 5-HT were detected in both sexes, and decreases in the metabolite DOPAC
in females was found. Behavioral analysis revealed hyperactivity as juveniles in exposed animals
and increases in anxiety-like behavior in females (Li et al 2014). These findings suggest that

developmental exposure to ATZ can have lasting neurological impacts into adulthood.

Table 1-3. Summary of ATZ exposure and developmental DA effects

Ma et al 2015 SH-SY5Y Microglia increase ROS, inflammatory 12.5, 25,50 pM
(neuroblastoma) cytokines, and decrease cell viability
BV-2 cells(microglia)

Lietal 2014 Sprague Dawley rat Decrease in DA, precursors, and genes for DA 0, 25, 50 mg/kg
pups exposed in utero neurogenesis in substantia nigra gestational day

0-PND 1

Li etal 2015 Pubertal Sprague Decrease in DA and precursors and decrease in 0, 50, 100, 200

Dawley male rats genes for mecenphalic DA neurogenesis in mg/kg from 27-
substantia nigra at highest ATZ concentration 54 days old
Lietal 2014 Pubertal Sprague Decrease in DA, its precursors, and genes for 0, 25, 50 mg/kg

Bardullas et al
2011

Dawley rats

Male juvenile Sprague
Dawley rats

mecenphalic DA neurogenesis in the substantia
nigra

Impaired motor coordination after 10-12 month
exposure; Striatal decrease of DA

25

from 22-62 days
old

10 mg/kg at 21
days until rat
was 300 g



A study has also shown microglial activation with ATZ exposure, which signals
inflammation and brain pathology (Ma et al 2015). A study using BV-2 microglia and SH-SY5Y
neuroblastoma cells found dose-dependent relationships with SH-SY5Y cell viability, an increase
in ROS in BV-2 microglial cells, and proteins associated with inflammation and microglial
activation when exposed to 12.5, 25, or 50 uM ATZ. Results from this study showed that high
levels of ATZ exposure during the stages of juvenile development affects the dopaminergic
neurons during this period of growth (Li et al 2014; Xia et al 2016; Xia et al 2017). These results
are particularly important because Nurrl is important for regulating development of dopaminergic

neurons.

1.15 Conclusion of ATZ developmental neurotoxicity

Although ATZ has been banned by the European Union, it is still a common herbicide used
in the Midwestern US and other global regions. Sex differences with ATZ exposure have been
shown, with sex-dependent changes in genes, proteins, and circulating hormone levels. Although
some studies show ATZ acting in a dose-dependent manner, other studies have evidence to support
ATZ as an EDC that does not act in a dose-dependent manner. Association with cancer is still
controversial, but health concerns related to developmental outcomes and neurotoxicity have been
documented in several model organisms. As an EDC, ATZ’s site of action is proposed to be the
neuroendocrine system and in particular the hypothalamus. The hypothalamus is an important site
in the brain that modulates development, reproduction, and stress through multiple endocrine axes.
Studies support disruption of the HPG axis with alterations in female reproduction and the HPA
pathway related to stress with a developmental ATZ exposure. Furthermore, ATZ is reported to
alter the dopaminergic system.

Although there is growing evidence to support the hypothalamus as ATZ’s site of action,
there are still gaps in the literature that need to be explored to further elucidate ATZ mediated
changes and to what extent the HPG, HPA, and HPT axes are affected. In addition, more
developmental studies exploring effects of ATZ on all three axes will provide a comprehensive
understanding on how ATZ neurotoxicity impairs hypothalamic function. Moreover, there is a
need to further our understanding on the influences of a developmental ATZ exposure on
neurotransmission as studies to date have primarily focused on the dopaminergic system with a

few studies on the serotonergic system.
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1.16  Zebrafish as a model organism in toxicology

Zebrafish (Danio rerio) are an established model for developmental biology due to their
physiology, genetics, and assaying potential. Embryos develop ex vivo, offering a non-invasive
approach to study developmental events. Transparency of embryos and larvae in early
developmental stages make it easy to visualize internal organs/structures and embryogenesis is
complete in only 3 days (Figure 1.4). In the first few hours after fertilization, rapid cell division
occurs in the zygote, cleavage, blastula, and gastrula periods. Between 24-48 hours post
fertilization (hpf) the brain has 5 lobes, the embryo increases rapidly in length, the circulatory
system forms, and the heart begins to beat. Between 48- 72 hpf, the craniofacial cartilage
development allows the mouth to become distinct and rudimentary gills develop. By 72 hpf, most
of morphogenesis is completed (Kimmel et al. 1995). From 72-120 hpf, zebrafish are referred to
as eleutheroembryos. While in the process of hatching the embryo is not very active, but the
eleutheroembryo stage is noted with gradual increased activity (swimming, jaw, eye, and fin
movement). At 96-120 hpf it is common for behavioral assays for light/dark, acoustic stimuli, and
toxicological responses to be initiated (Tegelenbosch et al. 2012). Behavioral assays, such as the
photomotor response can be used to screen thousands of neuroactive drugs (Garcia et al. 2016;
Kokel et al. 2010; Tegelenbosch et al. 2012). In addition, zebrafish have a fully sequenced genome
with the capability of creating genetic models using multiple gene editing tools including CRISPR-
Cas9 technology, making them ideal for mechanistic and discovery based studies on how genes
impact physiology and behavior (Huang et al. 2011; Peng et al. 2014). Due to assaying potential
and genetic strengths, zebrafish are a good model for human translation, because zebrafish have
70% gene homology which increases to 82% when considering genes related to human disease
(Howe et al. 2013). Additionally, there is high conservation of metabolizing enzymes (Garcia et
al. 2016; Goldstone et al. 2010).
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Figure 1-4. Zebrafish life cycle. Images are of an embryo at 1 hour post fertilization (hpf), an eleutheroembryo at 5
days post fertilization (dpf), and adult female (top) and male (bottom) zebrafish.

As noted above, the zebrafish model organism can be used in high-throughput assays for
drug discovery and chemical toxicity screening (Cassar et al. 2020; Garcia et al. 2016; Hallare et
al. 2006; Zon and Peterson 2005). Due to their developmental and biomedical strengths zebrafish
are increasingly being used to define mechanisms of toxicity (Aluru et al. 2013; Bailey et al. 2013;
Tegelenbosch et al. 2012) with recent reviews highlighting the strengths of the zebrafish as a model
for toxicology (Garcia et al. 2016; Horzmann and Freeman 2018). Taking advantage of the
developmental and biomedical strengths, the US FDA has used zebrafish toxicity assays for drug
approval (Garcia et al. 2016; He et al. 2014). Many toxicological studies are also evaluating
chemical effects on a protein, organ, and organismal level to provide a multi-level approach to
understanding how a chemical affects health at different life stages and then determining human
translation relevance (Horzmann et al. 2018). Since zebrafish have shorter life periods, there is
also the advantage of looking at the effects of a developmental exposure throughout the lifespan
in the developmental origins of health and disease (DOHaD) paradigm, and even across
generations. These advantages have made the zebrafish the most common fish model to perform
multi- and transgenerational studies evaluating epigenetic mechanisms of toxicity (Horzmann and
Freeman 2018).

1.17 Central Hypothesis and Specific Aims of Thesis

To further define the health outcomes from developmental atrazine exposure, the zebrafish

model was used to determine consequences of developmental ATZ exposure immediately and in
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the subsequent generation in this thesis. To further characterize the health effects of developmental
ATZ exposure in the zebrafish developmental model metabolites, proteomics, changes in
morphology, and behavior were evaluated. The central hypothesis was that developmental ATZ
exposure results in zebrafish producing similar major metabolites found in mammals, which will
result in behavioral and morphological changes in the exposed generation (FO) and in the
subsequent generation (F1). Specific aim 1 (Chapter 2), tested the hypothesis that developmentally
exposed larvae would elicit similar metabolite profiles found in mammals leading to
morphological and behavioral alterations (Figure 1.5). In specific aim 2 (Chapter 3), it was
hypothesized that parental ATZ exposure (F0) altered protein expression leading to modifications

in morphology and behavior in developing progeny (F1). (Figure 1.5).

Atrazine .
exposure behavior
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Figure 1-5. Project aims. Visual representation of Specific Aim 1, which is evaluating the consequences of ATZ
exposure using targeted metabolomics, morphological changes, and behavior. Specific Aim 2 looks at consequences
of parental ATZ exposure through proteomics, morphological assessments, and behavior.
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CHAPTER 2.

DEVELOPMENTAL ATRAZINE EXPOSURE IN

ZEBRAFISH PRODUCES THE SAME MAJOR METABOLITES AS
MAMMALS ALONG WITH ALTERED BEHAVIORAL OUTCOMES?

2.1 Abstract
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Atrazine (ATZ) is the second most commonly applied agricultural herbicide in the United
States. Due to contamination concerns, the U.S. EPA has set the maximum contaminant level in
potable water sources at 3 parts per billion (ppb; pg/l). Depending on the time of year and sampling

location, water sources often exceed this limit. ATZ is an endocrine disrupting chemical in
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multiple species observed to target the neuroendocrine system. In this study the zebrafish
vertebrate model was used to test the hypothesis that a developmental ATZ exposure generates
metabolites similar to those found in mammals and alters morphology and behavior in developing
larvae. Adult AB zebrafish were bred, embryos were collected, and exposed to 0, 0.3, 3, or 30 ppb
ATZ from 1 to 120 hours post fertilization (hpf). Targeted metabolomic analysis found that
zebrafish produce the same major ATZ metabolites as mammals: desethyl atrazine (DEA),
deisopropyl atrazine (DIA), and diaminochloroatrazine (DACT). The visual motor response test
at 120 hpf detected hyperactivity in larvae in the 0.3 ppb treatment group and hypoactivity in the
30 ppb treatment group (p<0.05). Further analysis into behavior during the dark and light phases
showed zebrafish larvae exposed to 0.3 ppb ATZ had an increase in total distance moved in the
first light phase and time spent moving in the first dark and light phase (p<0.05). Alternatively, a
decrease in total distance moved was observed in the second and third dark phase in zebrafish
exposed to 30 ppb ATZ (p<0.05). No significant differences were observed for any of the
morphological measurements following ATZ exposure from 1-120 hpf (p>0.05). These findings
suggest that a ATZ exposure during early development generates metabolite profiles similar to
mammals and leads to behavioral alterations supporting ATZ as a neurodevelopmental toxicant.

2.2 Introduction

Atrazine (ATZ) is a triazine herbicide that is commonly used on crops in the Midwestern
U.S. and globally (Bethsass and Colangelo 2006; Ochoa-Acufia et al. 2009). While ATZ is the
second most common herbicide applied in the U.S. (Mitchell 2014), ATZ was banned in the
European Union in 2003 due to widespread water contamination concerns (European Commission
2003). Atrazine has a half-life of about four months, and the half-life of metabolites range from
about one to two months (WHO 2011). Furthermore, ATZ is highly mobile in soil and is detected
in surface and groundwater in all regions where ATZ is applied. As such, the most common
environmental exposure route to the general population is via contaminated drinking water. The
U.S. Environmental Protection Agency (EPA) has set the maximum contaminant level in potable
water at 3 parts per billion (ppb), but depending on the time of year, concentrations can exceed
this limit (Blanchard 2000; Suhl et al. 2016; US EPA 2015). Due to this chemical persistence and
contamination of drinking water, it is imperative to fully understand and identify adverse health

risks of exposure, especially during development, a susceptible life stage to toxicant exposure.
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Developmental ATZ exposure is reported to result in a variety of adverse health outcomes
in several animal models. Neurodevelopmental outcomes include altered development of the
nigrostriatal dopamine system at 50 mg/kg, 100 mg/kg, and 200 mg/kg (Li et al. 2015),
ultrastructure of neurons in the dentate gyrus, and impaired spatial memory at 10 and 100 mg/kg
(Li et al. 2019b) in rats exposed during puberty. In the zebrafish, an embryonic ATZ exposure
resulted in altered serotonergic pathways and altered genes associated with neuronal growth and
morphology in the brain of adult fish aged 6 months exposed to 0.3, 3, or 30 ppb ATZ (Wirbisky
et al. 2015; 2016a). Developmental exposure caused increased head size in zebrafish larvae
exposed to 0.3, 3, or 30 ppb ATZ (Weber et al. 2013), craniofacial alterations in cartilage at 35
ppm (Lenkowski and McLaughlin 2010) and bone in zebrafish (Walker et al. 2018), and altered
muscle development in Xenopus laevis at 0.1 uM ATZ (Lenkowski and McLaughlin 2010).
Epidemiological studies support altered developmental outcomes in humans including an increase
in birth defects and in small for gestational age births with a maternal median exposure of 0.12
nmol/L ATZ (Chevrier et al. 2011), at greater than 0.1 pg/L ATZ (Ochoa-Acufa et al. 2009), and
at up to 0.1 pug/L ATZ metabolites (Migeot et al. 2013). In addition, low birth weights were
reported in children born to women with increased ATZ exposure (median ATZ concentration of
0.17 pg/L in drinking water) (Almberg et al. 2018).

ATZ is a known endocrine disrupting chemical (EDC) targeting the neuroendocrine system.
ATZ exposure leads to suppression of luteinizing hormone (LH) via the gonadotropin-releasing
hormone (GnRH) in rats through a hypothalamic mechanism yet to be clearly identified when
exposed to a range of 100-300 mg/kg (Cooper et al. 2000; Marques et al. 2000). ATZ can also
cause sex-specific adverse outcomes, such as attenuated LH surge in female rats at 100 mg/kg
(Kimura et al. 2019) and upregulation of aromatase with an embryonic ATZ exposure at 2 or 40
ppb in female snapping turtles (Russart and Rhen 2016). In addition, an embryonic ATZ exposure
(3 or 30 ppb) caused increased ovarian progesterone, follicular atresia, and transcriptomic ovarian
alterations in adult female zebrafish (Wirbisky et al. 2016c).

ATZ and its metabolites desethyl atrazine (DEA), deisopropyl atrazine (DIA), and
diaminochlorotriazine (DACT) are detected in surface and groundwater in regions where ATZ is
applied due to environmental degradation pathways (WHO 2011). In addition, ATZ is metabolized
to DEA or DIA and further to DACT in vivo in humans and other mammals by cytochrome P450s
(Figure 2-1) (McMullin et al. 2007; Joo et al. 2010). ATZ and its metabolites can be detected in
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urine of agricultural workers and in individuals living in regions where ATZ is applied (Barr et al.
2007; Catenacci et al. 1993; Mendas et al. 2012; Migeot et al. 2013). In laboratory studies, ATZ
and the same major metabolites are also detected in the urine, liver, and brain tissue of mice (Lin
et al. 2011; Ross et al. 2009) and rats (Brandhonneur et al. 2020; McMullin et al. 2007). Some
studies in humans (Barr et al. 2007; Catenacci et al. 1993) and mice (Brandhonneur et al. 2020;
Ross et al. 2009) support DACT as the major metabolite detected in urine or tissues. For example,
ATZ exposure in mice resulted in the highest detection of DACT, with a 10-fold reduction in
plasma levels of DEA and DIA (Ross et al. 2009). Studies indicate CYP1A2, CYP2C19, and
CYP3A4 to be among the major drivers of ATZ dealkylation in humans, but other cytochrome
P450s have also been reported (ATSDR, 2003; Joo et al., 2010). In addition, studies in rodents
indicate similarities and also differences in the specific isozymes in ATZ dealkylation indicating
species conservation and species-specific metabolism (ATSDR, 2003). Furthermore, how ATZ is
metabolized in other popular vertebrate animal models (e.g., the zebrafish) is even less understood.

The zebrafish is an established model for developmental and toxicological studies based
on their ex vivo development and short developmental stages (Garcia et al. 2016; Horzmann and
Freeman 2018). Zebrafish have 70% gene similarity to humans, and over 80% similarity for genes
related to human disease (Howe et al. 2013). While zebrafish have been used in several studies
evaluating ATZ toxicity, it is not yet known if zebrafish produce the same major metabolites as
mammals following a developmental exposure. Thus, the first goal of this study was to determine
if the same major ATZ metabolites (i.e., DEA, DIA, and DACT) would be present in zebrafish
larval tissue following a developmental exposure. Second, zebrafish were exposed to
concentrations ranging from 0.1 to 10 times the current U.S. EPA maximum contaminant level in
drinking water (0, 0.3, 3, or 30 ppb) from 1-120 hpf to further assess ATZ developmental toxicity
including behavior and morphological parameters. We hypothesized that a developmental ATZ
exposure would elicit similar metabolite profiles found in mammals leading to behavioral and
morphological alterations.

Currently, there are no publications assessing the major ATZ metabolites (i.e., DEA, DIA,
and DACT) in zebrafish tissue. There is some evolutionary conservation in the functions of
cytochrome P450s in the zebrafish, but there are also differences compared to mammals. Zebrafish
have a total of 94 cytochrome P450 (CYP) genes that are in the same 18 gene families as humans

and mammals, but these families vary in their respective gene numbers. For example, zebrafish
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CYP genes in families 1-4 are different than those in humans, while those within CYP families 5-
51 have 32 direct orthologs to human CYPs, suggesting conservation of enzyme activity and
function for these specific enzymes (Goldstone et al. 2010). Furthermore, along with cytochrome
P450s, the enzymes erythromycin N-demethylase (ERND), aminopyrine N-demethylase (APND),
and NADPH-P450 reductase were activated in zebrafish exposed to ATZ in a sex-specific manner
(Dong et al. 2009). Due to the similarities and differences between zebrafish and mammalian CYPs,
it is important to determine whether the same metabolites found in mammals are also present in

zebrafish tissue.
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Figure 2-1. Major metabolites of atrazine. Atrazine is metabolized into desethyl atrazine (DEA), deisopropyl
atrazine (DIA), and diaminochlorotriazine (DACT) via cytochrome P450 enzymes in mammals. Studies indicate
CYP1A2, CYP2C19, and CYP3A4 to be major drivers of atrazine metabolism to DEA and DIA in humans, along

with other cytochrome P450s. Cytochrome P450s also further metabolize DEA and DIA to DACT, but more studies
are needed to better understand the specific enzymes. There are similarities but also differences in zebrafish
cytochrome P450s compared to humans supporting the need to determine if zebrafish produce the same major
atrazine metabolites following a developmental atrazine exposure.

2.3 Materials and methods
2.3.1 Zebrafish husbandry and ATZ exposure parameters

Wild-type AB strain adult zebrafish (Danio rerio) were housed on a Z-Mod System
(Aquatic Habitats, Apopka, FL) on a 14:10 light-dark cycle. Water quality was maintained at a
range of 28-29°C, pH at 7.0-7.3, and salinity at 470-550 uS conductivity. Adult fish were fed a
mixture of brine shrimp (Artemia franciscana; Artemia international LLC., Fairview, Texas),

Golden Pearls 500-800 um (Artemia international LLC., Fairview, Texas), and Zeigler adult
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zebrafish food (Zeigler Bros Inc, Gardners, PA). Adult fish were bred in breeding tanks according
to previous protocols (Peterson et al. 2011) and embryos were collected 1 hour after fertilization
with chorions intact, at approximately the 4-8 cell stage of embryonic development. Embryos were
then rinsed, exposed to O (filtered aquaria water), 3, 30, 300, 1,000, 3,000, or 10,000 ppb (ng/L)
ATZ in the targeted metabolite study or to 0, 0.3, 3, or 30 ppb ATZ in the behavior and morphology
study. Chemical exposures were conducted similar to our past ATZ studies in a sterile polystyrene
petri dish in groups of 50 and maintained in incubators set at 28.5°C through 120 hpf (Weber et al.
2013; Wirbisky et al. 2015; Horzmann et al. 2018, 2020).

ATZ stock solutions are prepared from technical grade atrazine (98.2% purity) (CAS 1912-
24-9; Chem Service, West Chester, PA) according to previous protocols (Weber et al. 2013;
Wirbisky et al. 2015a). ATZ concentrations in treatment solutions were confirmed with a US EPA
approved immunoassay kit (Abraxis Atrazine ELISA Kit, Warminster, PA) as previously
described (Freeman et al. 2005; Wirbisky et al. 2016a) and were found to be within expected
concentration range (+ 0.1 ppb within test kit range). At 24 hours, survival was assessed, and
groups with 80% survival or higher were kept to attain high quality of clutches. Similar to other
studies, no difference in mortality was seen between all treatment groups (Weber et al. 2013).
Larvae were rinsed at 120 hpf with aquaria water to end ATZ exposure. The protocols used for
these experiments were approved by Purdue University Animal Care and Use Committee and all

zebrafish were treated humanely for prevention and alleviation of suffering.

2.3.2 Targeted Metabolomics

At the end of the ATZ exposure, larvae were pooled from each petri dish to attain one
biological replicate (~45-50 larvae per pool) for targeted metabolomics. A total of 7-12 replicates
were collected (N=7-12). Sample preparation and quantitation were based on procedures by Brox
et al. (2014). Samples were spiked with 10 ng of deuterated internal standards (d5-Atrazine, d7-
DEA, and d5-DIA). Samples were homogenized in 2 mL vials with 1.4 mm ceramic (zirconium
oxide) beads with 194 uL of methanol using Precellys 24 tissue homogenizer (Bertin Technologies,
Rockville, MD, USA). The homogenate was transferred to a microcentrifuge tube and 200 pL of
100% acetonitrile was added. The mixture was vortexed, centrifuged at 18,600 x g for 10 minutes
and the supernatant was transferred and evaporated. The extract was reconstituted in 50 uL of 50%

methanol.
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Quantitation used HPLC tandem mass spectrometry. A total of 8 uL of the reconstituted
sample was delivered to the column through an Agilent 1290 Infinity Il LC with multisampler
(Agilent Technologies, San Jose, CA) into a 6470 triple quadrupole mass spectrometer (Agilent
Technologies, San Jose, CA) equipped with Jet Stream ESI ion source. The HPLC column used
was an Agilent Zorbax SB-Phenyl (4.6 x 150 mm, 5 um; Agilent Technologies, San Jose, CA).
The binary pump flow rate was set at 0.8 mL/min. Mobile phase A was 90:10 (v/v) of water at 50
mM ammonium acetate: acetonitrile, with 0.1% formic acid and mobile phase B was 90:10 (v/v)
of acetonitrile: water at 50 mM ammonium acetate, with 0.1% formic acid. The HPLC column
was initially set to 20% B for 0.5 minutes. The binary pump was set in a linear gradient to 100%
B in 8.5 min and held for 1 min. It was then returned to 20% B in 0.5 min and re-equilibrated for
3 min.

The tandem mass spectrometer was operated in multiple reaction monitoring (MRM) mode.
Data processing utilized Agilent MassHunter (B.06.00). For ATZ, DIA, and DEA, concentrations
in ng per sample were obtained by ratioing the endogenous compound peak area by the
corresponding deuterated internal standard peak area, then multiplying by the amount of internal
standard added (10 ng). Standard range was 2.5 to 25,000 ng per sample, with a quantitation limit
of 2.5 ng per sample. For DACT, a calibration curve was generated, using d5-ATZ as the internal
standard. Standard range was 10 to 100,000 ng per sample, with a quantitation limit of 10 ng per
sample. The concentration of ATZ, DIA, DEA, and DACT in zebrafish tissue was calculated as
ng/mg.

2.3.3 Behavior

Behavior was assessed at 120 hpf with the visual motor response routine on the Noldus
Daniovision Observation Chamber (Noldus Information Technology, Wageningen, Netherlands).
Each treatment group within a biological replicate consisted of twenty-four larvae (subsamples)
that were placed into separate wells of a 96 well plate with 500 pL of filtered water. This was
repeated 8 times with 24 subsamples in each biological replicates to total 192 larvae total per
treatment group being included in this analysis. The observation chamber water temperature was
regulated at 28°C during the experiment. Following a 10 minute dark acclimation period, the
Noldus white light routine was used to test visual motor response by exposing larvae to 10 minute

intervals of alternating light and dark periods for 50 minutes as described in a previous study

40



(Horzmann et al. 2017). All behavioral experiments were performed between 11 am - 1 pm to
reduce circadian variability in movement. Infrared movement traces were recorded at 25 frames
per second with a Basler GenlCam acA 1300-60g camera and analyzed with Noldus EthoVision
12.0 software. Tracks were smoothed with a minimum distance moved profile set at >0.2 mm and

data were collected for endpoints such as distance moved, velocity, and time spent moving.

2.3.4 Morphology

Following ATZ exposure, larvae were euthanized via anesthetic overdose in 0.4 mg/mL
buffered tricaine-S (Western Chemical Inc.). From each treatment group in each biological
replicate, 9-16 larvae (subsamples) were imaged morphological measurements attained. This was
repeated 6 times to equal 6 biological replicates (i.e., a total of 144 larvae measured in each
treatment group). Larvae were imaged similar to past studies in our research group under a Nikon
SMZ1 500 stereomicroscope with a Nikon Digital Sight DS-fil camera and NIS elements imaging
software (Nikon Instruments Inc., Melville, NY) (Horzmann et al. 2017, 2018). Larvae were
suspended in a low percent agar for measuring. The measurements assessed were total body length
(measured snout to tail), head length (snout to operculum), head width (width of head at the level
of the eyes), and brain length (rostral aspect of forebrain to caudal aspect of brainstem) with Nis-
Elements D 3.2 software (Figure 2-2). In addition, ratios of head length to body length, head width
to body length, and brain length to body length were determined. The order in which treatment

groups were measured was randomized.

Figure 2-2. Image for general morphology measurements for larvae at 120 hpf. A shows brain length
measurement (red line). Scale bar represents 100 uM. B shows an aerial view of the larvae at with the anterior to
posterior red line indicating total length, the blue line indicating head length, and red line indicating head width.

Scale bar represents 500 uM.
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2.3.5 Statistical analysis

There was a total of 7-12 biological replicates (with 45-50 larvae pooled in each replicate)
for targeted metabolomics. For behavior, there were a total of 8 replicates with 24 subsamples per
treatment group per replicate. For morphology, there were a total of 6 replicates with 9-16
subsamples per treatment group per replicate. Each biological replicate represents a separate
spawning event. A Grubb’s outlier test was used on data organized by treatment group for each of
the metabolomics, behavior, and morphology analyses separately to identify any outliers within
treatment group for each outcome. All data was assessed and confirmed for normality before
proceeding to further statistical analysis. For the targeted metabolomics, atrazine treatments below
the quantitation limit were excluded in the statistical analysis. Metabolomic, cumulative behavior,
and morphological endpoints were statistically analyzed with an analysis of variance (ANOVA)
with a Fisher’s least significant difference (LSD) post hoc test when a significant ANOVA was
observed (p<0.05) using SAS Statistical Software (SAS Institute Inc., Cary, NC). Phasic behavior
was analyzed using a repeated measures ANOVA for phase, treatment, and phase*treatment
interaction using SAS. Data for behavior are represented as bar graphs (Bridi et al. 2017,

Horzmann et al. 2018). Results are presented as mean + standard deviation of the mean.

2.4 Results
2.4.1 Targeted Metabolomics

ATZ and the three major mammalian ATZ metabolites were identified in zebrafish tissue
at 120 hpf following exposure from 1-120 hpf. Chromatographic retention times for DACT, DIA,
DEA, and ATZ were 3.3, 5, 6, and 7.8 minutes, respectively (Figure 2-3). The quantitation limit
was 2.5 ng per sample for ATZ, DEA, and DIA and 10 ng per sample for DACT. Samples were
calculated in ng/mg (Table 2.1). ATZ and DACT were the most abundant with quantification in
the 300, 1,000, 3,000, and 10,000 ppb treatment groups and with dose increasing as exposure
concentration increased (p<0.0001 for ATZ and DACT). DEA and DIA were less abundant with
quantification only in the 3,000 and 10,000 ppb treatment groups, but similarly a dose increase
was observed as exposure concentration increased (p=0.0055 for DEA and p=0.0028 for DIA).

The percent of the major metabolites in the 3,000 and 10,000 ppb treatment groups was
compared to a previous study in humans (Table 2.2). For the zebrafish, each metabolite is
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represented as the percent of total for DACT, DEA, and DIA. In the human study, the metabolite
ATZ mercapturate was also included and detected as 11.9% or less of total metabolite composition.
Similar to humans, a higher percent of DACT was detected in comparison to DEA and DIA. The
percent similarity for the highest zebrafish treatment (10,000 ppb) was most similar to the high-
level acute exposure in humans, while the 3,000 ppb zebrafish treatment group was more similar
to the low-level acute exposure in humans for DACT. The comparison for DEA and DIA was not
as clear and could be limited with percent comparison assessment due to not assessing ATZ
mercapturate in the zebrafish. Unfortunately, this assessment was not able to be completed for the

lower zebrafish exposure concentrations due to limits of detection of the technique.
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Figure 2-3. HPLC-MS-MS chromatogram of zebrafish tissue following developmental atrazine exposure. The
same major atrazine metabolites were detected in zebrafish tissue following a developmental exposure as is detected
in mammals. (Desethyl atrazine: DEA; Deisopropyl atrazine: DIA; Diaminochlorotriazine DACT).

Table 2-1. Average atrazine and atrazine metabolite distribution in zebrafish larvae at 120 hpf following atrazine
exposure from 1-120 hpf.

Atrazine Atrazine Desethyl Deisopropyl Diaminochloroatrazine
exposure ng/mg atrazine atrazine (DIA) (DACT)
concentration (DEA) ng/mg ng/mg
ng/mg
0 ppb ND ND ND ND
3 ppb ND ND ND ND
30 ppb ND ND ND ND
300 ppb 0.163¢ ND ND 0.1008
1000 ppb 0.5265¢ ND ND 0.0938
3000 ppb 0.9978 0.080° 0.0738 0.1528
10000 ppb 3.6474 0.3744 0.488" 1.284*
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Different letters indicate statistically significant different groups at p<0.05.
ND: below quantification limit
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Table 2-2. comparison of percent metabolite distribution among main ATZ metabolites in larval zebrafish versus
human exposure

ATZ exposure Percent Percent Percent ATZ
concentration DEA DIA DACT mercapturate*
10,000 ppb in zebrafish 17.4% 22.7% 59.8% *
High-level acute exposure | 39 59, 5.3% 51.3% 11.9%
in humans
3,000 ppb in zebrafish 26.2% 23.9% 49.8% *
Low-le\{el acute exposure 43% 204 47 6% 7 50
in humans
Environmental exposure in 15% 6% 77% 204
humans

* ATZ mercapturate is a metabolite analyzed in a human exposure study not analyzed in this study.

2.4.2 Larval visual motor assay

Larvae were exposed to ATZ, and at 120 hpf a visual motor response test was used to assess
zebrafish behavior. Significant behavioral changes were identified when evaluated for cumulative
testing time and then changes within specific phases were determined. The 0.3 ppb ATZ exposed
larvae had hyperactivity in the cumulative total distance moved (p=0.0105), time spent moving
(p=0.0118), and velocity (p=0.0104) (Figure 2-4).

Phasic behavioral data for total distance moved showed significance of phase
(f(5,3610)=1652, p<0.001), treatment (f(3,722)=2.59, p=0.0518), and interaction of treatment and
phase (f(15,3610)=2.78, p=0.0013) (Figure 2.5A). In the first light phase, larvae in the 0.3 ppb
treatment group had increased movement and larvae in the 30 ppb treatment group had decreased
movement in the second and third dark phases. For time spent moving, a significant effect of phase
(f(5,3610)=1696, p=0.0001), treatment (f(3,722)=3.13, p=0.0251), and the interaction of treatment
and phase (f(15,3610)=1.66, p=0.0526) was seen. The 0.3 ppb treatment group had more time
spent moving in comparison to control larvae in the first dark phase and first light phase (Figure
2.5B). While a significant effect for phase was observed for velocity (f(5,3610)=52.51, p=0.001),
no evidence of overall effect of treatment (f(3,722)=1.05, p=0.3703) or treatment and phase
interaction (f(15,3610)=0.99, p=0.4653) was observed (Figure 2.5C). Hyperactivity in 0.3 ppb
treatment group and hypoactivity in the 30 ppb treatment group indicates atrazine exposure alters

swimming patterns of larvae at 120 hpf.
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Figure 2-4. Cumulative behavior of zebrafish larvae at 120 hpf exposed to atrazine from 1-120 hpf. Zebrafish
exposed to 0.3 ppb atrazine had an increase in (A) total distance moved, (B) center-point movement, and (C)
velocity. Error bars represent standard deviation. *p<0.05, N=8 with 24 subsamples per treatment in each replicate
to total 192 larvae per treatment.
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Figure 2-5. Light and dark phase behavior of zebrafish larvae at 120 hpf exposed to atrazine from 1-120 hpf.
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differences were observed for any atrazine treatment group for mean velocity. Error bars represent standard
deviation. *p<0.05, N=8 with 24 subsamples per treatment in each replicate to total 192 larvae per treatment.

47



2.4.3 Morphology

Zebrafish larvae measured at 120 hpf, had no significant changes in mean total length
(p=0.9121), mean head width (p=0.531), mean head length (p=0.551), or mean brain length
(p=0.3997) (Table 2.2). Ratios for mean brain length over total length (p=0.6092), mean head
length over total length (p=0.2503), and mean head width over total length (p=0.2644) also were
not significantly different among treatment groups.

Table 2-3. No significant differences in morphological measurements were observed in zebrafish larvae at 120 hpf
following atrazine exposure from 1-120 hpf (p>0.05).

Atrazine Body length Head Head Brain Head length/ Head width/ Brain length/
exposure (um) length width length body length body length total length
concentration (um) (um) (um) ratio ratio ratio
0 ppb 4235 + 2102 805 + 53 663 +29 | 956 + 55 0.190 + 0.011 0.157 + 0.008 0.226 + 0.012
0.3 ppb 4244 + 193 799 + 46 668 + 28 | 967 + 49 0.188 + 0.009 0.158 + 0.007 0.2280 + 0.012
3 ppb 4232 + 196 799+47 | 669+27 | 960 + 46 0.227 +0.012 0.158 + 0.007 0.227 + 0.012
30 ppb 4223 + 163 806+43 | 658+27 | 960+37 | 0.228 + 0.0126 | 0.156 + 0.007 0.228 + 0.013

3+ Standard deviation

2.5 Discussion

Identifying adverse health outcomes associated with ATZ exposure is important due to its
persistence in the environment and presence in potable water sources. ATZ and its metabolites are
detected in the urine of mammalian models as well as humans with most mammalian studies
indicating the parent compound as the major driver of toxic outcomes. A few studies have
evaluated the toxicity of ATZ metabolites in zebrafish by direct exposure to these metabolites
(Blahova et al. 2020; Liu et al. 2016, 2017), but there is limited information on if DEA, DIA, or
DACT is present in zebrafish tissue after an ATZ exposure (i.e., in vivo ATZ metabolism).
Embryotoxicity studies evaluating hatching rate, somite formation, eye and pigment development,
as well as cardiotoxicity with ATZ, DIA, and DEA exposure found no potential risk at
environmentally relevant concentrations (Blahova et al. 2020). In addition, pericardial edema was
the only major malformation recorded and was only observed at the highest test concentration of
10,000 ppb ATZ (Blahova et al. 2020). Alternatively, immunotoxicity studies with developmental
exposure to ATZ, DEA, DIA, or DACT at 30, 100, or 300 ppb through 120 hpf reported altered
immune response through upregulated transcription for genes related to mast cell function and
altered cytokine mRNA levels after an immune challenge (Liu et al. 2017). In addition, the same
group reported cumulative hypoactivity following exposure to ATZ (100 and 300 ppb), DEA (30
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and 300 ppb), DIA (100 and 300 ppb), or DACT (30, 100, and 300 ppb) through 120 hpf (Liu et
al. 2016). These findings agree with the hypoactivity observed in this study following ATZ
exposure, but does indicate the major metabolites may also be drivers of the behavioral alterations.
The goal of the current study was to determine if zebrafish metabolized ATZ to produce DEA,
DIA, and DACT in vivo and thus, further studies are needed to investigate if ATZ and/or
metabolites are responsible for neurotoxicity outcomes.

So far, only one other study has evaluated ATZ metabolism is the zebrafish. In that study,
the authors focused on microsomal and soluble metabolism of ATZ via glutathione-S-transferase
with ATZ developmental exposure and determined that microsomal enzymes conjugated ATZ to
glutathione effectively (Wiegand et al. 2001). Our current study is novel because it is the first to
identify ATZ dealkylated metabolites that are found in mammals are also present in zebrafish
tissue following a developmental ATZ exposure. Higher concentrations of DACT relative to the
other metabolites were detected, which agrees with the human (Barr et al. 2007; Catenacci et al.
1993) and mouse (Ross et al. 2009) studies. Table 2.2 compares the percent distribution of ATZ
metabolites in larval zebrafish in our study to the percent distribution of metabolites in a study
with ATZ metabolite detection in human urine (Barr et al. 2007).

A limitation of the current study was that ATZ and DACT were not quantifiable in
zebrafish in the 3 or 30 ppb treatment groups and that DEA and DIA were only quantifiable in the
3,000 and 10,000 ppb treatment groups. These findings signify a need for further methodological
refinement if ATZ exposure occurs at lower concentrations. It should also be noted that ATZ
solutions were not renewed during the exposure period. Taken together, our study confirms that
similar ATZ dealkylated metabolites found in mammals are also observed in zebrafish tissue with
ATZ and DACT being most abundant following the developmental ATZ exposure. There are also
several studies suggesting that ATZ can bioaccumulate in different species. For example, a study
of ATZ exposure in two bivalves species shows that ATZ can bioaccumulate in a tissue-specific
manner (Jacomini et al. 2006). In addition, a study in E. foetida and M. guillelmi, two species of
earth worms, found that E. foetida absorbed five times more ATZ than its counterpart when
exposed to 4.25 mg ATZ/kg of soil due to this worm’s dermal absorption (Wang et al. 2014).
Alternatively, human studies indicate ATZ is eliminated from the body in urine over a few days
(Barr et al. 2007). Thus, more studies are needed to further define ATZ bioaccumulation

similarities and differences among species.
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Behavioral data at 120 hpf in larval zebrafish showed hyperactivity for the 0.3 ppb treated
larvae in cumulative total distance moved, time spent moving, and velocity. For phasic behavior,
hyperactivity was seen in the first light phase of total distance moved for larvae in the 0.3 ppb
treatment group. Behavioral hypoactivity occurred in the second and third dark phases for the 30
ppb treatment groups, which is in agreement with previous studies with ATZ exposure through 72
hpf evaluating cumulative behavior data (Horzmann et al. 2018). The previous study was limited
in that only cumulative behavior data was assessed and thus, it is not known if hyperactivity at 0.3
ppb may have been also observed if phase analysis had been included. Overall, these two studies
show agreement for hypoactivity at 30 ppb at 120 hpf for an ATZ exposure from 1-72 hpf or 1-
120 hpf. These observations also agree with studies in other animals showing altered behavior. For
example, hyperactivity was reported in mice of both sexes with a developmental ATZ exposure
(Lin et al. 2014) and in tadpoles (Ehrsam et al. 2016) at environmentally relevant ATZ
concentrations. Other studies have noted behavioral hypoactivity in adult rats (Rodriguez et al.
2013) and pacu fingerlings at higher exposure concentrations (Delcorso et al. 2020). In addition,
adult male zebrafish aged 9 months exposed to ATZ only during embryogenesis (1-72 hpf) had
decreased locomotor movement with brain transcriptome alterations associated with nervous and
reproductive system function (Horzmann et al. 2020). Behavioral changes with ATZ are important
to define as exposure has been connected to changes in neurochemistry related to anxiety-like
behavior, (Chévez-Pichardo et al. 2020) as well as dopaminergic and serotonergic function (Lin et
al. 2013). In addition, altered serotonergic neurotransmission and transcriptome changes in genes
associated with behavior and the serotonergic pathway are reported in the brain of adult female
zebrafish following an embryonic ATZ exposure (Wirbisky et al. 2015, 2016b). Overall, the
findings of this study and others indicates treatment-dependent alterations in hyperactivity or
hypoactivity. Further studies are needed to define the mechanisms that lead to these different
behavioral alterations at the higher and lower ATZ exposures.

Morphological alterations are also important to study with ATZ exposure due to
associations with babies being born small for gestational age (Chevrier et al. 2011; Migeot et al.
2013), as well as male genital birth defects (Agopian et al. 2013) in human epidemiology studies.
No morphological changes were seen at 120 hpf in any parameter measured in the current study;
however, our previous studies with ATZ exposure through 72 hpf in zebrafish showed increased

head length in all treatments (Weber et al. 2013) and increased brain length in the 0.3 ppb treatment
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groups (Horzmann et al. 2018). Discrepancies between the two studies could be due to differences
in time of exposure (i.e., 1-72 hpf compared to 1-120 hpf), time of analysis (72 hpf compared to
120 hpf), or compensation events over the developmental period; however, more studies are
needed to define. Other studies conducted with developmental ATZ exposure at environmentally
relevant concentrations (0, 0.3, 3, and 30 ppb) in zebrafish found rare malformations, but focused
on endpoints such as pericardial edema or eye development at 24, 48, 72 and 96 hpf (Blahova et
al. 2020). In addition, our previous studies report later in life morphological alterations from an
embryonic ATZ exposure with a decreased head length to body ratio in the 30 ppb treatment group
and increased head width to body ratio in the 0.3 and 3 ppb treatment groups (Wirbisky et al.
2016c¢). Integration of these findings suggest that the body may compensate at certain
developmental time points, but that the developmental exposure can lead to health consequences
into adulthood, aligning with the developmental origins of health and disease paradigm (DOHaD)
(Haugen et al. 2015; Heindel and Vandenberg 2015; Horzmann and Freeman 2018).

Overall, findings from this study support ATZ as a neurodevelopmental toxicant that can
alter behavioral outcomes. Importantly, the same major metabolites as detected in humans and
other mammals are present in the zebrafish following a developmental ATZ exposure, further

validating zebrafish as a biomedical model with human relevance for ATZ toxicity studies.
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CHAPTER 3. MULTIGENERATION ADVERSE DEVELOPMENTAL
IMPACTS IN PROGENY OF ZEBRAFISH EXPOSED TO THE
AGRICULTURAL HERBICIDE ATRAZINE DURING EMBRYOGENESIS

3.1 Abstract
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Atrazine (ATZ) is an herbicide that is commonly used on crops in the Midwestern US and
other select global regions. ATZ has a long half-life and is a common contaminant of drinking
water sources. The US Environmental Protection Agency (EPA) ATZ regulatory limit is 3 parts
per billion (ppb; pg/L), but this limit is often exceeded with ATZ indicated as an endocrine
disrupting chemical in multiple species. The zebrafish model system was used to test the
hypothesis that an embryonic parental ATZ exposure altered protein expression leading to
modifications in morphology and behavior in developing progeny. Zebrafish embryos (F1) were
collected from adults (FO) exposed to 0, 0.3, 3, or 30 ppb ATZ during embryogenesis. Proteomic,
morphology, and behavior assays were completed with offspring aged 120 hours with no
additional chemical treatment. Proteomic analysis identified differential expression associated
with neurological development and disease; and organ and organismal morphology, development,
and injury, specifically the skeletomuscular system. Head length and the ratio of head length to
total length was significantly increased in the F1 of 0.3 and 30 ppb ATZ treated groups (p<0.05).
Based on molecular pathway alterations, further craniofacial morphology was completed with
decreased distance for cartilaginous structures, decreased surface area and distance between

saccular otoliths, and a more posteriorly positioned notochord observed (p<0.05), indicating
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delayed ossification and skeletal growth. The visual motor response assay showed hyperactivity
in the F1 of the 30 ppb treatment group for total distance and time spent moving in the F1 of the
0.3 and 30 ppb treatment groups for all phases (p<0.05). These findings suggest that a single
embryonic parental exposure alters proteomic pathways that lead to perturbations in craniofacial

development and locomotor behavior.

3.2 Introduction

Atrazine (ATZ) is a triazine herbicide that is commonly applied to agricultural fields to
control broad leafy weeds (LeBaron, McFarland, & Burnside, 2008). Although ATZ is the second
most common agricultural herbicide in the US, the European Union banned its use in 2003 due to
water contamination concerns (Bethsass and Colangelo 2006; European Commission 2003). Due
to heavy application and low binding efficiency to soils, ATZ contaminates runoff and potable
water sources (Guzzella et al. 2006; Meffe and de Bustamante 2014). The US Environmental
Protection Agency (EPA) has set the maximum contaminant level of ATZ in potable water to 3
parts per billion (ppb; pg/L), but concentrations can exceed this limit (Blanchard and Lerch, 2000;
WHO 2011).

In the general US population the most common ATZ exposure route is through drinking
contaminated water and is associated with several health risks, which have been documented in
epidemiological studies as well as various animal studies. Epidemiological studies suggest
exposure during gestation increases the likelihood of birth defects and premature births defects
(Agopian et al. 2013; Migeot et al. 2013; Stayner et al. 2017; Waller et al. 2010). For example,
women with medium levels of residential ATZ exposure were found to have increased risk of
offspring with male genital malformations in Texas, USA (Agopian et al. 2013). In addition, a
study in France with women exposed in their second trimester with mixtures of ATZ metabolites
and nitrates in their drinking water found that their offspring were more likely to be born small for
gestational age (Migeot et al. 2013). An assessment of births in counties across the Midwestern
US for water systems included in the US EPA’s atrazine monitoring program found that there was
increased rate of preterm birth (Stayner et al. 2017), while a study in Washington, USA found
women who resided less than 25 km from a site with high ATZ concentrations had offspring with
increased frequency of gastroschisis (Waller et al. 2010). Furthermore, studies in various model

organisms support ATZ as an neuroendocrine disrupting compound, altering reproductive cycling
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and development (Cooper 2000; Russart and Rhen 2016), stress response (Foradori et al. 2018;
Fraites et al. 2009), and the dopaminergic system (Bardullas et al. 2011; Fraites et al. 2009; L.i et
al. 2019a; Ma et al. 2015).

Adverse health outcomes with direct ATZ exposure are well documented, but
multigenerational and transgenerational studies are important to determine if an exposure affects
subsequent generations, and whether the adverse health outcomes are comparable. Moreover,
some studies have begun to assess ATZ toxicity in the context of the Developmental Origins of
Health and Disease (DOHaD) paradigm, which states that exposures to environmental factors or
chemical exposures during developmental periods can have long lasting impacts, into adulthood
and even subsequent generations (Heindel and Vandenberg 2015). Transgenerational studies in
Sprague Dawley rats at high concentrations support generational effects of ATZ exposure
reporting reductions in body weight, increased testis disease, and early onset puberty in males and
in their offspring, as well as hyperactivity and altered methylation patterns in sperm (DeSesso et
al. 2014; McBirney et al. 2017). In mice, decreased sperm quality in the generation exposed to
ATZ during development and in the following generation due to defects of proteins in meiosis and
altered gene expression in several organs was observed (Hao et al. 2016). ATZ exposure during
the first 12 days of life in medaka documented decreased sperm count and motility in offspring
(Cleary et al. 2019). Previous studies in zebrafish with an embryonic ATZ exposure report
alterations in proteins related to developmental and neurological disorders and cancer, as well as
changes in morphology and genes associated with head development, neurogenesis, and behavior
(Horzmann et al. 2018; Wirbisky et al. 2015b). Building upon these findings, we expect that an
embryonic ATZ exposure in zebrafish will have generational consequences. Specifically, it was
hypothesized that offspring of zebrafish exposed to ATZ only during embryogenesis will exhibit
similar changes in protein expression, morphology, and behavior in comparison to the parental
generation. Zebrafish are an established model in toxicology and environmental health research
with several strengths for generational ATZ studies including high similarity of physiological
structures and molecular pathways related to development and disease, ex vivo embryonic
development, shorter developmental and generation times, and established behavioral assays
(Bailey et al. 2013; Garcia et al. 2016; Horzmann and Freeman 2018). In addition, it was recently
confirmed that zebrafish metabolize ATZ similar to mammals producing the same major
metabolites (Ahkin Chin Tai et al. 2021).
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3.3 Materials and methods
3.3.1 Zebrafish husbandry and ATZ exposure parameters

Adult zebrafish (Wild-type AB strain Danio rerio) were housed in standalone systems
(Aquatic Habitats, Apopka, FL) on a 14:10 light-dark cycle and monitored twice daily for water
quality. System water was maintained at 28°C with a pH range of 7.1-7.3 pH and conductivity of
470-550 uS. Adult fish were fed twice daily a combination of brine shrimp, Golden Pearls (500-
800 um) (Artemia international LLC., Fairview, Texas), and Zeigler adult zebrafish food (Zeigler
Bros Inc., Gardners, PA). Zebrafish were bred to generate embryos for experiments in breeding
tanks according to established protocols (Peterson et al. 2011). Embryos were collected at the 4-8
cell stage of development (1 hour post fertilization: hpf), rinsed, and randomly assigned to
treatment groups of 0 (aquaria water), 0.3, 3, or 30 ppb (ug/L) ATZ. ATZ stock solutions were
prepared from technical grade ATZ (98.1% purity) (CAS 1912-24-9; Chem Service, West Chester,
PA) as previously described (Weber et al. 2013; Wirbisky et al. 2015b) and diluted to the respective
ATZ treatment concentrations. Concentrations of stock solutions and treatment water were
confirmed by an US EPA approved immunoassay kit (Abraxis Atrazine ELISA Kit, Warminster,
PA) as previously described (Freeman et al. 2005; Wirbisky et al. 2016b) and were found to all be
within expected concentration ranges (+0.1 ppb; data not shown).

Embryos were exposed via immersion in groups of 50 in petri dishes and were housed at
28.5°C through the end of embryogenesis (72 hpf). At 72 hpf, all eleutheroembryos were rinsed to
terminate ATZ treatment and were raised to adulthood under control conditions. The exposure
procedure was replicated several times to attain multiple adult groups. The adult zebrafish exposed
to ATZ only during embryogenesis (ATZ FO) were then bred within treatment group to generate
embryos. These progeny received no additional ATZ exposure and were maintained at 28.5°C in
aquaria water in groups of 50 in a petri dish until 120 hpf for experimental procedures. All larvae
within a single petri dish were considered as a subsample. For all experimental procedures larvae
were collected from multiple petri dishes (biological replicates) from multiple breeding groups.
Larvae with parental embryonic ATZ exposure are referred to as ATZ F1. The experimental design
with chemical dosing times and analysis time points is summarized in Figure 3-1. All protocols
were approved by the Purdue University Animal Care and Use Committee and all fish treated

humanely with regards to prevention and alleviation of suffering.
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Figure 3-1. Parental ATZ exposure. AB adult zebrafish were bred and embryos were collected and exposed to
ATZ at environmentally relevant concentrations for 1--72 hours post fertilization (hpf). ATZ chemical exposure was
terminated at 72 hpf. Afterwards, these developmentally exposed larvae were grown to adult hood and then bred
within treatment groups to get F1 embryos. These embryos were collected 1 hpf and placed in aquaria water only
(no additional ATZ exposure) until 120 hpf when used in experiments.
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3.3.2 Proteomics

Proteomic analysis was performed on larval F1 zebrafish at 120 hpf to determine whether
parental exposure resulted in protein expression alterations using the same experimental
parameters as in our previous study (Horzmann et al. 2018). For each biological replicate, 30 larvae
per treatment group (parental exposure of 0, 0.3, 3, or 30 ppb ATZ) were pooled and euthanized
via hypothermic shock. Six biological replicates were collected for each treatment group. Larval
zebrafish were homogenized using a Preceyllys 24 homogenizer (bertin Instruments, Montignyle-
Bretonneux, France) and a Bicinchoninic (BCA) assay used to determine protein concentration.
Sample preparation and analysis was completed as described in Horzmann et al. (2018). Briefly,
digestions were performed on a Barocycler NEP2320 at 50°C under 20,000 psi for 1 hour and then
samples cleaned over C18 spin columns (Nest Group, Southborough, MA) and dried in a vacuum
centrifuge. Pellets were solubilized in 97% purified water, 3% acetonitrile (ACN), 0.1% formic
acid (FA). Samples were then analyzed through liquid chromatography/mass spectrometry
(LC/MS) with the Dionex UltiMate 3000 RSLC Nano System coupled to the Q Exactive™ HF
Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Scientific, Waltham, MA). Peptides
were loaded onto a trap column (20 um % 350 mm) and washed using a flow rate of 5 pL/min with
98% purified water, 2% ACN, 0.01% FA. The trap column was switched in-line with the analytical
column after 5 min, and peptides were separated using a reverse phase Acclaim PepMap RSLC
C18 (75 umx15 c¢cm) analytical column using a 120 min method at a flow rate of 300 nl/min. Mobile
phase A consisted of 0.01% FA in water while mobile phase B consisted of 0.01% FA in 80%
ACN. The linear gradient started at 5% B and reached 30% B in 80 min, 45% B in 91 min, and
100% B in 93 min. The column was held at 100% B for the next 5 min before being brought back
to 5% B and held for 20 min. Samples were injected into the QE HF through the Nanospray Flex™
lon Source fitted with an emission tip (Thermo Scientific). Data acquisition was performed
monitoring the top 20 precursors at 120,000 resolution with an injection time of 100 milliseconds.
For quality assurance and quality control, instrument evaluations and calibrations are run weekly
and a standard E. coli digest (Waters, Milford, MA) is used routinely to check instrument
performance.

Data were processed using the MaxQuant computational proteomics platform (Max-
Planck-Gesellschaft, Minchen, Germany). The peak list was searched against Danio rerio
sequences from UNIPROT and a common contaminants database (MaxQuant, Max-Planck-
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Gesellschaft, Miunchen, Germany) with MaxQuant default Orbitrap parameters and minimum
peptide length of seven amino acids. Data were analyzed with label-free quantification (LFQ) and
the ‘match between runs’ interval set to 1 minute. Other analysis settings included protein FDR at
1%, enzyme trypsin and LysC allowing for two missed cleavages and three modifications per
peptide. Fixed modifications were iodoethanol and variable modifications were set to acetyl
(protein N-term) and oxidation. An in-house script was used within the MaxQuant results to
remove all common contaminant proteins, to log transform [log2(x)] the LFQ intensity values, to
input missing values using the average values of the other samples when one sample was missing,
and to use half of the lowest intensity when all samples were missing in one group and present in

all other samples in the other group. In total 1277 unique proteins were identified.

3.3.3 Morphology

F1 ATZ larvae from each parental treatment group were assessed to determine if
morphology was altered at 120 hpf. Larvae were euthanized via anesthetic overdose with 0.4
mg/ml buffered tricaine-S (Western Chemical Inc.). For each F1 treatment group, 10-13 larvae
were imaged as subsamples per biological replicate. A total of 8 biological replicates were assessed
to total 80-100 larvae per treatment group. Measurements assessed were total body length, head
length, head width, and brain length similar to our previous study (Horzmann et al. 2018). Total
body length was measured dorsally from the top of the head to the caudal fin. Head width was
measured dorsally as the distance between the widest part of the eyes. Head length was measured
dorsally from the top of the head to the beginning of the yolk sac protrusion. Brain length was
measured as the distance rostrally to the brainstem spinal cord junction (Peterson et al. 2013).
Additionally, ratios of head length to body length, head width to body length, and brain length to
body length were also assessed for relative comparison. Treatment groups were randomized and
blinded during measurement. Images were collected via light microscopy using a Nikon SMZ1500
dissecting microscope with a Nikon Digital Sight DS-fil camera and NIS Elements imaging

software (Nikon Instruments Inc., Melville, NY).
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3.3.4 Craniofacial morphology staining and measurements

To determine if craniofacial skeletal or cartilage morphology was altered, alcian blue and
alizarin red costaining was completed. At 120 hpf, larvae were euthanized via anesthetic overdose
as described above, and then stained simultaneously for alcian blue and alizarin red based on a
previously established protocol (Walker and Kimmel 2007). Briefly, samples were fixed in
paraformaldehyde, washed to cease fixation in a series of washes, stained with alcian blue
overnight, bleached, and stained for alizarin red. After staining, fish were imaged on an Olympus
SZX16 dissecting microscope. Images were taken using Cellsentry (Waltham, MA) and structures
measured using ImageJ. Cartilaginous structures were assessed based on previously described
protocols (Cohen et al. 2014; Staal et al. 2018; Walker et al. 2018) and included palatoquadrate
cartilage (PQ) length, Meckel’s length, ceratohyal cartilage (CH) angle, Meckel’s angle, the
distance between the CH and Meckel’s structure, the angle between PQ and CH, the angle between
PQ and Meckel’s angle, and jaw distance (Figure 3-2). For skeletal structures, surface area of the
utricular and saccular otoliths, length between the utricular otoliths and between the saccular
otoliths, parasphenoid, notochord, and notochord to jaw length were measured as in previous
studies (Aceto et al. 2015; Luo et al. 2016) (Figure 3-3). For each F1 treatment group 11-20 larvae
were imaged as subsamples per biological replicate. A total of 5 biological replicates were assessed

to achieve 55-75 larvae per treatment group.
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Figure 3-2. Morphology measurements of cartilaginous structures of ATZ F1 at 120 hpf.. At 120 hpf alcian
blue staining was used to measure (A) CH-Meckel’s length and PQ length. For angles, (B) CH angle, (C) Meckel’s
angle, (C) PQ-CH angle, and (D) PQ-Meckel’s angle were measured. The length of the (D) jaw distance was also
determined. All measurements were taken at 120 hpf and are indicated as white lines or angles. Scale bars represent
100 pM.
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Figure 3-3. Morphology measurements of skeletal structures of ATZ F1 at 120 hpf. (A) Surface area of each
otolith (U1 and U2: utriclar otoliths, red circles; S1 and S2 saccular otoliths, white circles. The length between the
utricular otoliths (red line) and saccular otoliths (white line) was determined. (B) The surface area for the
parasphenoid (red triangle) and notochord were measured (white quadrangle). In addition, the length from jaw to
notochord was assessed (white line). Scale bar represents 100 uM.
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3.3.5 Larval visual motor response assay

A larval visual motor response test was performed at 120 hpf to determine if F1 larvae
exhibited altered behavior from parental ATZ exposure following an established protocol
(Horzmann et al. 2018, Ahkin Chin Tai et al. 2021). Each larvae was individually placed into a 96
square well plate in 0.5 mL of aquaria water. Larvae were acclimated for 10 minutes at 28°C in
the Noldus Daniovision Observation Chamber (Noldus Information Technology, Wagenningen,
Netherlands). The Noldus white light routine consisting of alternating 10 minutes of dark and white
light to test the visual motor response was performed over 50 minutes (3 dark phases and two light
phases). Behavioral experiments were performed between 11 am to 1 pm to minimize circadian
variability in movement. Infrared movement was recorded during behavioral experiments at a rate
of 25 frames per second with a Basler GenlCam acA 1300-60g camera and analyzed with Noldus
EthoVision 12.0 software. Tracks were smoothed for total distance moved, velocity, and time spent
moving. Each treatment group (0, 0.3, 3, or 30 ppb ATZ) had 8 biological replicates containing 24
subsample fish per biological replicate for a total of 192 fish per treatment group.

3.4 Statistics

For each experiment, one spawning event represents one biological replicate with fish
within a petri dish considered as subsamples. Multiple spawning events from multiple groups of
ATZ exposed adults were included among the biological replicates for all experimental procedures.
For proteomics, statistical analysis was performed in R. An one-way analysis of variance (ANOVA)
was performed on the LFQ intensities and proteins with a p-value <0.05 were analyzed with a
Tukey’s post hoc test to identify differences between treatment groups. The list of significantly
altered proteins was imported into Ingenuity Pathway Analysis (IPA; Qiagen, Germantown, MD)
and matched to the human orthologs of the zebrafish proteins for gene ontology and molecular
pathway analysis.

For morphology and behavior, statistics were performed in SAS Statistical Software (SAS
Institute Inc. Cary, NC). A Grubb’s outlier test was used to detect outliers within treatment groups
for morphology and behavior. All data was assessed and confirmed for normality before further
statistical analysis. An ANOVA was used to analyze differences in morphological measurements

among treatment groups and a Fisher’s least significant difference (LSD) test at a = 0.05 was
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incorporated when a significant ANOVA was observed. For phasic behavioral analysis of the
visual motor and acoustic assays, a repeated measures ANOVA was used to assess phase,
treatment, and the interaction of phase*treatment. All behavioral data is represented in bar graphs
(Bridi et al. 2017; Horzmann et al. 2018). All results are presented as mean + standard deviation

of the mean.

3.5 Results
3.5.1 Proteomic alterations in progeny

A total of 1,277 unique proteins were identified. From this list, 62 proteins had significant
LFQ intensity values (p<0.05) in larvae of the 0.3 ppb treatment group, while 32 and 24 proteins
were significantly altered in larvae of the 3 and 30 ppb treatment groups, respectively. In IPA, 54
of the 62 proteins in the 0.3 ppb treatment group, 26 of the 32 proteins in the 3 ppb treatment group,
and 20 of the 24 proteins in the 30 ppb treatment group were recognized for mapping to their
human ortholog (Figure 3-4). These 100 significant calls consisted of 70 unique mapped proteins
including several ATP synthase proteins (ATP5F1A, ATP5F1C, ATP5MD, ATPSME, ATP5MG,
and ATP5PB), collagen proteins (COL10A1, COL18A1, and COL1A1), heterogeneous nuclear
ribonucleoproteins (HNRNPM, HNRNPR, and HNRNPU), and ribosomal proteins (RPL10A,
RPL11, RPL17-C180rf32, RPL3, RPL4, RPS11, RPS16, and Rps3al) (Table 3.1). 24 proteins
were altered in two treatment groups (23 proteins in the 0.3 and 3 ppb and 1 protein in the 0.3 and
30 ppb treatment groups) and 3 proteins were altered in all three treatment groups (HBE1, MATNS3,
and SF3B3) (Figure 3-4).
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Figure 3-4. A venn diagram of proteins altered within treatment groups. ATZ F1 larvae in the 0.3 ppb treatment
group had 54 proteins altered, in the 3 ppb treatment group had 26 proteins altered, and in the 30 ppb treatment
group had 20 proteins altered. 24 proteins were altered in two treatment groups (23 proteins in the 0.3 and 3 ppb and
1 protein in the 0.3 and 30 ppb treatment groups) and 3 proteins were altered in all three treatment groups (HBE1,
MATNS3, and SF3B3).

Table 3-1. A list of the 70 uniquely mapped proteins found to be altered with parental ATZ exposure.

Ob?/’ 0 3 ppb/ | 30 ppb/
Svmbol Entrez Gene Name Ensembl/GenPept/UniProt/ PP b 0 ppb 0 ppb
y Swiss-Prot Accession bp Fold Fold
Fold Change | Change
Change g g
RIKEN cDNA 2310057J18
2310057J18Rik | gene A5PF61 0.577
Actn3 actinin alpha 3 Q6P0J5 0.793
ACTR2 actin related protein 2 F1QF15 0.344
ADD3 adducin 3 FIR6L1 0.411
ADSS1 adenylosuccinate synthase 1 ENSG00000185100 0.462
AGRN agrin F1R074 -0.837 | -1.244
ANXAL1 annexin A1l Q804G3 0.366
ATPase Na+/K+ transporting
ATP1B2 subunit beta 2 Q9DGL2 -0.26 | -0.474
ATP5F1A ATP synthase F1 subunit alpha | Q58P23 0.981
ATP synthase F1 subunit
ATP5F1C gamma Q6P959 1.192 1.34
ATP synthase membrane
ATP5MD subunit DAPIT ENSG00000173915 -1.109
ATP synthase membrane
ATP5ME subunit e ENSG00000169020 -7.41 -7.41
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Table 3-1 continued

ATP synthase membrane

ATP5MG subunit g Q6P6EQ 0.465
ATP synthase peripheral stalk-
ATP5PB membrane subunit b Q5XJJ3 0.563 0.682
ATPase H+ transporting V1
ATP6V1E1 subunit E1 Q6NWK4 0.706 1.081
CAPNS1 calpain small subunit 1 X1IWFZ2 0.883
CES1 carboxylesterase 1 Q1LYL6 0.614
COL10A1 collagen type X alpha 1 chain F1QXD5 -6.009 | -0.658
collagen type XVIII alpha 1
COL18A1 chain ENSG00000182871 -0.448 | -0.531
COL1A1 collagen type | alpha 1 chain ENSG00000108821 -0.852
CRYBA2 crystallin beta A2 Q61QU2 -0.52 -0.541
CRYBB1 crystallin beta B1 QI0WT1 -0.721
glutamyl-prolyl-tRNA
EPRS1 synthetase 1 ABWG07 0.418 0.511
FAU ubiquitin like and
FAU ribosomal protein S30 fusion Q6PCO01 0.483
glyceraldehyde-3-phosphate
GAPDHS dehydrogenase, spermatogenic F1R3D3 0.62 0.515
GATM glycine amidinotransferase ENSG00000171766 0.498
GNB1 G protein subunit beta 1 Q803H5 0.312
HBE1 hemoglobin subunit epsilon 1 Q5BLF6 0.485 0.573 0.344
HMGB1 high mobility group box 1 ENSG00000189403 -0.436
heterogeneous nuclear
HNRNPM ribonucleoprotein M ENSG00000099783 5.332
heterogeneous nuclear
HNRNPR ribonucleoprotein R ENSG00000125944 0.339
heterogeneous nuclear
HNRNPU ribonucleoprotein U Q6PYX3 -6.771
heat shock protein family D
HSPD1 (Hsp60) member 1 Q803B0 1.28 0.946
immunoglobulin like and
fibronectin type 111 domain
IGFN1 containing 1 ENSG00000163395 0.282
interleukin enhancer binding
ILF2 factor 2 Q6NZ06 0.956
KRT17 keratin 17 Q6DHU3 -0.387
LUM lumican Q61QQ7 -0.298
MARCKSL1 MARCKS like 1 ENSG00000175130 -1.522 | -1.575
MATN3 matrilin 3 ENSG00000132031 0.569 0.985 0.706
MDH1 malate dehydrogenase 1 Q7ZSY2 -0.725 | -1.316
MYL12A myosin light chain 12A Q6PHJ8 -7.32 | -0.693
NID1 nidogen 1 FIRAG3 -0.585
NOMO1
(includes
others) NODAL modulator 1 ENSG00000103512 -0.252
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Table 3-1 continued

OPN1LW opsin 1, long wave sensitive AOAON9POEG -1.298
OPN1SW opsin 1, short wave sensitive Q6P981 -0.732
PC pyruvate carboxylase Q72222 0.8
PFN1 profilin 1 ENSG00000108518 -0.409
PHB2 prohibitin 2 Q6PC13 0.504
PRPF8 pre-mRNA processing factor 8 | AOAOR4J8E6 0.329 0.387
PRSS?2 serine protease 2 Q75X90 0.767
RAB10, member RAS
RAB10 oncogene family Q6DGV5 0.329 0.304
REELD1 reeler domain containing 1 ENSG00000250673 -0.907 | -1.133
RHO rhodopsin ENSG00000163914 -1.09
RPL10A ribosomal protein L10a Q6PC69 -0.585
RPL11 ribosomal protein L11 Q61QI6 0.483
RPL17-
C180rf32 RPL17-C180rf32 Q7T1KO 0.559 0.478
RPL3 ribosomal protein L3 Q5BJJ2 1.001
RPL4 ribosomal protein L4 Q1LUY6 0.721
RPS11 ribosomal protein S11 Q72V05 0.543
RPS16 ribosomal protein S16 Q1LWH1 1.337 1.195
Rps3al ribosomal protein S3A1 Q6PBY1 0.883 0.773
S100 calcium binding protein
S100A10 Al0 Q7ZVA4 -0.617
S100 calcium binding protein
S100A4 A4 Q6XG62 1.83 2.669
SF3B3 splicing factor 3b subunit 3 Q1LVES -0.498 | -0.475 | -0.439
solute carrier family 25 member
SLC25A12 12 AOQAOR4INT3 0.421 0.412
small nuclear ribonucleoprotein
SNRPG polypeptide G Q66163 0.628
signal sequence receptor subunit
SSR3 3 B8JL82 0.263
TMEM38A transmembrane protein 38A Q6P2T0 -0.635 | -0.785
TNNI2 troponin 12, fast skeletal type Q71N42 -1.227
VSNL1 visinin like 1 E7FCW3 0.498

Pathway analysis was completed on the mapped proteins within each treatment group to

determine molecular pathways altered in the progeny. As expected with a high degree of similarity

in proteins altered in the progeny of the 0.3 and 3 ppb treatment groups, similar pathways were

altered among these two groups. The top physiological system development and function pathways

in the 0.3 and 3 ppb treatment group offspring included embryonic and organismal development,

organ development and morphology, and nervous system development and function (Table 3.2).

68




There were more differences in the top disease and disorder pathways that were altered in the 0.3
and 3 ppb treatment groups with neurological disease and organismal injury and abnormalities
being similar (Table 3.3). In addition, psychological disorders, skeletal and muscular disorders,
ophthalmic disease, and cancer were also top pathways. Progeny of the 30 ppb treatment group
had some similarities with the other two treatment groups (e.g., organismal injury and
abnormalities and cancer), but also hit on reproductive system development and disease (Tables
3.2 and 3.3).

Upstream regulator and causal pathway analysis identified similarities in the 0.3 and 3 ppb
treatment group offspring in DDX5 (DEAD-box helicase 5; 0.3 ppb: p-value: 7.92E-06; 3 ppb: p-
value: 8.25E-09) and MYCN (MY CN proto-oncogene; 0.3 ppb: p-value: 2.39E-05; 3 ppb: p-value:
2.70E-04). Top canonical pathways in the 0.3 and 3 ppb treatment group progeny included
estrogen receptor signaling, oxidative phosphorylation, and mitochondrial dysfunction.
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Table 3-2. Top physiological systems development and function pathways altered in F1 progeny.

Physiological System Development and Function p-value? Number of
Pathway molecules®

Embryonic development 4.73E-02 - 4.44E-04 7
Nervous system development and function 4.73E-02 - 4.44E-04 6
Organ development 4.96E-02 - 4.44E-04 7
Organ morphology 4.96E-02 - 4.44E-04 6
Organismal development 4.73E-02 - 4.44E-04 7

Embryonic development 4.64E-02 - 1.53E-04 7
Nervous system development and function 4.95E-02 - 1.53E-04 8
Organ development 4.95E-02 - 1.53E-04 7
Organ morphology 4.95E-02 - 1.53E-04 9
Organismal development 4.95E-02 - 1.53E-04 8

Reproductive system development and disease 3.19E-03 — 3.19E-03 1

aDerived from the likelihood of observing the degree of enrichment in a protein set of a given size by chance alone.

bClassified as being differentially expressed that relate to the specified function category; a protein may be present in
more than one category.



Table 3-3. Top diseases and disorders pathway altered in F1 progeny at 120 hpf

Diseases and Disorders Pathway p-value? Number of
molecules®

Neurological disease 3.83E-02 - 1.98E-06 11
Organismal injury and abnormalities 4.90E-02 - 1.98E-06 14
Psychological disorders 3.74E-02 - 1.98E-06 9
Hereditary disorder 4.90E-02 - 3.80E-06 9
Skeletal and muscular disorders 4.67E-02 - 3.80E-06 12

Neurological disease 5.00E-02 - 3.57E-06 18
Organismal injury and abnormalities 5.00E-02 - 3.57E-06 25
Cancer 4.55E-02 - 1.31E-05 24
Tumor morphology 2.16E-03 - 1.31E-05 5
Ophthalmic disease 4.95E-02 - 1.53E-04 7

Cancer 1.45E-02 - 8.63E-05 1
Organismal injury and abnormalities 1.45E-02 - 8.63E-05 1
Reproductive system disease 8.63E-05 - 8.63E-05 1
Infectious disease 5.83E-03 - 2.59E-04 1
Hematological disease 1.45E-02 - 1.45E-02 1

aDerived from the likelihood of observing the degree of enrichment in a protein set of a given size by chance alone.

bClassified as being differentially expressed that relate to the specified function category; a protein may be present in
more than one category.



3.5.2 Morphological changes in progeny

Length measurements were assessed at 120 hpf (Table 3.4). A significant increase in mean
head length was seen in offspring of the 0.3 and 30 ppb treatment groups (p=0.0048). No other
changes were seen in total length (p=0.5196), mean brain length (p=0.7411), or mean head width
(p=0.1932) in the larvae. For morphological ratios to assess relative size compared to total body
length, a significant increase was observed in head length to total body length ratio in the offspring
of the 0.3 ppb and 30 ppb treatment groups (p=0.0082), indicating head length was greater than
would be expected based on body length. No significant differences in brain length to total body
length (p=0.4433) or head width to total body length (p=0.0690) was observed.

Table 3-4 Morphology measurements in larval offspring.

Parental Head Head . Head . .
ATZ | Bodylength | length | width | DN | jengthibody | Head Widthiof Brain lengthy
treatment | (um) + SD? (um) + (pm) + engtSD length ratio + ody ensgé tota_ engé
group sD sp (um) + ) ratio + ratio +
0 ppb 4270 +£218* | 76761 | 69259 | 947 +£59 0.181 +0.013 0.163 +0.016 0.222 +0.013
0.3 ppb 4311+170 | 792+45* | 683+34 | 949+52 | 0.184+0.009* | 0.159 +0.008 0.221 +0.015
3 ppb 4266 +208 | 780+65 | 69251 | 95452 0.183+0.013 0.162 + 0.012 0.224 +0.015
30 ppb 4274 +185 | 795+50* | 680+47 | 946+46 | 0.186+0.008* | 0.159+0.011 0.222 +0.012

*p<0.05 compared to progeny of the 0 ppb treatment group (no parental ATZ exposure)

aStandard deviation

3.5.3 Cartilage and skeletal modifications in progeny

Cartilaginous and skeletal structures were measured at 120 hpf. For cartilaginous structures,

PQ length was decreased in all parentally exposed groups (p<0.0001, Figure 3-5A). In addition,
the CH-meckel’s length (p=0.003; Figure 3-5B) and jaw distance was decreased in the progeny of
the 30 ppb treatment group (p=0.0036; Figure 3-5C) (p<0.05). No differences were detected in the
Meckel’s angle (p=0.065), PQ/Meckel’s angle (p=0.5792), CH angle (p=0.9822), PQ/CH angle
(p=0.0970), or Meckel’s length (p=0.9822) (Figure 3-6A-E). For skeletal structures, decreased
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surface area of the saccular otoliths (Figure 3-7A) was seen in the progeny of the 30 ppb treatment
group (p=0.0405; Figure 3-7B and p=0.0030; Figure 3-7C), but no differences observed in
utricular otolith areas in the progeny (p=0.1711; Figure 3-7D and p=0.3443; Figure 3-7E).
Distance between the utricular and saccular otoliths was also measured, respectively (Figure 3-
7A). The F1 larvae of the 30 ppb treatment group had decreased distance between the two saccular
otoliths (p<0.0001; Figure 3-7F), but no changes in distance for utricular otoliths (p=0.1393;
Figure 3-7G) was observed. In addition, larvae of the 30 ppb treatment group had a significant
posteriorly positioned notochord as measured from the jaw (i.e., notochord to jaw length)
(p=0.0149; Figure 3-7H), but no difference in the surface area of the notochord (p=0.9773) or
parasphenoid (p=0.0739) was observed (Figure 3.7F-G).
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3.5.4 Visual motor response in progeny

Phasic behavioral data was assessed for each light and dark period. For phasic total distance,
there was significance for phase (F(5,2450)=1805.42, p<0.0001), treatment (F(3,490)=7.18,
p=0.001), and phase*treatment (F(15,2450)=2.09, p=0.008; Figure 3-8A). The 30 ppb F1 progeny
moved more total distance in all light and dark phases. For time spent moving, phase
(F(5,2450)=2408, p<0.0001), treatment (F(3,490)=8.64, p<0.0001), and phase*treatment
(F(15,2450)=3.59, p<0.0001) were significant. Both the 0.3 ppb and 30 ppb F1 progeny had more
time spent moving in all light and dark phases (Figure 3-8B). No significant differences were
observed in velocity for treatment (F(3, 490)=1.55, p=0.200) or phase*treatment (F(15,
2450)=0.79, p=0.6919; Figure 3-8C).
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3.6 Discussion

ATZ is an endocrine disrupting chemical that targets the neuroendocrine system resulting
in developmental and reproductive consequences as reported in several epidemiological (Agopian
et al. 2013; Migeot et al. 2013; Stayner et al. 2017; Waller et al. 2010) and animal model studies
(DeSesso et al. 2014; Foradori et al. 2018; Hao et al. 2016; McBirney et al. 2017; Russart and
Rhen 2016). Multi- and transgenerational studies have shown changes in sperm quality,
hyperactivity, and change in weight in subsequent generations warranting further studies into
generational adverse health impacts (Cleary et al. 2019; McBirney et al. 2017). Here, we first used
a proteomics approach to identify altered proteins and molecular pathways in the ATZ F1 larvae.
A total of 1,277 unique proteins were identified, which is similar to the total number of proteins
detected in past studies (Horzmann et al. 2018), but does only represent a percent of the total
proteins in the zebrafish. Regardless, imperative details on altered proteins and molecular
pathways were ascertained in this study. Overall, more altered proteins were observed in progeny
of the lowest ATZ treatment group (0.3 ppb). In addition, all proteins altered in offspring of the 3
ppb treatment group were also observed in the 0.3 ppb treatment group. Three proteins were
common among all treatment groups: HBE1, MATNS3, and SF3B3. HBEL is an embryonic
hemoglobin protein, which suggests changes in oxygen regulation with ATZ exposure (Aceto et
al. 2015). MATN3 is an extracellular matrix protein expressed in the cartilage during development
(Pullig et al. 2002). Pathogenic variants or alterations in expression of MATNS3 is associated with
bone disorders in humans such as multiple epiphyseal dysplasia (MED), which affects the
epiphsyses in the long bone (Jackson et al. 2012; Pettersson et al. 2018) or osteoarthritis later on
in life. SF3B3 is a component of U2 small nuclear ribonucleoprotein-associated protein complex
SF3B (Das 1999). SF3B3 is present in the nucleus and partakes in DNA and RNA maintenance
and function including chromatin modification, transcription, splicing, and DNA repair (Chen et
al. 2017; Metselaar et al. 2021). Alterations in SF3B3 are linked with carcinogenesis (Chen et al.
2017). Furthermore, SF3B3 was identified along with HNRNPM (altered in offspring of the 30
ppb treatment group in the current study) to interact with RANBP9 (RAN-binding protein 9) in
the testis to regulate alternative splicing in spermatogenic cells (Bao et al. 2014). This function is
critical for normal spermatogenesis and male fertility, aligning with past studies on ATZ endocrine
disrupting properties (Hao et al. 2016); McBirney et al. 2017; Cleary et al. 2019).
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Several altered proteins in the ATZ F1 were within similar families including the ATP
synthase proteins, collagen proteins, heterogeneous nuclear ribonucleoproteins, and ribosomal
proteins. Past studies identified ATZ to alter ATP content, mitochondrial dysfunction, and collagen
fibers and structures in multiple tissues in the initial exposed generation (Lim et al. 2009). The
results of the current study indicate these targets are also altered in the subsequent generation. The
heterogeneous nuclear ribonucleoproteins are complexes of RNA and protein that serve as a signal
that the pre-mRNA is not yet processed; thus, being important for pre-mRNA processing and other
aspects of mMRNA metabolism and transport. The heterogeneous nuclear ribonucleoproteins
localize to border regions of chromatin and are reported to function in multiple cellular processes
(Fakan et al. 1984). Moreover, a number of ribosomal proteins were also altered in the ATZ F1
larvae. Ribosomal proteins are highly conserved regulators of translation. Ribosomal proteins
altered in the ATZ F1 included both large and small subunits with a number of them known to be
associated with Diamond-Blackfan Anemia and/or Shwachman-Diamond Syndrome (RPL11,
RPL3, RPL4, RPS11). Although these disorders are inherited conditions, it may suggest similar
adverse health targets (e.g., effects on growth, bone marrow, the skeletomuscular system, and/or
osteosarcoma) for further study. Pathway analysis of the altered proteins identified associations
with neurological development and disease and cancer as well as molecular pathways associated
with organ and organismal morphology, development, and injury. These pathways align with many
of the adverse health outcomes and molecular pathways indicated to play a role in atrazine toxicity
in the exposed generation (F0) including our past proteomic study in the ATZ FO larvae (Horzmann
et al. 2018). These common molecular pathways included nervous system development, cancer,
and organismal injury and abnormalities being altered in the exposed and subsequent generation.

When comparing the specific proteins altered in the ATZ F1 larvae to the ATZ FO larvae
in our previous study, a higher number of proteins were significantly changed in the larval progeny
compared to the same aged larvae that had the embryonic ATZ exposure (ATZ F0) (Horzmann et
al. 2018). In addition, there was only one common protein identified to be altered, ADD3 (adducin
3), in both generations. ADD3 is one of the family members of the adducins. The adducins are
associated with membrane skeletal proteins and are involved in the spectrin-actin network in
erythrocytes and in epithelial tissues at sites of cell-to-cell contact. In addition, members of the
profilin family were also changed in both generations (FO: PFN2L; F1: PFN1). Profilins are also
associated with the actin cytoskeleton and are essential for organ development. Mutations in PFN1
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are linked to amyotrophic lateral sclerosis (ALS), while overexpression is associated with cancer
(Alkam et al. 2017). One previous protein study in MCF-10A human breast epithelial cells also
identified PFNL1 to be differentially expressed with ATZ exposure (Huang et al. 2014).

Upstream regulator and causal pathway analysis of the altered proteins identified
similarities in the 0.3 and 3 ppb treatment group offspring in DDX5. DDX5, a putative RNA
helicase, is part of the estrogen receptor signaling canonical pathway (also one of the top canonical
pathways in these treatment group offspring) involved in embryogenesis, spermatogenesis, and
cellular growth and division (Legrand et al. 2019). Overall, this finding along with the other
discussed proteome results greatly overlap with the wealth of literature on ATZ’s association with
the estrogen pathways and endocrine disrupting properties.

Morphology measurements were completed to assess impacts to larval growth parameters
and brain development. An increase in head length, along with an increase in head length to total
body length ratio were observed indicating head size was larger than would be expected based on
total larval length. These findings agree with measurements completed at 72 hpf immediately
following an embryonic ATZ exposure in zebrafish (FO) observing increased head length (Weber
et al. 2013). Alternatively, when the FO were exposed to ATZ from 1-120 hpf no significant
differences in morphology were observed (Ahkin Chin Tai et al. 2021). Epidemiological studies
have also reported alterations in head size and other birth defects related to in utero ATZ exposure
(Chevrier et al. 2011; Stayner et al. 2017; Winchester et al. 2009). In addition, zebrafish studies
using the DOHaD paradigm, report that an embryonic ATZ exposure leads to decreased body
weight at 14 months of age in adult male zebrafish exposed to 3 ppb ATZ during embryogenesis
(Horzmann et al. 2020) and altered brain to body weight ratio in adult female zebrafish aged 8
months with exposure to 0.3 or 30 ppb ATZ during embryogenesis (Wirbisky et al. 2016c).

Based on the molecular pathways identified in the proteomic analysis, further
morphological analysis of craniofacial structures was completed. Cranioskeletal formation is
conserved among vertebrates (Kuratani et al.) and bone remodeling and signaling in zebrafish and
humans are also similar (Kwon et al. 2019; Mork and Crump 2015; Paul et al. 2016). Zebrafish
are also an established modeled for bone remodeling and bone disease modeling (Carnovali et al.
2019; Kwon et al. 2019), making them an ideal model to understand how ATZ alters craniofacial
structures. Furthermore, endocrine disrupting chemicals can cause changes in cartilage and bone

development. A couple studies in different model organisms support developmental ATZ exposure
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interfering with craniofacial bone and cartilage formation during development including reports in
frogs (Lenkowski and McLaughlin 2010) and zebrafish (Walker et al. 2018) altering craniofacial
cartilaginous structures. In addition, a study with developmental ATZ exposure in chick embryos
also showed neural tube defects as well as craniofacial hypoplasia (Joshi et al. 2013). Conversely,
a developmental exposure in South American river turtles found no visual changes present with
ATZ exposure in whole body skeletal structures (dos Santos Mendonca et al. 2016).

In zebrafish, chondrogenesis is present 2 days after fertilization and cartilaginous
structures begin to develop around 3 days after fertilization (Kimmel et al. 1998). Cranial bone
development in the zebrafish starts from 3 days after fertilization (Cubbage and Mabee 1996). The
jaw is derived from 7 pharyngeal arches by 5 days in the larval zebrafish and neural crest cells
during development play a critical role in neurocranial cartilage and bone development.
Malformations in the jaw is associated with bone formation or neural crest migrations issues
(Kimmel et al. 1998; TeSlaa et al. 2013; Ton et al. 2006). Here, we observed a significant decrease
in PQ length for progeny of all ATZ treatment groups and in CH-Meckel’s length, jaw distance,
and a more posteriorly positioned jaw as measured from the notochord in offspring of the 30 ppb
ATZ treatment group. In addition, a decrease in surface area of the saccular otoliths and a decrease
in distance between the saccular otoliths was measured in the offspring of the 30 ppb treatment
group, suggesting a decrease in ossification. These observations are comparable to the craniofacial
hypoplasia reported in developing chicks (Joshi et al. 2013). In addition, the current study agrees
with two other zebrafish studies reporting decreased ossification of vertebrae in developmentally
exposed zebrafish at 8 days post fertilization (Walker et al. 2018) and a visible phenotype of an
underdeveloped jaw at 96 hpf (Ton et al. 2006). Alternatively, the decrease in size of various
cartilaginous structures in the 30 ppb ATZ F1 treatment group at 120 hpf contradicts another study
in zebrafish in which the authors found a trend of increasing size of cartilaginous structures at 120
hpf (Walker et al. 2018). However, this study was completed in the exposed generation (F0), in
which zebrafish were exposed from 8-120 hpf to ATZ in a mixture. Overall, the findings in the
current study suggest that ATZ exposure in the parental generation can alter craniofacial
development in their progeny with alterations observed in cartilaginous and skeletal structures,
along with supporting molecular pathway alterations identified in the proteomic analysis.

ATZ as an endocrine disruptor has also been shown to cause sex specific behavioral

outcomes in various model organisms. A study in tadpoles observed hyperactivity in ATZ exposed
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tadpoles, and that these tadpoles were also less likely to avoid predatory chemical cues (Ehrsam et
al. 2016). A gestational ATZ exposure in C57BL/6 mice found that dams had decreased novel
object recognition and displayed hyperactivity, while juvenile offspring were hyperactive with an
increase in anxiety-like behavior (Lin et al. 2014). Furthermore, a transgenerational ATZ study in
Sprague Dawley rats found that the F3 generation displayed hyperactivity (McBirney et al. 2017),
showing that behavioral changes can be observed in subsequent generations.

In zebrafish, embryonic ATZ exposure resulted in altered transcriptome pathways
associated with behavioral, cognitive, and locomotive changes at 72 hpf (Wirbisky et al. 2016c¢).
Proteomic analysis at 120 hpf in zebrafish exposed to ATZ during embryogenesis (1-72 hpf) also
supported molecular pathway alterations associated with behavior, similar to the current study
(Horzmann et al. 2018). Furthermore, behavioral analysis with the visual motor response assay in
the ATZ FO zebrafish exposed during embryogenesis (1-72 hpf) showed cumulative hypoactivity
in the 30 ppb treatment group at 120 hpf (Horzmann et al. 2018). When the ATZ exposure was
extended through 120 hpf in the FO and locomotion was evaluated by phase, hypoactivity was
observed in the 30 ppb treatment group in the dark phases for total distance moved and
hyperactivity was seen in the 0.3 ppb treatment group in the first light phase in total distance moved
and time spent moving (Ahkin Chin Tai et al. 2021). No significant changes were seen for velocity.
These findings are similar to what was observed in the current study in the ATZ F1 larvae at 120
hpf with behavioral alterations only observed in progeny of the 0.3 and 30 ppb treatment groups
and no significant changes in velocity, but hyperactivity was observed in the 30 ppb treatment
group progeny.

In the context of previous laboratory studies, as well as various developmental
transgenerational studies of ATZ exposure, these studies fall in line with the Developmental Origin
of Health and Disease. This paradigm suggests that exposures during development can have long

lasting impacts seen later on in life and subsequent generations.
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CHAPTER 4. CONCLUSIONS AND FUTURE DIRECTIONS

This dissertation studied the effects of developmental exposure to the herbicide atrazine
(ATZ) in the immediate (FO) and the subsequent generation (F1) as part of the Developmental
Origins of Health and Disease (DOHaD) paradigm. These studies took advantage of the strengths
of the zebrafish as a model system for translation to human health. To characterize developmental
consequences, -omics, morphological structures, and neurobehavioral alterations were assessed
(Figure 4-1). Results from these studies characterized the immediate and long term impacts to a
single developmental exposure. Results from these findings help define health risks to
developmental ATZ exposure immediately, and in subsequent generations with contaminated
potable water sources.

The first study focused on the effects of immediate developmental ATZ exposure. ATZ’s
metabolites were assessed to determine if the same major metabolites found in mammals are also
found in humans. ATZ, desethyl atrazine (DEA), deisopropyl atrazine (DIA), and didealkyl
atrazine (DACT) are the major metabolites found in mammals and through targeted metabolomics
were also found present in larval zebrafish tissue, a novel finding in a non-mammalian model.
ATZ and DACT were the most abundant with quantification in the 300, 1000, 3000, and 10000
ppb treatment groups and with dose increasing as exposure concentration increased. DEA and DIA
were less abundant with quantification only in the 3000 and 10000 treatment groups, but still had
a dose increase when exposure concentration increased. This finding shows that larval zebrafish
metabolize ATZ into the same major metabolites as mammals, further validating zebrafish as a
model organism for ATZ toxicity studies. No change in total length, head length, head width, brain
length, or ratios were found in any ATZ exposed groups at 120 hpf, suggesting that morphological
developmental alterations are not present at this time point. Behavioral findings show dose
dependent behavioral alterations with the 0.3 ppb treatment group experiencing hyperactivity in
total distance moved in the first light phase, and centerpoint movement for the first and second
dark phases. Larvae in the 30 ppb treatment group were hypoactive for the second and third dark
phases for total distance moved. These findings suggest that ATZ is being metabolized in the larval
fish tissue, leading to altered neurobehavioral outcomes with implication for risks of neurotoxicity

in humans.
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The second study focused on health outcomes of progeny from parents that were exposed
developmentally to ATZ to determine if the same health risks are present compared to the initially
exposed generation. Proteomic analysis found 70 uniquely altered proteins among the parentally
exposed larvae, which were involved in a variety of processes, including DNA repair, cartilage
formation, and neural development and behavioral outcomes. To further assess these changes,
morphological parameters were assessed with head length and head length to total length ratio
being larger in the 0.3 and 30 ppb treatment groups. Since alterations were found in proteins related
to cartilaginous structures, alcian blue and alizarin red costaining was used to assess cartilage and
skeletal development. Alterations associated with a decrease in cartilaginous structures were found
in the 30 ppb group and for PQ length in all treated groups. A decrease in otoliths and an increase
in notochord to jaw length was also found when assessing skeletal structures. Phasic behavior was
also altered in all phases for total distance and time spent moving for the 0.3 and 30 ppb F1 larvae.
Taken together, these results suggest that parental exposure alters protein expression leading to
delayed cartilage development and ossification of craniofacial structures, as well as behavioral
hyperactivity. In addition, this study suggests that parental exposure not only results in health
consequences in the subsequent generation, but that the health consequences at the same time point
may differ from parental health outcomes. Further study is needed to determine if skeletal
ossification deficits are seen later in life or potentially lead to bone metabolic disorders, and
potentially sensory disorders related to hearing and balance for the otoliths.

Collectively, these results demonstrate zebrafish as a biomedically relevant model to
investigate the legacy of ATZ exposure in a multigeneration study noting persistent impacts to
developing morphological structures and developmental neurotoxicity. It will be important to
further investigate mechanisms of multigeneration ATZ developmental neurotoxicity to better
understand translation of the findings reported in this thesis to human health.
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Figure 4-1. Overall results summary of thesis. Chapter 2 (aim 1) reports that targeted metabolomic analysis
found that zebrafish produce the same major ATZ metabolites as mammals in the exposed generation. The visual
motor response test at 120 hpf detected hyperactivity in larvae in the 0.3 ppb treatment group and hypoactivity in the
30 ppb treatment group, but no alterations in morphology. In Chapter 3 (aim 2), proteomic analysis in the
subsequent generation (F1) identified differential expression associated with neurological development and disease
and organ and organismal morphology, specifically the skeletomuscular system. Head length and the ratio of head
length to total length was significantly increased in the F1 in the 0.3 and 30 ppb ATZ treated groups. Craniofacial
morphology was assessed based on molecular pathway analysis and revealed decreased cartilaginous structure size,
decreased surface area and distance between saccular otoliths, and a more posteriorly positioned notochord,
indicating delayed ossification. The visual motor response assay showed hyperactivity in the F1 of the 30 ppb
treatment group for total distance and time spent moving in the F1 of the 0.3 and 30 ppb treatment groups for all
phases. Collectively, these results demonstrate persistent ATZ developmental toxicity in this multigeneration study.
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