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Abstract

Atrazine (ATZ), a commonly used pesticide linked to endocrine disruption, cancer, and altered
neurochemistry, frequently contaminates water sources at levels above the US Environmental
Protection Agency’s 3 parts per billion (ppb; pug/L) maximum contaminant level. Adult male
zebrafish behavior, brain transcriptome, brain methylation status, and neuropathology were
examined to test the hypothesis that embryonic ATZ exposure causes delayed neurotoxicity,
according to the developmental origins of health and disease paradigm. Zebrafish (Danio rerio)
embryos were exposed to 0, 0.3, 3, or 30 ppb ATZ during embryogenesis (1-72 hours post
fertilization (hpf)), then rinsed, and raised to maturity. At 9 months post fertilization (mpf) males
had decreased locomotor parameters during a battery of behavioral tests. Transcriptomic analysis
identified altered gene expression in organismal development, cancer, and nervous and
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reproductive system development and function pathways and networks. The brain was evaluated
histopathologically for morphometric differences and decreased numbers of cells were identified
in raphe populations. Global methylation levels were evaluated at 12 mpf, and the body length,
body weight, and brain weight were measured at 14 mpf to evaluate effects of ATZ on mature
brain size. No significant difference in genome methylation or brain size was observed. The results
demonstrate that developmental exposure to ATZ does affect neurodevelopment and neural
function in adult male zebrafish, and raises concern for possible health effects in humans due to
ATZ’s environmental presence and persistence.
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Introduction

The Developmental Origins of Health and Disease (DOHaD) paradigm advances that
developmental exposure to environmental stressors can cause genetic, epigenetic, or
functional changes in tissues that are associated with later life disease [1]. Although, this
hypothesis was first proposed by Barker and Osmond in 1986 after observing increased risk
of heart disease in adults who had poor nutrition during development [2, 3], the concept has
been expanded to include the later life effects of developmental exposure to environmental
toxicants [1, 4]. Immune system dysfunction, obesity and metabolic syndrome, altered
neurodevelopment and neurological deficits, and cancer have been linked to developmental
exposure to environmental toxicants [5]. One class of chemicals frequently implicated in
causing later life health effects within the DOHaD framework are endocrine disrupting
chemicals (EDCs).

An EDC is an exogenous chemical that can disrupt the normal action of hormones.
Alterations in normal hormone action can cause irreversible changes in tissue and organ
structure or function that can cause adverse health outcomes throughout the entire life course
of an organism [6-8]. The developmental period is thought to be the most sensitive to the
effects of EDCs [9], and while no altered phenotype might be detectible early on, the
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functional implications may be observed later in life [10]. Exposure to low-doses of EDCs

can have significant health effects; however, and because EDCs often cause hon-monotonic
dose response curves [11], the effects of EDCs cannot be predicted by high dose tests [10].
EDCs include industrial compounds, pharmaceuticals, and pesticides [7, 12].

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine; ATZ), is common herbicide
and suspected EDC. ATZ is one of the two most commonly used agricultural herbicides in
the United States based on weight of active chemical applied [13]. ATZ is water soluble and
can leach from fields into surface and ground water sources [14] where it can persist in the
environment [14-17]. ATZ is the most common pesticide detected in agricultural stream
water, agricultural groundwater, and urban groundwater sources [18] with concentrations up
to 224 parts per billion (ppb; pug/L) recorded in Midwestern streams [19]. ATZ is regulated
in drinking water by the US Environmental Protection Agency (EPA) with a maximum
contaminant level (MCL) of 3 ppb [13]. However, the European Union banned ATZ in 2003
because of environmental persistence and groundwater contamination concerns [20].
Drinking water contamination is considered the most hazardous exposure to the public, as
ATZ levels in food are well below the EPA’s level of concern [13].

As an EDC, ATZ is reported to result in abnormal metamorphosis and feminization in
amphibians [21-23], disruption of the hypothalamic—pituitary—gonadal axis in rodents [24—
29], altered neurotransmission in rodents and zebrafish [30-35], and reproductive
abnormalities including decreased semen quality in men [36] and increased risk of breast
cancer in women [37]. The mechanism of ATZ-related endocrine disruption is still under
investigation, but appears to be related to disrupted intracellular signaling through the
inhibition of type 4 cyclic nucleotide phosphodiesterases (PDE4), increased cyclic adenosine
monophosphate (CAMP) levels, and decreased expression of steroidogenic proteins [38—41].
ATZ exposure is also suspected to cause epigenetic changes in methylation and microRNA
activity [42-44], which might provide a mechanism for a DOHaD as the delayed health
effects of many EDCs are caused by chemical induced epigenetic alterations [10, 45].

The zebrafish (Danio rerio) model has easy husbandry and fecund reproduction, a sequenced
genome, and conserved metabolic pathways, which are utilized in toxicological research
[46-50]. Previous studies from our laboratory using the zebrafish model suggest embryonic
exposure to ATZ may alter brain development and function. Expression of genes related to
neuroendocrine system development were altered in 72 hours post fertilization (hpf) larval
zebrafish with exposure to low levels (0.3, 3, or 30 ppb) of ATZ [51] and adult, 6 months
post fertilization (mpf) zebrafish with embryonic ATZ exposure had sex-specific gene
expression alterations in pathways related to nervous system development and function,
while 9 mpf female zebrafish had decreased 5-Hydroxyindoleacetic acid (5-HIAA; a
serotonin metabolite) and decreased serotonin turnover [35, 52].

In this study, we further investigated the developmental origins of ATZ-related neurotoxicity
by testing the hypothesis that embryonic ATZ exposure results in later-life changes in
behavior, the brain transcriptome, brain methylation, brain histopathology, and body and
brain size. We evaluated the performance of 9 mpf male zebrafish in a battery of three
neurobehavioral tests of anxiety, the novel tank test (NTT), the light dark box (LDB), and an
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open field test (OFT) to determine if embryonic ATZ exposure causes functional changes in
neurobehavior. We also performed transcriptomic analysis of male zebrafish brain at 9 mpf
to evaluate the persistence of gene expression changes through the zebrafish life course and
to provide a transcriptomic basis of any behavioral phenotype observed. To determine if
embryonic exposure to ATZ causes physical disruptions of the nervous system, we evaluated
male zebrafish brain sections for histopathological changes and performed morphometric
analysis of cellular density in three regions of the zebrafish brain that have been associated
with neurological conditions [53]: the dorsal telencephalon (similar to the mammalian
hippocampus and amygdala), the posterior tuberculum (similar to basal nuclei), and the
raphe populations. We evaluated the global methylation status of male zebrafish brain to
determine if previously observed decreased global methylation levels [43] were persistent
throughout the life course. Finally, we evaluated body size and brain size to determine if
embryonic ATZ exposure affected overall growth and development over the zebrafish life
course.

The 9 mpf fish behavior was assessed to evaluate for neurological function. For the NTT,
male zebrafish with embryonic ATZ exposure had a general trend for decreased movement
related parameters with increasing embryonic ATZ exposure, although the difference
between treatments was not significant for distance moved (p = 0.1121) or velocity (p =
0.1109) (Figure 1 A-B). The trending decrease in the time male zebrafish spent moving
reached significance in the 3 and 30 ppb exposures (p = 0.0279; Figure 1C). Although there
were no differences between exposures in the frequency of upper zone entry (p = 0.2622),
time spent in the upper zone (p = 0.1700), frequency of bottom zone entry (p = 0.2600), or
time spent in bottom zone (p = 0.1652; Figure S1), all male zebrafish with embryonic ATZ
exposure (0.3, 3, and 30 ppb) had a significantly increased latency to the first upper zone
entry compared to controls (p = 0.0383; Figure 1D).

For the LDB test, the males with embryonic exposure to 30 ppb ATZ had significantly
decreased distance moved (p = 0.0086), and decreased velocity (p = 0.0085) compared to
controls, but both the 0.3 ppb and the 30 ppb exposures had a significant decrease in time
spent moving compared to controls (p = 0.0257) and a significant increased latency to the
first light zone entry (p = 0.0179; Figure 2). There was no difference between treatments in
the frequency of male light zone entry (p = 0.0701), time males spent in the light zone
(p=0.4507), frequency of dark zone entry (p = 0.0653), or time spent in the dark zone (p =
0.4468; Figure S2).

For the OFT, male zebrafish with embryonic ATZ exposure had a trend towards decreasing
activity with increasing embryonic ATZ exposure, however, it did not reach significance for
distance moved (p = 0.1929), velocity (p = 0.1948), or time spent moving (p = 0.0798)
(Figure S3). Additionally, there was no significant differences in latency to the first inner
zone entry (p = 0.4264; Figure S3), frequency of inner zone entry (p=0.0567), time spent in
the inner zone (p = 0.1547), frequency of outer zone entry (p = 0.0545) or time spent in the
outer zone (p = 0.1498; Figure S4) between treatments.

Cell Biol Toxicol. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Horzmann et al.

Page 5

Brain Transcriptome

Transcriptomic analysis of brain from 9 mpf male zebrafish with embryonic ATZ exposure
identified 123 mapped genes with altered expression in the 0.3 ppb exposure, 95 genes with
altered expression in the 3 ppb exposure, and 121 genes with altered expression in the 30
ppb exposure group (Figure S5). In the male brain, 25 genes were altered in all three
treatment groups (GSE112504; Figure 3; Table 1).

Gene ontology analyses via Ingenuity Pathway Analysis (IPA) indicated the most enriched
pathways associated with disease and biological functions for each treatment. IPA identifies
human orthologs of zebrafish genes and the results use human gene notation. Male zebrafish
with 0.3 ppb embryonic ATZ exposure had enrichment in pathways associated with cancer,
endocrine system disease, cell morphology, and reproductive system development and
function (Table S2). Within the endocrine pathway, 23 genes were associated with gonadal
tumors and 45 genes were associated with tumorigenesis of the reproductive tract within that
pathway. Males with 3 ppb embryonic ATZ exposure had enrichment in pathways associated
with organismal injury and abnormalities, reproductive and endocrine system disease,
cellular development, and nervous system development and function (Table S3). Within the
nervous system pathway, 17 genes were associated with central nervous system solid tumor.
Males with embryonic exposure to 30 ppb ATZ had enrichment in pathways associated with
cancer, amino acid metabolism, and tissue development (Table S4), with 113 genes having
an association with solid tumors. Gene ontology analyses of the 25 genes common to all
three exposures identified the most enriched pathways associated with disease and disorders,
molecular and cellular functions, and physiological system development and function (Table
2). Within these categories, there was enrichment of developmental disorder, cellular
function and maintenance, organismal function, and reproductive system development and
function pathways. Of the common genes in males, all 25 genes are associated with solid
tumors and 5 of the 25 are also associated with abnormal morphology of the reproductive
system. The top network associated with the common gene pathways is a developmental
disorder, neurological disease, and organismal injury and abnormalities network (Figure 4).

Our laboratory had previously evaluated the alterations in the brain transcriptome of 6 mpf
female and male zebrafish with embryonic ATZ exposure [35, 52]. The results of the gene
expression changes in the 9 mpf adult fish from this study were compared to the results of
the previous male study performed at 6 mpf to evaluate the persistence of gene expression
changes over time. We found 27 genes that were altered in the 0.3 ppb exposure at 6 mpf and
9 mpf, 23 genes that were altered at both 6 mpf and 9 mpf after embryonic exposure to 3 ppb
ATZ, and 29 genes that were altered in the 30 ppb exposure groups at 6 and 9 mpf (Table
S5). A total of 7 genes (CAVIN4, CDK5, HTRAZ, IGFBP7, ITM2C, SULTZB1, TNNIZ,
Table 3) had altered expression in all three embryonic exposure groups at both 6 mpf and 9
mpf.

gPCR Confirmation

The results of the microarray were independently confirmed by determining the relative
expression of a subset of genes altered in the three ATZ treatments. The relative expression
of six genes (agpla, caks, cyp26b1, ifgbp7, itm2ch, and sult2bI) was evaluated in all ATZ

Cell Biol Toxicol. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Horzmann et al.

Page 6

exposures and correlated to the log, fold change determined on microarray analysis. There
was a significant strong positive correlation for all three male exposure groups (0.3 ppb: r =
0.98254, p = 0.0005; 3 ppb r =0.98623, p = 0.0003; 30 ppb: r = 0.97087, p = 0.0013; Figure
S6).

Histopathology

Methylation

Histopathology was performed on 9 mpf zebrafish brain to evaluate for physical brain
changes resulting from embryonic ATZ exposure. No obvious histopathological changes
such as neoplasia, necrosis, or inflammation were observed in any section of any treatment
(Figure S7 is a representative image). Morphometric evaluation found no significant
difference between male zebrafish with embryonic ATZ exposure and control zebrafish in
the number of cells per pm? in the dorsal telencephalon (p=0.0793) or the posterior
tuberculum (p=0.1525), but there was a significant decrease in the cells per um? in the raphe
of males exposed to 30 ppb ATZ (p = 0.0215; Figure 5).

Global methylation status was evaluated in 12 mpf zebrafish. The percent 5mC was not
significantly different among the treatments (p = 0.5840; Figure S8).

Body and Brain Size

The body length, body weight, and brain weight to body weight ratio was assessed for each
exposure at 14 mpf. Male zebrafish with embryonic ATZ exposure did not have any
differences in body length between treatments (p=0.8887; Figure 6A), but the 3 ppb
exposure group did have a significantly decreased body weight (p=0.0456) compared to
controls (Figure 6B). However, there was no significant difference between treatments in
brain weight (p=0.3562) or brain weight to body weight ratio (p=0.1028) (Figure 6C-D).

Discussion

The studies presented here investigated the developmental origins of ATZ-related adult
neurotoxicity in male zebrafish. Exposure to ATZ has been implicated in altered
neurodevelopment and function by our laboratory [35, 51, 52] and others [30, 33, 54-56].
We assessed the behavioral, transcriptomic, and pathologic changes in adult male zebrafish
brain after embryonic exposure to low, environmentally relevant concentrations of ATZ with
the aim to link embryonic ATZ exposure to both physical and functional outcomes later in
life. We hypothesized changes in anxiety-related behaviors and serotonergic pathways would
be observed based on our previous study of transcriptomic changes in 6 mpf, male zebrafish
[52].

Zebrafish have well-characterized behavioral outcomes [57] and the NTT, LDB, and OFT
are common models used to assess zebrafish behavior and anxiety [58—-60]. After subjecting
9 mpf, male zebrafish with embryonic ATZ exposure to the NTT, LDB, and OFT, we
determined that developmental ATZ exposure affects neurobehavioral endpoints. Male
zebrafish with developmental ATZ exposure had hypomotile phenotypes, with decreased
distance moved, velocity and time spent moving. Although the latency to zonal entry was
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increased in all male exposures in the NTT and the 0.3 and 30 ppb groups on the LDB, this
was attributed to the overall decrease in movement.

It should be noted that although there can be significant variation in zebrafish behavior from
clutch to clutch and between testing days [59], our results represent the aggregate results of
four separate clutches over multiple testing days. Even though time of day, and testing order
account for less variability [59], our treatments were balanced in testing order and the
behavioral tests were performed in the same order at roughly the same time each day. The
non-monotonic nature of some of the results is consistent with the effects of low dose
exposure to other EDCs [11].

Rodent studies investigating ATZ also support a developmental basis of altered behavior
later in life. Belloni et al found that CD-1 mice with gestational exposure to 1 pg/kg/day
ATZ had altered behavior profiles, with juvenile males having feminization of behavior and
altered learning performance in adulthood [54]. Lin et al found changes in activity, time
swimming on a forced swim test in males, and marble burying in juvenile C57BL/6 mice
that had developmental exposure to 3000 ppb ATZ in maternal drinking water from
gestational day 6 to postnatal day 23 [61]. In zebrafish, ATZ exposure has been reported to
affect behavior in adults after chronic or subchronic exposure. Adult zebrafish exposed to
ATZ at concentrations ranging from 5 to 3125 ppb for four weeks had altered light dark
preference at all treatment concentrations [62] and adult zebrafish with 14-day-exposure to
1000 ppb ATZ had decreased shoaling behavior [63]. The effects of developmental ATZ
exposure have also been studied in larval zebrafish. Liu et al found that 120 hpf larvae with
exposure to 100 and 300 ppb ATZ up to 120 hpf had decreased free swimming speeds and
decreased locomotor activity after exposure to light and dark stimuli [64]. In our laboratory,
we found that larvae exposed to 30 ppb ATZ during embryogenesis had decreased distance
moved, velocity, and time spent moving in a larval visual motor response test performed at
120 hpf [65]. The current study is the first to use zebrafish to test the developmental origins
of adult behavioral changes after embryonic ATZ exposure. The altered behavioral outcomes
in the adult male zebrafish with embryonic 0.3 and 3 ppb ATZ exposure suggests that
exposure to ATZ during development alters behavior at lower doses than what is observed in
either larval developmental or adult exposure studies. Larval behavioral tests are often used
in high-throughput toxicity screening of chemicals [66, 67], but our results suggest that
larval screening tests might not fully characterize the late life effects of embryonic toxicant
exposure.

We evaluated the brain transcriptome of 9 mpf zebrafish with embryonic ATZ exposure to
identify possible genes or pathways that could explain the observed changes in
neurobehavior and to determine if embryonic exposure to ATZ causes lasting alterations in
gene expression later in life. Please note IPA identifies the human ortholog of zebrafish
genes altered on a zebrafish specific microarray; therefore, this discussion uses human gene
notation for consistency with the pathway analysis. In 9 mpf males, the genes common to all
embryonic exposures were associated with developmental disorders, cellular functions, and
reproductive system development and function; however, the genes are part of a larger
network that influence neurological disease. Looking closer at the genes commonly altered
in male zebrafish, 5 of the genes (AQP1, CDK5, CYP26B1, HTRAZ, and TNN/2) are
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associated with disease of the basal nuclei and movement disorders, which could suggest
disruption of the dopaminergic system in male zebrafish with embryonic ATZ exposure. For
instance, CDK5, a member of the cyclin-dependent kinases family, has roles in neuronal
survival, synaptic plasticity, learning and memory, and behavior. As reviewed by Shah and
Lahiri, dysreguation of CDK5'is associated with Alzheimer’s disease, Parkinson’s disease,
and Huntington’s disease [68]. Also of note, cell-to-cell signaling and interaction pathways
were altered in the 3ppb and 30 ppb exposures. Disrupted cell-to-cell signaling has also been
reported as a mechanism of endocrine disruption, later-life toxicity, and epigenetic toxicity
[69-71].

We evaluated the persistence of brain gene expression alterations caused by embryonic ATZ
exposure throughout adult life stages by comparing genes altered in 6 mpf male zebrafish
with embryonic ATZ exposure [52] to the results of our analysis. We identified 7 genes
(CAVIN4, CDK5, HTRAZ, IGFBP7, ITM2C, SULT2B1, and TNNI2) that were altered in
all three male exposures at 6 and 9 mpf. Interestingly, CDK5, HTRAZ, ITMZ2C, and
SULTZBI1 are all related to the nervous system, neurodevelopment, or neurotransmission
while /FGBP7, SULTZBI, and TNNIZ2 have functions related to hormone biosynthesis,
modification, receptor action, or cellular response. Among the individual exposures, the 3
ppb and 30 ppb embryonic exposures had a greater number of genes with persistent changes
than the 0.3 ppb exposure. Additionally, the number of altered genes with functions related
to the nervous system also increased with increasing embryonic ATZ exposures. The 0.3 ppb
embryonic exposure did not have any additional changes in the expression of genes related
to neurodevelopment or function, but the 3 ppb exposure had altered expression of 3
additional genes, DLX2, ERBB4, and GSXZ, with functions related to brain development or
synaptic function. Exposure to 30 ppb ATZ during embryogenesis altered the expression of
6 unique genes: AK7, EN1, PRDX3, PRKCD, PRKCE, and SSH1. Although there was no
additional overlap in genes between the 3 and 30 ppb exposures, the increasing number of
genes with persistent altered expression could suggest increased nervous system
dysregulation, which would tie into the greater behavioral effects observed in the 30 ppb
embryonic exposure group.

Previous transcriptomic analysis of 72 hpf larval zebrafish with embryonic ATZ exposure
identified changes in the expression of genes associated with neuroendocrine system and
function, reproductive system function, cell cycle, and carcinogenesis [51]. In addition to the
genes related to nervous system development and function, the number of genes linked to
different types of cancer in each exposure in our study is noteworthy, and holds with the
enrichment of carcinogenesis pathways in the 72 hpf transcriptomic evaluation [51].
Moreover, recent proteomic analysis of 120 hpf larval zebrafish with embryonic (1-72 hpf)
ATZ exposure identified 15 proteins with altered levels that were associated with urogenital
and genital tract cancers [65]. Previous brain microarray analysis of 6 mpf male zebrafish
with embryonic ATZ exposure also found alterations in pathways that relate to reproductive
function and the nervous system [52]. Expression of genes with functions related to neurite
growth, synapse formation and plasticity, and genes in the serotonin pathway were changed
in 6 mpf adult male zebrafish with embryonic ATZ exposure [52]. Other studies have also
linked ATZ to changes in neurotransmission. Male C57BL/6 mice with short-term (10 day)
oral exposure to 5-250 mg/kg/day ATZ had changes in the plasma metabolome in pathways
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that suggest disruption of a-linolenate, tryptophan, and tyrosine metabolism [72]. Tyrosine
is the precursor of dopamine and tryptophan the precursor of serotonin; disruption of these
pathways could provide one basis for altered neurotransmission after ATZ exposure.
Multiple studies have identified changes in dopamine levels or pathway functions in rodents
with either acute or developmental ATZ exposure [30-34, 55, 56, 73-75].

The decrease in locomotion observed in male zebrafish with embryonic ATZ exposure might
point to disruptions in dopaminergic neurotransmission, which is supported by other studies
[31-33, 55, 56, 75]. In this study, we identified alterations in expression of genes related to
movement disorders and basal nuclei disease; however, we did not find gene expression
changes in direct dopaminergic pathways, and previously neurotransmitter analysis did not
identify changes in dopamine or dopamine metabolites in zebrafish brain [35]. It is also
possible that the decreased activity of male zebrafish is related to a change in overall brain
arousal state, rather than in movement related pathways, suggesting alterations in
serotonergic pathways as supported by the work of our laboratory [35, 52] and others [33,
72, 76]. Although we did not have changes in the expression of genes directly related to
serotonin production or metabolism in this study, it is likely that both the serotonergic and
dopaminergic systems have altered function.

We performed morphometric analysis on three regions from 9 mpf male zebrafish brain to
semi-quantitatively evaluate for subtle differences in tissue morphology, namely the cellular
density via the number of cells per um? area [77]. The utility of morphometric
histopathologic techniques in the evaluation of EDCs has previously been recognized [78]
and the dorsal telencephalon, posterior tuberculum, and raphe populations were identified as
regions of interest based on suspected functional homology of these areas and their potential
link to neurological diseases and disorders in humans [53]. The dorsal telencephalon
consists of the medial dorsal telencephalon (sometimes called medial dorsal pallium) and the
lateral dorsal telencephalon (sometimes called lateral dorsal pallium). The medial dorsal
telencephalon is suggested to have a function homologous to the amygdala while the lateral
dorsal telencephalon is suggested to be similar to the hippocampus [79-81]. The posterior
tuberculum in teleost fish is considered to have features suggestive of an ancient basal
ganglion, mainly the presence of dopaminergic cells that project to the striatum [82]. Finally,
the raphe populations are classically considered populations of serotonergic neurons with
projections that extend to the telencephalon, cerebellum, and spinal cord [83, 84]. Due to
planar limitations associated with paraffin embedding and sectioning, the two regions of the
dorsal telencephalon and the superior (dorsal) and inferior (caudal) raphe populations were
respectively considered together.

The sections from males with 30 ppb embryonic ATZ exposure had significantly fewer cells
per um? of raphe area, suggesting altered microanatomy in an area classically associated
with serotonin. However, dopaminergic neurons can also be identified in raphe populations
and these neurons have been linked to phenotypes of social isolation in mice [85]. If the
decreased cellularity represents a reduction in serotonergic neuron numbers, then behavioral
alterations observed in males with embryonic ATZ exposure might be related to an altered
state of arousal. However, in the determination of cells per pm2, the number of nuclei,
including those from all neuronal populations, glial cells, and microglia, were counted in
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each brain region. Consequently, we could not determine if the decrease in cellular density is
attributed to decreased numbers of neurons, glia, or microglia in the H&E sections
evaluated. A decrease in number of any of those subpopulations associated with embryonic
toxicity could disrupt normal brain function later in life and further investigation is required.

Evaluation of the body and brain size of male 14 mpf zebrafish with embryonic ATZ
exposure only indicated a slight decrease in body weight for the male zebrafish with
embryonic exposure to 3 ppb ATZ. The significance of this result is unclear, as there is no
significant difference in either body length or brain weight between embryonic exposures.
The lack of gross differences in brain weight or the brain weight to body weight ratio
suggests that the decreased cellular density in the raphe areas do not significantly contribute
to a difference in brain size, although it might contribute to altered brain function.

Finally, although ATZ has previously been found to affect the epigenome of 72 hpf zebrafish
larvae by decreasing global methylation levels [43], in this study, the percent 5mC in
genomic DNA isolated from 12 mpf male zebrafish brains was not changed. It is possible
that the epigenetic alterations observed at 72 hpf are corrected by maturity and are not
transmitted to offspring. Alternatively, although the male zebrafish brain did not have
significant differences in global methylation levels after embryonic ATZ exposure,
methylation changes might be occurring in specific organs not evaluated in this study or at
specific sites within the genome that would be missed in this analysis since results represent
the sum change in methylation events (i.e., hyper- and hypomethylation are equalized). It is
also conceivable that, since ATZ is an EDC with sex-specific effects, persistent epigenetic
alterations might be present in and limited to females. As zebrafish do not sexually
differentiate until 57 weeks of age, the decreased methylation observed at 72 hpf [43]
might reflect alterations in the epigenome of zebrafish that will go on to develop into
females. ATZ is implicated in causing multigenerational toxicity, as zebrafish exposed to
0.3, 3, and 3 ppb ATZ during embryogenesis had offspring with altered head morphology
when mated to similarly exposed partners [86]. Transgenerational toxicity has been observed
in F3 generation Hsd:Sprague Dawley rats after the FO generation was exposure to ATZ
[44]. In a study by McBirney et al, F3 rats from an ATZ lineage had increased frequency of
reproductive abnormalities, early onset of puberty in females, and had a lean, hyperactive
phenotype [44].

Conclusions

In this study, we investigated the developmental origins of ATZ-related neurotoxicity in male
zebrafish. In summary, we identified an embryonic ATZ exposure-related decrease in
locomotion on two behavioral tests of stress and anxiety. On brain transcriptomic evaluation,
male zebrafish with embryonic ATZ exposure had expression changes in genes related to
cell function, cancer, and the reproductive and nervous systems. Interestingly, genes with
persistently altered expression have functions related to the nervous system and hormone
action. Furthermore, we observed alterations in cellular density within the raphe brain
populations. Finally, we found no significant difference in overall brain size or in the brain
percent 5mC in male zebrafish with embryonic ATZ exposure. Although we have
behavioral, transcriptomic, and pathological support for a developmental origin of ATZ-
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related neurotoxicity, further characterization is needed to better understand the
physiological implication of the morphometric changes and to identify how the altered genes
interact to alter neurobehavior. The assessment of later life nervous system outcomes after
developmental ATZ exposure is important because of the human health implications in
heavy ATZ use areas.

Zebrafish husbandry and treatment

A stock solution of technical grade (98.1% purity) ATZ (CAS 1912-24-9) was prepared at
10 parts per million (ppm; mg/L) [35, 51]. Aliquots of the stock solution were diluted with
filtered aquaria water to achieve 0.3, 3, and 30 ppb exposure solutions. The 0 ppb negative
control was filtered aquaria water. AB wild-type adult zebrafish (Danio rerio) were used to
obtain embryos [87, 88]. Adult fish were kept on a 14:10 light-dark cycle and system water
was at 26-28°C, with pH 7.0-7.3, and 470-550 uS conductivity. Fish and aquaria were
monitored twice daily and fed a mixture of brine shrimp (Artemia franciscana), Golden
Pearls 500-800 um (Artemia International), and Zeigler adult zebrafish food. Embryos (4-8
cell stage) were collected immediately following the breeding interval, rinsed, randomly
sorted into treatment groups, exposed to 0, 0.3, 3, or 30 ppb ATZ, and incubated at 28.5°C.
ATZ exposure lasted from immediately after collection to 72 hpf (the end of
embryogenesis). At 72 hpf, the larvae were rinsed in filtered aquaria water to remove ATZ
exposure and then reared under normal conditions until 9, 12, or 14 months post fertilization
(mpf). During rearing, larval zebrafish were fed Zeigler Larval AP100 powdered diet,
paramecia, and brine shrimp and had a stocking density of 50 larvae/L; juvenile fish were
fed brine shrimp and Golden Pearls 300-500 um (Artemia International) and had a stocking
density of 5-10 fish/L; and adult zebrafish were kept at a 5-10 fish/L density and fed
similarly to the breeding colony. The sex ratio in raised zebrafish was approximately 1:1,
male zebrafish were chosen for this series of experiments due to the previous identification
of sex specific effects of ATZ in 6 mpf male zebrafish [52]. All protocols were approved by
the Purdue University Animal Care and Use Committee and all fish treated humanely with
regard to prevention and alleviation of suffering.

Zebrafish Behavior

At 9 mpf, 10 male zebrafish (considered subsamples) were randomly chosen from each of 4
biological replicates (N=4, with a total of 40 zebrafish per treatment analyzed; biological
replicate defined as zebrafish grown from separate clutches) to undergo a battery of three
behavioral tests: the Novel Tank Test (NTT), the Light-Dark Box (LDB), and the Open Field
Test (OFT). Before testing, the zebrafish were placed in approximately 8 x 9 x 6 cm holding
tanks, which were kept in a water bath heated to 28°C and allowed to acclimate 10 minutes
before starting the first test. All fish saw the tests in the same order, but treatments were
varied in their testing order to reduce bias. After each test, fish were placed back in the
holding tank and allowed to recover for 80-160 minutes before starting the next test. 1-2
subsamples per treatment were tested per day. All behavior was tracked at a rate of 5 frames
per second with an Ikegami ICD-49 Super-Cube DSP Monochrome Camera connected to a
PC equipped with Noldus EthoVision XT 12. Fish were identified based on dynamic
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subtraction of background images with 1 pixel contour erosion followed by 1 pixel contour
dilation and no track smoothing. Two observers (KH and BT) manually confirmed correct
video tracking and recognition of zebrafish subjects.

For the NTT, a clear 1.5 L polycarbonate, 25 x 6 x 16 cm, tank (Marine Biotech/Aquatic
Habitats, Apopka, FL) was filled to a depth of 12 cm. The tank was divided into a bottom
zone and an upper zone at the midpoint of the water level. The camera was set up
horizontally to the testing arena. Zebrafish were transferred by net to the center of the testing
area and gently dropped into the arena. Video recording started 1 second after the fish were
detected, but movement traces and evaluations of behavior did not begin until zebrafish
dropped into the bottom zone. The movement of the zebrafish was recorded for a period of
10 minutes. Parameters evaluated included distance moved, velocity, time moving, time
spent in bottom and upper zones, frequency of zone entries, and latency to upper zone entry.

A similar 25 x 6 x 16 cm tank filled do a depth of 6 cm was used for the LDB. Half of the
tank was externally covered with black construction paper on three walls and the other half
of the tank was externally covered with white construction paper, creating two
approximately 12.5 x 6 x 6 cm zones (dark zone and light zone). The bottom of the tank was
covered with white construction paper to aid in detection of the zebrafish subject. The
camera was located above the testing arena and orientated downwards. Zebrafish were
transferred by net to the center of the testing area and gently dropped into the arena. Video
recording started 1 second after the fish were detected and the movement of the zebrafish
was recorded for a period of 10 minutes. Parameters evaluated included distance moved,
velocity, time moving, time spent in zones, frequency of zone entries, and latency to light
zone entry.

The OFT used a 30 cm diameter, white ceramic, circular arena with a wall height of 6 cm
filled to a depth of 2 cm. An inner zone with a diameter of 18 cm created a 6 cm wide
peripheral outer zone. The camera was located above the testing arena and orientated
downwards. Zebrafish were transferred by net to the center of the testing area and gently
dropped into the arena. Video recording started 1 second after the fish were detected and the
movement of the zebrafish was recorded for a period of 10 minutes. Parameters evaluated
included distance moved, velocity, time moving, time spent in inner and outer zones,
frequency of zone entries, and latency to inner zone entry.

Microarray Evaluation of Adult Zebrafish Brain Transcriptome

At 9 mpf, 1 fish randomly identified from each treatment group (0, 0.3, 3, or 30 ppb ATZ) in
each of four biological replicate (N = 4, with a total of 4 zebrafish per treatment analyzed)
and was euthanized in 0.4 mg/ml buffered tricaine-S. The brains were dissected,
homogenized in Trizol (Life Technologies), and then flash frozen in liquid nitrogen and
stored at —80°C until further analysis. Total RNA was extracted using the RNeasy MinElute
Cleanup Kit (Qiagen). For transcriptomic microarray analysis, a custom one-color multiplex
zebrafish 4x180K expression platform (Agilent Technologies) was used to compare
differences in transcript expression between treatments as previously described [86, 89]. The
platform has 4 arrays each with 180K probes interrogating 36K known and predicted targets
(3-5 probes per target) based on the Ensembl and UCSC Genome Databases. Samples were
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hybridized to the array, arrays washed in buffer solutions, and arrays scanned (Agilent
Technologies SureScan Microarray Scanner). Data was extracted using Agilent Feature
Extraction Software 12.0. Microarray analysis was performed according to MIAME
guidelines [90]. GeneSpring 14.9 (Agilent Technologies) used for statistical analysis, with
normalization was via percentile shift with a percentile target of 75. Gene lists were
uploaded into IPA for gene ontology and molecular pathway analysis. IPA identifies human
orthologs of zebrafish genes, which are subsequently used for pathway analysis.

Quantitative Polymerase Chain Reaction (QPCR) Confirmation of Microarray

gPCR was performed was performed on a subset of genes that were significantly altered in
the male microarray (agpla, cdks, cyp26b1, ifgbp7, itm2ch, and sult2b1) to confirm and
technically validate the microarray results. The genes were chosen as representative genes,
as all six were differentially expressed in all exposures, and three genes had negative fold-
changes (agpla, cdk5, cyp26bI1) while the other three (ifgbp7, itmZch, and sultZb1) had
positive fold-changes. cDNA was synthesized from the same RNA samples used for the
microarray (N = 4, with a total of 4 zebrafish per treatment analyzed) using the SuperScript
First-strand synthesis system (Invitrogen) as previously described [91]. Primers specific to
the target genes (Table S1) were designed using Primer3 and checked using NCBI Primer-
BLAST [92]. gPCR was performed on a Bio-Rad CFX Connect Real-Time PCR System
with the Bio-Rad SsoAdvanced SYBR Green Supermix. g°PCR was completed following
MIQE guidelines [93] and as previously described by our laboratory [51, 87, 94, 95]. As in
previous studies [35, 51], B-actinwas chosen as a reference gene due to consistent
expression that did not vary across atrazine exposures (Figure S9). Experimental samples
were run in triplicate to provide technical replicates and gene expression was normalized to
B-actin (gene of interest/B-actin). Melting and standard dilution curves and no template
controls were evaluated to ensure appropriate efficiency (100+£10%) and specificity.

Zebrafish Brain Collection and Histopathology

At 9 mpf, 6 fish were randomly identified from each treatment group (0, 0.3, 3, or 30 ppb
ATZ) in each of three biological replicates (N = 3, with a total of 18 zebrafish per treatment
analyzed) and euthanized via anesthetic overdose with buffered tricaine. An incision was
made in the ventral abdomen and the zebrafish were fixed /n toto with 4% paraformaldehyde
at 4°C for 7 days at a 1:10 volume ratio, rinsed with phosphate buffered saline, and
decalcified at room temperature in 20% EDTA (ethylenedinitrilotetraacetic acid, disodium
salt dihydrate; pH 8.0) for 10 days with rocking agitation. Once fixed and decalcified, the
heads were removed, routinely processed, embedded in paraffin (3 heads per treatment per
block), sectioned twice (bilateral midsagittal sections, approximately 750 pm apart), and
stained with hematoxylin and eosin (H&E). Slides were scanned into Aperio Digital
Pathology (Leica Biosystems Inc.). The slides were evaluated by a board certified veterinary
pathologist (KH) for pathologic changes. Regions of interest (dorsal telencephalon, posterior
tuberculum, and raphe) were identified and cells counted to determine the number of cells
per umZarea with ImageScope (Leica Biosystems Inc.) software.
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Evaluation of Global Brain Methylation

At 12 mpf, 6-7 zebrafish per treatment were euthanized via overdose with buffered tricaine
and the brains were removed. Genomic DNA was extracted following a standard protocol
[43, 96] slightly modified for smaller brain samples (see supplemental material for detailed
methods). Global 5-methylcytosine (5mC) was quantified using the 5-mC DNA ELISA Kit
(Zymo Research). Each sample was repeated four times and the average value was used for
analysis.

Body and brain size analysis

At 14 mpf, 2-34 zebrafish (considered subsamples) per treatment were taken from each of 3
replicates (N = 3, with a total of 14-56 zebrafish per treatment total). After euthanasia via
anesthetic overdose with buffered tricaine, the body length (snout to tip of caudal fin) and
body mass was measured. The brain was then dissected and weighed to determine brain
mass. Due to the focus on neurotoxicity, no other tissues or organs were examined in this
study.

Statistical Analysis

For the behavior, body metrics, histopathology, and methylation experiments, statistical
significance was determined by ANOVA on SAS 94 software. A Fisher’s Least Significant
Difference (LSD) post hoc test was used when the ANOVA was significant (a = 0.05) to
identify differences between treatment groups. Significance of microarray results was
determined using GeneSpring 14.9 (Agilent Technologies) using an ANOVA (a = 0.05) with
Tukey HSD post-hoc test (a = 0.05) and a 1.5 fold change criteria for significance.
Microarray confirmation by qPCR was assessed by a Pearson’s correlation using log, fold
change and log, relative expression (a = 0.05).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Embryonic atrazine exposure affects neurodevelopment and neural function in
adult male zebrafish
. Adult male zebrafish had decreased locomotion in behavioral tests
. Adult male zebrafish brain had altered gene expression in pathways

associated with organismal development, cancer, and nervous and
reproductive system development and function

. Adult male zebrafish brain had decreased cell numbers in raphe populations
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Figure 1.
NTT performance of male zebrafish with embryonic ATZ exposure. There was a general

trend for decreased movement related parameters compared to controls for male zebrafish
with increasing embryonic ATZ exposure in the distance moved (A), velocity (B), and the
trend reached significance in the 3 and 30 ppb groups for the time spent moving (C). The
latency to first upper zone entry was increased for all ATZ treatments compared to the
controls (D). N = 4, 10 subsamples per treatment per replicate to total 40 fish per treatment,
error bars represent standard deviation, *p<0.05.
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Figure 2.
LDB performance of male zebrafish with embryonic ATZ exposure. Male zebrafish with

embryonic exposure to 30 ppb ATZ had significantly decreased distance moved (A) and
velocity (B). Both the 0.3 and the 30 ppb exposures spent significantly less time moving (C)
than controls and had an increased latency to the first light zone entry (D). N =4, 10
subsamples per treatment per replicate to total 40 fish per treatment, error bars represent
standard deviation, *p<0.05.
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Venn diagram of the number of mapped genes changed in each embryonic exposure group.

Figure 3.

Cell Biol Toxicol. Author manuscript; available in PMC 2022 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Horzmann et al.

Page 25

-

AN
CYP26B1 SLC25A15
e s
/ -7

i o

A
N VS
~estradiol =CBK18

\\
DT & ’ N
=PT7 X/ \
< /

i AW s

\
N\
A 4
NF4A—TFMEM] 268/03!3PL3
: 12

0AZ2

Figure 4.
Network analysis of genes changed in all three male ATZ exposure groups. Male zebrafish

with embryonic ATZ exposure had in common altered expression of genes in a
developmental disorder, neurological disease, organismal injury and abnormalities network.
Red indicates upregulation, green indicates down regulation, with depth of color related to
magnitude of change. Large ovals represent transcription regulators, small ovals represent
hormones, squares represent cytokines, vertical diamonds represent enzymes, horizontal
diamonds represent peptidases, inverted triangles represent kinases, trapezoids represent
transporters, inverted trapezoids represent microRNA, and circles represent other molecules.
Lines with arrows represent activation, lines without arrows represent interactions, solid
lines represent direction interaction, and dashed lines represent indirect interaction. Gene
symbols represent human orthologs of zebrafish genes.
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Figure 5.
Morphometric analysis of zebrafish brain regions from males with embryonic ATZ

exposure. Male zebrafish had no differences between treatments in the cells per um2 of the
dorsal telencephalon (A) or the posterior tuberculum (B), but the males with embryonic
exposure to 30 ppb ATZ had significantly fewer cells per um2 compared to controls (C). N =
3, 6 subsamples per treatment per replicate to total 18 fish per treatment, 2 brain sections
evaluated per subsample, error bars represent standard deviation, *p<0.05.
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Figure 6.
Changes in body length and weight, and brain weight in males after embryonic ATZ

exposure. There was no difference in body weight between male embryonic ATZ exposure
groups (A), but the body weight was significantly decreased in the males with embryonic
exposure to 3 ppb ATZ (B). There was no difference in brain weight (C) or brain weight to
body weight ratio between the male exposures (D). N = 3, with 14-69 subsamples per
treatment per replicate to total 42-207 fish per treatment. Error bars represent standard
deviation. *p< 0.05.
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Table 1.

List of genes changed in male brains common to all embryonic ATZ exposures

Name

Gene Symbol’31 Biological Functionb

Adenylate kinase 7
Aquaporin 1 (Colton blood group)

CASK interacting protein 2

Caveolae associated protein 4
Coiled-coil domain containing 39

Cyclin dependent kinase 5

Cytochrome P450 family 26 subfamily B

member 1

Dihydrolipoamide branched chain
transacylase E2

Dopey family member 2

Zamily with sequence similarity 169 member
Gamma-glutamylcyclotransferase

HtrA serine peptidase 2

Insulin like growth factor binding protein 7
Integral membrane protein 2C
L-2-hydroxyglutarate dehydrogenase
Macrophage stimulating 1 receptor
Ornithine decarboxylase antizyme 2
Oxysterol binding protein like 3

Zrotein disulfide isomerase family A member
Periostin

Protein regulator of cytokinesis 1
Peroxiredoxin 3

Solute carrier family 25 member 15

Sulfotransferase family 2B member 1

Troponin 12, fast skeletal type

AK7

AQPI

CASKINZ
CAVIN4

cCcDC39

CDK5

CYP26B1

DBT

DOPEY?Z2

FAM169A

GGCT

HTRAZ

IGFBP7

1TM2C

LZHGDH

MSTIR

OAZ2

OSBPL3
PDIA6

POSTN

PRCI

PRDX3

SLC25A15

SULTZB1

TNNIZ

Axoneme assembly; brain development; cell projection organization;
inflammatory response; phosphorylation; spermatogenesis

Cellular homeostasis; cellular response to cAMP; cerebrospinal fluid
secretion,; lateral ventricle development; response to hormone stimulus

Protein-protein interactions

Cardiac myofibril assembly; cell differentiation; muscle development;
regulation of gene expression; Rho protein signal transduction

Axonemal dynein complex assembly; cilium movement; determination of
left/right symmetry; heart development; sperm motility

Associative learning; neuron and oligodendrocyte development and
differentiation; dopaminergic and glutamatergic synaptic transmission

Bone morphogenesis; cell fate; response to retinoic acid; embryonic limb
morphogenesis; spermatogenesis; sterol metabolic process

Branched chain family amino acid catabolic process; cellular nitrogen
compound metabolic process; metabolic process

Cognition; endoplasmic reticulum organization; Golgi to endosome
transport; protein transport

Glutathione biosynthetic process; release of cytochrome ¢ from
mitochondria

Adult locomotor behavior; forebrain development; negative regulation of
cell cycle; neuron development; proteolysis; response to herbicide

Cell adhesion; cellular response to hormone stimulus; post-translational
protein modification; regulation of steroid biosynthesis

Negative regulation of amyloid precursor protein; nervous system
development and differentiation; regulation of apoptosis

2-oxoglutarate metabolic process; cellular protein metabolic process;
oxidation-reduction process

Cellular component movement; defense response; hepatocyte growth factor
receptor signaling pathway; immune system process

Regulation of catalytic activity; polyamine biosynthesis; regulation of
intracellular protein transport; protein and amino acid catabolism

Bile acid biosynthetic process; lipid transport; sterol transport; transport

Apoptotic cell clearance; cell redox homeostasis; cellular protein metabolic
process; post-translational protein modification

Cell adhesion; cellular response to fibroblast growth factor, estradiol,
transforming growth factor beta, tumor necrosis factor, and vitamin K

Cell cycle; cell division; cytokinesis; microtubule bundle formation;
microtubule cytoskeleton organization

Apoptotic process; cell redox homeostasis; negative regulation of neuron
apoptotic process; regulation of cell proliferation

Mitochondrial ornithine transport; mitochondrial transport; transport; urea
cycle

Sulfate conjugation of hormones, neurotransmitters, and xenobiotic
compounds; lipid metabolic process; steroid metabolic process

Regulation of muscle contraction; co-activator of estrogen receptor-related
receptor alpha; positive regulation of transcription

aHuman ortholog of zebrafish gene
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Table 2.
Top pathways altered in all three ATZ exposures
Disease and Disorders
Name p-valueaI # Moleculesb
Developmental Disorder 2.49E-02 - 4.74E-04 11
Hereditary Disease 2.32E-02-4.74E-04 15
Metabolic Disease 1.60E-02 - 4.74E-04 6
Organismal Injury and Abnormalities 4.96E-02 - 4.74E-04 25
Cardiovascular Disease 8.57E-03-5.06E-04 4
Molecular and Cellular Functions
Name p—valuea # Moleculesb
Cellular Function and Maintenance 4.83E-02-7.22E-04 9
Cellular Movement 4.93E-02 - 7.22E-04 9
Cellular Development 4.73E-02 - 8.86E-04 8
Cellular Growth and Proliferation 4.73E-02-8.86E-04 5
Cell Cycle 4.17E-02-1.07E-03 6
Physiological System Development and Function
Name p—valuea # Moleculesb
Organismal Functions 2.86E-02 - 3.09E-05 5
Renal and Urological System Development and Function ~ 3.49E-02 — 8.86E-04 4
Reproductive System Development and Function 3.80E-02-9.29E-04 5
Embryonic Development 4.83E-02-9.67E-04 8
Organismal Development 4.88E-02-9.67E-04 8

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

Classified as being differentially expressed that relate to the specified function category; a gene may be present in more than one category.
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Table 3.

Genes altered in all embryonic exposures at 6 mpf“and 9 mpf

Name Gene Symbola Biological Functionb

Caveolae associated protein 4 CAVIN4 Cardiac myofibril assembly; cell differentiation; muscle development; regulation of
gene expression; Rho protein signal transduction

Cyclin dependent kinase 5 CDK5 Associative learning; neuron and oligodendrocyte development; dopaminergic and
glutamatergic synaptic transmission

HtrA serine peptidase 2 HTRAZ Adult locomotor behavior; forebrain development; regulation of cell cycle; neuron
development; proteolysis; response to herbicide

Insulin like growth factor binding IGFBP7 Cell adhesion; cellular response to hormone stimulus; post-translational protein

protein 7 modification; regulation of steroid biosynthesis

Integral membrane protein 2C 1TM2C Negative regulation of amyloid precursor protein; nervous system development and

Sulfotransferase family 2B member 1~ SULT2B1

Troponin 12, fast skeletal type TNNI2

differentiation; regulation of apoptosis

Sulfate conjugation of hormones, neurotransmitters, and xenobiotic compounds;
lipid metabolic process; steroid metabolic process

Regulation of muscle contraction; co-activator of estrogen receptor-related receptor
alpha; positive regulation of transcription

*
Data from 6 mpf male zebrafish originally published in Wirbisky et al, 2016 [52].

aHuman ortholog of zebrafish gene

bDetermined via Ingenuity Pathway Analysis
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