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Abstract

This study sought to investigate the effects of environmentally relevant gestational followed by
continued chronic exposure to the herbicide, atrazine, on motor function, cognition, and
neurochemical indices of nigrostriatal dopamine (DA) activity in male rats. Dams were treated
with 100 pg/kg atrazine, 10 mg/kg atrazine, or vehicle on gestational day 1 through postnatal day
21. Upon weaning, male offspring continued daily vehicle or atrazine gavage treatments for an
additional six months. Subjects were tested in a series of behavioral assays, and 24 h after the last
treatment, tissue samples from the striatum were analyzed for DA and 3,4-dihydroxyphenylacetic
acid (DOPAC). At 10 mg/kg, this herbicide was found to produce modest disruptions in motor
functioning, and at both dose levels it significantly lowered striatal DA and DOPAC
concentrations. These results suggest exposures to atrazine have the potential to disrupt
nigrostriatal DA neurons and behaviors associated with motor functioning.
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Introduction

Atrazine is an herbicide used extensively to control broadleaf and grassy weeds on crops
such as corn, sorghum, and sugarcane (US EPA, 2012). With approximately 73-78 million
pounds being applied per year, atrazine is the second most widely used pesticide in the
United States (Grube et al., 2011). Currently, the adverse effects of this herbicide on human
health are not fully understood. This is alarming since atrazine is quite prevalent in the
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environment. Not only has atrazine been detected more often than any other herbicide in U.S
drinking water (Barbash et al., 2001), there have been several reports of community water
supply samples exceeding the EPA’s maximum contaminant level (MCL) of 3 pg/L (Kolpin
etal., 1997; US EPA, 2003). Further, human exposure has been confirmed through reports of
atrazine metabolites in urine (Curwin et al., 2007). With such risk for human exposure, it is
important that the health effects of atrazine be thoroughly investigated.

Atrazine is an endocrine disrupter that alters ovarian and testicular hormone secretion and
adversely effects both female and male reproductive systems (Abarikwu et al., 2010; Cooper
et al., 2007; Hayes et al., 2011; Stanko et al., 2010; Wetzel et al., 1994). Despite the fact that
the hormones shown to be affected by atrazine also play a major role in the development of
the central nervous system (Schantz and Widholm, 2001), less research has examined the
neurobehavioral consequences of atrazine exposure. A growing body of research suggests
that atrazine is a dopamine (DA) neuronal toxicant. Studies in rodents revealed atrazine
exposure produces dose-dependent impairment of DA neurons in the substantia nigra pars
compacta (Coban and Filipov, 2007). Atrazine also decreases striatal DA content (Bardallus
et al., 2011; Coban and Filipov, 2007; Filipov et al., 2007; Li et al., 20144, 2014b; Rodriguez
etal., 2013; Sun et al., 2014), an effect believed to be due to increases in cytosolic DA,
which is prone to oxidative breakdown (Hossain and Filipov, 2008).

Atrazine has also been reported to alter behaviors associated with the nigrostriatal (NS) DA
system. The NSDA pathway plays a central role in motor control (Haber, 2014). In rodents
atrazine has been shown to alter locomotor activity (Bardullas et al., 2011; Belloni et al.,
2011; Peruzovic et al., 1995; Rodriguez et al., 2013; Ugazio et al., 1991), delay righting
reflexes (Belloni et al., 2011), and impair rotarod performance (Bardullas et al., 2011).
These tasks have all been shown to measure behaviors that are controlled, in part, by NSDA
neurons (Adeosun et al., 2012; Galli et al., 2014; Kravitz et al., 2010; Liu et al., 2014;
Verhave et al., 2009; Yin et al., 2009). The walking beam assay assesses the ability of rats to
traverse a narrow elevated beam and has proven to be very useful in the assessment of motor
coordination (Goldsten, 2003). This task is disrupted after lesions to the striatum (Jimenez-
Martin et al., 2015; Urakawa et al., 2007), and it is sensitive to detecting motor impairments
after exposure to other endocrine disrupters (Abou-Donia et al., 2001; Arcadia et al., 1998),
but has not yet been utilized to assess the effects of atrazine exposure.

While atrazine has been shown to disrupt NSDA neurons, it is possible that the effects of
atrazine on brain function are more widespread, affecting the mesolimbic and mesocortical
DA pathways. Together, these pathways are involved in aspects of higher cognitive
functions, such as reward-based learning (Haber, 2014). Only a few studies have examined
the effects of atrazine exposure on cognitive function, and these studies yielded mixed
results. Bardullas et al. (2011) found that rats exposed to a moderate dose of atrazine (10
mg/kg) for 11 and 12 months displayed slightly more errors than control rats in a
spontaneous alternation task and a non-delayed random foraging parading. In another study,
Lin et al. (2013) revealed that doses of atrazine = 25 mg/kg for 10 days impaired the
performance of mice in a novel object recognition task. In contrast, other studies revealed
atrazine exposure to improve performance in avoidance learning tasks (Belloni et al., 2011;
Peruzovic et al., 1995).
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Although studies have examined the neurobehavioral effects of atrazine in rats when
administered chronically (Bardullas et al., 2011) and at environmentally-relevant exposure
levels during gestation (Belloni et al., 2007; 2011), no studies have examined the
neurobehavioral effects of atrazine exposure beginning during gestation and continuing
through adulthood. Arguably, this mode of exposure closely mimics that of individuals
living in small farming communities (Kolpin et al., 1997; U.S. EPA, 2001). Therefore,
studying the effects of this exposure paradigm may provide relevant information to ascertain
the health risks associated with atrazine exposure in humans. Additionally, no studies have
examined the effects of atrazine on complex operant learning or its possible anxiogenic
effects. Thus, the primary aim of this study was to utilize a novel paradigm of exposure
(gestational plus chronic up to 7 months old) to assess the effects of oral exposure to
environmentally-relevant atrazine levels on locomotor activity, motor coordination, learning
and memory, anxiety, and neurochemical estimates of nigrostriatal DA neurons in male and
female Sprague-Dawley rats. As a secondary aim, this study also sought to use four novel
behavioral measures in order to help elucidate the effects of atrazine exposure on
neurobehavioral development.

Animals and dosing

Female Sprague Dawley rats (10 weeks old) were mated and upon detection of vaginal plugs
were housed individually. Twelve pregnant females were randomly assigned to one of three
treatment groups on gestation day 1 (GD1): corn oil (vehicle control), 100 pg/kg atrazine
(ATZ low), or 10 mg/kg atrazine (ATZ high), for a total of 4 dams per treatment group. The
100 pg/kg dose was selected because it is relevant to the EPA’s current maximum
contaminant level (MCL; 3ug/l), and this dose has been shown to induce neuronal damage in
the hypothalamus, dentate gyrus, and striatum (Giusi et al., 2006). The 10 mg/kg dose was
examined because it has been shown to alter locomotor activity, impair motor coordination,
disrupt learning, and decrease DA levels in the striatum when administered chronically to
rats beginning at 1 month of age (Bardallus et al., 2011). Atrazine (Lot 1912-24-9; BOC
Sciences, Shirley, NY) was dissolved in corn oil and administered to the dams daily at a
volume of 2 ml/kg through oral gavage on GD 1 through postnatal day (PND) 21. Oral
gavage was chosen because it mimics the most common mode of human exposure (drinking
water), and it allows for the delivery of exact amounts of atrazine.

At weaning (PND 21) litters were cross-fostered and culled to 10 pups (5 males and 5
females), and pups continued daily administration of corn oil vehicle, 100 pg/kg atrazine, or
10 mg/kg atrazine through oral gavage for an additional six months. Thirty male pups were
randomly selected from 8 dams (2—3 dams per treatment group) for behavioral testing, with
a total of three treatment groups for each sex with 10 rats in each group, although the sample
size used for each assay varied slightly. Females were not used due to the impact that estrus
cycling has been shown to have on several of the behavioral measured gathered in this study
(Craft and Leitl, 2008; Sayin et al., 2014; Takeo and Sakuma, 1995; Vinogradova, 1999;
Warren and Juraska,1997). Offspring were housed in same sex pairs for the duration of the
study with ad /ibitum access to food and water in the home cage, except during caloric
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restriction experiments. Behavioral testing occurred between 1 and 7 months of age (Figure
1). Daily dosing always occurred after behavioral testing between 1900-2200 hr for
locomotor activity and light dark box assessments, and between 1300-1700 hr for all other
assays.

All rats were housed in polycarbonate cages with corn cob bedding in a light (12/12 hr light/
dark cycle, lights on 0700 to 1900 hr) and temperature (20+2°C) controlled vivarium. Rats
were maintained according to the general principles of animal husbandry outlined by the
Guide for the Care and Use of Laboratory Animals (National Research Council of the
National Academies, 2011), and the experimental protocol was approved by the Institutional
Animal Care and Use Committee of Western Michigan University.

Locomotor activity

Locomotor activity assessments occurred at 1 month of age (control 7= 8, ATZ low n= 10,
ATZ high n=10) and again at 6 months of age (7= 8) in eight custom-designed Plexiglas
chambers housed within a Versamax® animal activity monitoring system equipped with
infrared sensors. Each rat was placed individually in a chamber for 1 hr, and several
measures of ambulatory activity were obtained, including horizontal activity, vertical
activity, stereotypy, and time spent in center area. Locomotor activity sessions took place
during the dark cycle, beginning at 1900 hr, and the lights were turned off in the testing
room.

Walking beam

In order to assess the effects of atrazine on motor coordination, rats (/7= 8 per treatment
group) were tested on their ability to traverse a balance beam. Performance was assessed on
postnatal (PND) 37-46 and again at 22 weeks of age. The procedure consisted of three
phases: shaping, training and testing and was conducted between 0900 and 1600 hr. The test
apparatus and procedures were adapted from those described by Carter et al. (2001). The test
apparatus consisted of a metal rod 122 cm in length elevated 76 cm above the floor, and A
20 W light was located at the start of the beam and utilized as an avoidance stimulus. At the
opposite end of the beam was a goal box. Three beams of various widths (2.5, 1.5, and 1 cm)
were used to assess motor coordination.

During Phase 1 (shaping) rats were gradually trained to traverse a 2.5 cm training beam over
a series of 4 trials. For the first trial, the rat was placed 30 cm away from the goal box and
for each successive trial, the rat was placed further and further away from the goal box until
it could successively traverse the entire length of the beam (Phase 1 was not conducted at 22
weeks of age). During Phase 2 (training), rats were required to cross the entire length of the
2.5 cm training beam for two consecutive days, and each daily session consisted of three
consecutive trials. Phase 3 (testing) began immediately following the last day of training and
took place within one day. During testing, rats were given two trials on three different beam
widths (2.5, 1.5, and 1.0 cm, respectively). Data were collected on duration of time to
traverse the beam, number of falls, and number of and foot slips. During testing, if the rat
did not traverse the beam within 120 s, this was considered a fail.
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Spatial discrimination reversal

Rats were placed on food restriction one week prior to training in the spatial discrimination
reversal task. Feeding was adjusted daily in order to maintain the animals on a slight
schedule of caloric restriction that still allowed for developmentally-appropriate gains in
body weight. This feeding regimen was continued for the entire duration of the learning task.
Rats were assessed in the spatial discrimination reversal learning task from approximately 2
— 5 months of age (7= 8). Testing occurred in eight standard operant chambers equipped
with three levers and MED-PC software version 4 (MED Associates Inc., St. Albans, VT).

Beginning at two months of age, rats were trained to press the center-lever using an
autoshaping procedure. Once subjects obtained 100 reinforcers a session for two consecutive
sessions, they were trained to press a lever associated with a particular spatial location under
a fixed ratio (FR) 20 schedule of reinforcement. Pressing the right lever was reinforced in
half of the rats from each treatment group, and pressing the left lever was reinforced in the
other half. The house light was illuminated during each session. Each trial began witha 3 s
inter-trial interval (ITI), and the extension of all three levers into the chamber. A session
ended once the rat obtained 50 reinforcers under a FR 20 schedule of reinforcement or 30
min had elapsed. Spatial discrimination 1 was mastered when a rat achieved 95% correct
responding for 5 consecutive sessions, and if its accuracy for the first 10 trials of each of
session was greater than or equal to 80%. If a rat failed to meet these criteria, it remained
under the FR 20 schedule of reinforcement on the original lever until the mastery criteria
were met.

After the spatial discrimination on the original lever was mastered, the rats were required to
learn a new spatial discrimination. Under this procedure, the rats that were initially
reinforced for pressing the left lever were subsequently reinforced for pressing the right
lever under a FR 20 schedule of reinforcement, and vice versa. Responding on incorrect
levers had no programmed consequences, and the mastery criteria for this phase were the
same as the first spatial discrimination. Data were collected on percent correct responding
for each trial, percent correct responding for each session, and the number of presses until
the first FR 20 was met. At the end of the spatial discrimination assay (5 months of age), all
rats were placed back on free access to food.

Morris Water Maze

Performance in a Morris Water Maze was assessed beginning at 26 weeks of age (/7= 8).
The assay consisted of two phases: training and testing. The apparatus consisted of a circular
pool 183 cm in diameter and 38 cm deep. The escape platform was a clear acrylic circle,
11.5 cm in diameter. The room was filled with several cues to aid in spatial navigation.
During all training and testing sessions, the experimenter sat in the same spot and served as
another visual cue. At the beginning of each session, the pool was filled with water that was
26 °C, and this temperature was monitored and maintained throughout the entire session.

During the first day of training, the platform was placed in the center of the pool and
elevated 1 cm above the water. For the first trial, the rat was placed on the escape platform
with its nose facing North (N) in order to habituate the rat to the platform and familiarize the
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animal with its location. For the remaining three trials, the start location varied for each trial
and went in the following order: N, South (S), and East (E). For the next four days of
training, the escape platform was submerged 1 cm below the water in the center of the pool.
The rats were given four trials a day from each of the start locations N, S, E, West (W), with
the order of start locations varying each day. For each trial, the rats were given a maximum
of 60 s to reach the escape platform. If the rat did not reach the escape platform within 60 s,
it was guided to the platform by the experimenter. Once the rat reached the escape platform,
it was allowed to remain on the platform for 15 sec in order to orient to its surroundings.
Data were collected on the latency to reach the escape platform for each trial, and an average
latency score was calculated for each day.

Testing occurred on day six, immediately following the five days of training. During testing,
the escape platform was removed from the pool, and a novel start position (NW) was
created. Each rat was given a single 60 s trial from this start location. Data were collected on
the number of times the rat crossed the area of the pool where the escape platform was
previously located and the duration of time the rat spent in the center quadrant of the pool.

Light-dark box

The light-dark box was conducted at 7 months of age at the beginning of the dark-cycle.
Rats were tested in four acrylic chambers equipped with infrared sensors. Each chamber
(40.3 x 40.3 x 40.3 cm) was divided into two equal compartments, a light compartment and
a dark compartment, by an acrylic wall. The light compartment did not have a ceiling and
was comprised of all white walls with a 53 watt light bulb located directly above. The dark
compartment was comprised of all black walls and a black ceiling. The acrylic divider
contained a small (10.16 x 10.16 cm) opening that allowed for movement between the two
sides. Each rat was individually placed in the chamber for 5 min. Rats were initially placed
in the central opening between the compartments with the nose facing the light-side of the
compartment. Data were collected on the duration of time spent on each side, number of
transitions between sides, and horizontal activity counts.

Neurochemical analysis

The day following the light-dark box assessment and 24 hr after the last atrazine or vehicle
treatment, rats were euthanized by rapid decapitation and brains were immediately frozen on
dry ice for tissue analysis (control n= 10, ATZ low n= 29, ATZ high n=29). A cryostat set at
-10°C was used to prepare frozen coronal sections (500 um), and bilateral tissue punches of
the striatum were placed into cold tissue buffer (15% methanol/ 0.05 M sodium phosphate/
0.03 citrate pH 2.5) and centrifuged for 5 sec at 4 °C (Beckman Coulter Microfuge, Palo
Alto, CA). Samples were then sonicated with three consecutive 1 s bursts (Heat Systems
Ultrasonics, Plainview, NY), and protein was pelleted by centrifugation at 12,000 rpm for 1
min.

High performance liquid chromatography coupled with electrochemical detection (HPLC-
ED) using a Waters 515 pump (Waters Corporation, Milford, MA) and an ESA Coulochem
5100A electrochemical detector with an oxidation potential of +0.4 VV was used to determine
the content of DA and DOPAC in supernatants. DA and DOPAC content of samples was
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quantified by comparing the peak heights of each sample to that of standards. Tissue pellets
were re-suspended in 1 N NaOH and assayed for protein using the bicinchoninic acid (BCA)
protein assay (Walker, 1994). In order to correct for differences in sample size, DA and
DOPAC content was normalized to the amount of protein in each sample and expressed as a
concentration in ng per mg protein.

Statistical analyses

Results

Statistical analyses were conducted using the SAS system for Windows, release 9.3. In order
to control for litter effects, body weight, DA content, and performance in behavioral
assessments were analyzed using a linear mixed model with dam as a random effect nested
in treatment groups. Planned comparisons using a t-test were performed following each
ANOVA. A one-way ANOVA was performed to compare differences in average dam
weights throughout gestation between experimental groups. Means and standard errors (SE)
were calculated as simple statistics and presented graphically using Graphpad Prism 6.

General appearance and health

There were no differences in general appearance or body weights between atrazine treated
dams and controls during the gestational period (Appendix A). There were also no
differences in general appearance or body weights between atrazine treated offspring and
controls (Appendix B). Further, during the course of the study, there were no mortalities
within any of the treatment groups.

Locomotor activity

There were no differences in locomotor activity at one month of age. At six months of age,
rats receiving the high dose of ATZ displayed significantly less horizontal activity (¢=
-3.29, p< 0.05) in comparison to controls, with a similar trend observed for vertical activity
(p=10.06) and stereotypy (p = 0.09; Figure 2).

Walking beam

No significant differences were seen in walking beam performance after developmental
exposure to atrazine. At 22 weeks of age, no significant differences were seen in walking
beam performance during training sessions. For test sessions, rats receiving high dose ATZ
engaged in significantly more foot slips than controls (= 3.59, p < 0.05; Figure 3).

Learning and memory assays

Results revealed no significant differences between treatment groups in performance on the
spatial discrimination reversal task (Figure 4) or in the Morris Water Maze (Figure 5).

Light-dark box

At 7 months of age, rats receiving the high dose of ATZ made significantly fewer transitions
into the light side of the chamber in comparison to controls (#=-3.30, p < 0.05; Figure 6).
Further, when total horizontal activity (light and dark side) was analyzed, rats in the high
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dose ATZ group displayed significantly decreased activity in comparison to controls (£=
-4.16, p< 0.05; Figure 7)

Neurochemical analyses

At 7 months of age, both low and high doses of ATZ produced a similar decrease in striatal
DA concentrations (Figure 8). There was a significant main effect of treatment on striatal
DA (F,, 4= 13.47, p<0.05) and DOPAC (/,, 4 = 10.89, p < 0.05). Planned comparisons
indicated rats receiving either low dose (#= —4.09, p< 0.05) or high dose of ATZ (= -4.75
p<0.01) had decreased striatal DA in comparison to controls. Further, rats in the low dose
ATZ group (= -3.53 p < 0.05) and high dose ATZ group (¢#=-4.30, p< 0.05) had
decreased DOPAC in comparison to controls (Figure 8).

Discussion

This study utilized a variety of behavioral assays to evaluate the consequences of gestational
exposure followed by six additional months of daily atrazine treatment in male rats. This
herbicide was found to produce disruptions in motor functioning, and it significantly lowers
striatal DA and DOPAC concentrations. Atrazine was also revealed to produce a potential
anxiogenic effect but did not impair performance in the learning and memory assessments.
These results suggest that exposures to atrazine target NSDA neurons and produce
disruptions to behaviors associated with motor functioning.

Atrazine impacted locomotor activity and motor coordination. Although no impairments
were observed after gestational and early postnatal exposure, an additional 5 months of
atrazine exposure decreased vertical activity in male offspring, with significant decreases
occurring in rats treated with the high dose (10 mg/kg). Consistent with these findings,
atrazine has been shown to alter locomotor activity in previous studies (Bardullas et al.,
2011; Belloni et al., 2011; Lin et al., 2013; Peruzovic et al., 1995; Rodriguez et al., 2013;
Ugazio et al., 1991). Further, high dose atrazine exposure impaired walking beam
performance in male offspring after gestational followed by 22 weeks of daily oral feedings.
These findings are consistent with previous studies. Bardullas et al. (2011) reported 10
months of exposure to 10 mg/kg atrazine produced impairments in a rotarod task in male
Sprague Dawley rats, and Belloni et al. (2007) reported delayed righting reflexes in male
and female mice pups treated with 100 pg/kg atrazine from GD14-PND21.

In correspondence to the observed alterations to behavior, atrazine also decreased DA and
DOPAC concentrations in axon terminals of NSDA neurons located in the striatum.
Neurochemical assays revealed decreased striatal DA and DOPAC in rats exposed to 100
ng/kg atrazine and 10 mg/kg atrazine. These findings are consistent with those of Bardallus
et al. (2011) who reported decreased striatal DA in adult male Sprague-Dawley rats treated
with 10 mg/kg atrazine for 12 months (Bardallus et al., 2011). These findings are also
consistent with previous studies that found acute exposures to 100 mg/kg atrazine decreased
striatal DA and DOPAC in adult male Sprague-Dawley rats (Rodriguez et al., 2013) and
male C57BL/6 mice (Coban and Filipov, 2007). Additionally, these findings are supported
by that of Filipov et al. (2007) who demonstrated exposure of rat striatal tissue slices to 50—
500 uM atrazine for 4 hr produced a dose-dependent decrease in DA levels (highest effect
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concentration 100 uM) and a dose-dependent increase in DA turnover (highest effect
concentration 50 uM). These effects are suggested to be due to the ability of atrazine to
decrease DA uptake into striatal synaptic vesicles, thus increasing cytosolic DA, which is
subject to generation of toxic oxidative metabolites (Hossain and Filipov, 2008). Further,
atrazine has also been shown to decrease tyrosine hydroxylase positive cells in the substantia
nigra pars compacta (Coban and Filipov, 2007; Rodriguez et al., 2013), suggesting that
decreases in striatal dopamine could also be due to cell death in the substantia nigra.

Neurochemical analyses of neurotransmitter and metabolite levels in the striatum reflect the
integrity (DA) and metabolic activity (DOPAC) of axon terminals of NSDA neurons
(Lundbald et al., 2012; O’Malley, 2010). In the present study, chronic atrazine exposure at
both low and high doses produced concurrent decreases in striatal DA and DOPAC, but no
change in the DOPAC/DA ratio (data not shown), results consistent with loss of NSDA axon
terminals (Burke and O’Malley, 2013; Lundbald et al., 2012; Nordstorm et al., 2015).
Decreases in striatal DA concentrations after 7 months of toxicant exposure correspond with
the impairments in walking beam performance and decreases in locomotor activity observed
in the high dose ATZ group. Since the NSDA pathway plays a central role in motor control
(Haber, 2014), it is plausible that these disruptions to motor activity could be due to loss of
axon terminals of NSDA neurons. Although DA and DOPAC concentrations were measured
1-1.5 months after the behavior assessments, it is likely that atrazine-induced loss of NSDA
axon terminals was present at 5.5 and 6 months of age. Rats exposed to low dose ATZ had
decreased striatal DA and DOPAC yet only a trend for decreased locomotor activity and
impaired motor coordination. It is possible that the extent of axonopathy was smaller at the
time of behavioral testing in these animals. Given the small sample size used in these
groups, it is likely a larger numbers of animals would yield a significant effect of low dose
ATZ on behavioral measures of motor control.

Atrazine did not affect performance in the spatial discrimination reversal task conducted at
2-5 months, nor did it affect performance in MWM conducted at 6.5 months of age. The
spatial discrimination reversal task measures discriminative learning and behavioral
flexibility (Reed et al., 2006). The dorsomedial striatum (Castane et al., 2010) and
orbitofrontal cortex (Boulougouris et al., 2007; McAlonan and Brown, 2003) have been
shown to be critical for flexible responding during the reversal component. The MWM
measures hippocampal-mediated spatial learning and reference memory (Vorhees and
Williams, 2006). Similar to the findings of this study, Lin et al. (2013) revealed = 25 mg/kg
but not 5 mg/kg atrazine impaired the performance of adult male C57BL/6 mice in a novel
object recognition task (Lin et al., 2013). The novel object recognition task assesses
recognition memory, a brain function also supported by the hippocampus (Broadbent et al.,
2014). Taken together, these findings suggest that ATZ may only affect hippocampal-
dependent memory when given at excessively high doses.

In a previous study, Bardullas et al. (2011) demonstrated adult rats exposed to 10 mg/kg
atrazine for 12 months displayed slightly more errors in session 3 of a spontaneous
alternation task while having no effect in a delayed alternation task. The spontaneous
alternation task is designed to measure the natural tendency or rats to shift between
alternative spatial responses when exploring a new environment (Bardullas et al., 2011). The
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delayed alternation task also measures the ability of rats to alternate between spatial
responses, except now reinforcement delivery is made contingent on alternating responses
(Rodriguez et al., 2001). Therefore, in the delayed alternation task, the rat relies on memory
of the previous spatial location in order to obtain a reinforcer, whereas the spontaneous
alternation task does not require this. Although both tasks have been suggested to involve
aspects of the prefrontal cortex, hippocampus, and striatum (Bardullas et al., 2011;
Dudchenko et al., 2000; Lapante et al., 2012; Yang et al., 2014), a recent study suggests that
the delayed alternation task may not involve the striatum. Hallock et al. (2013) revealed that
inactivation of the hippocampus but not the striatum impaired performance in the delayed
alternation task. The authors suggest that the delayed alternation task and other tasks where
responding is driven by spatial cues primarily involve the hippocampus, whereas tasks that
require unconscious procedural memory are maintained by the striatum (Hallock et al.,
2013). Therefore, findings from Bardullas et al. (2011) may suggest that 10 mg/kg atrazine
affects striatal-dependent but not hippocampal-dependent brain functions. In agreement, the
current study also did not find atrazine to impact hippocampal-dependent brain functions.
However, in contrast, the current study did not find atrazine to impact striatal and
oribotofrontal cortex-dependent reversal learning at 2-5 months of age either. This suggests
that impairment to striatal-dependent cognitive function does not become apparent until after
longer durations of exposure as seen in Bardullas et al. (2011).

Other studies have demonstrated atrazine exposure to improve avoidance learning (Belloni et
al., 2011; Peruzovic et al., 1995). These improvements in avoidance learning could be due to
the ability of atrazine to produce anxiogenic effects, thus resulting in decreased latency to
engage in the avoidance response. Indeed the results of the current study revealed gestational
exposure followed by daily oral treatment with 10 mg/kg atrazine to alter the behavior of
rats in the light-dark box test, suggesting a possible anxiogenic effect at 7 months of age.
Although atrazine had no effects on the duration of time spent on the light side of the light-
dark box, 10 mg/kg atrazine significantly decreased the number of transitions rats made into
the light side of the compartment in comparison to controls. The light-dark box is based on
the tendency of rodents to avoid brightly illuminated environments while at the same time
explore novel environments. Decreased duration of time and transitions into the light
compartment of the chamber are generally viewed as an index of anxiety (Hascouet and
Bourin, 2003). Thus, these findings suggest that exposure to moderate doses of atrazine
produce anxiogenic effects in male Sprague-Dawley rats.

These findings are in agreement with a previous report that atrazine increased the duration of
time zebrafish spent on the dark portion of an aquarium (Steinberg et al., 1995) and are
supported by reports that atrazine enhances secretion of the stress hormone corticosterone in
rodents. Specifically, high doses of atrazine enhance secretion of adrenocorticotropic
hormone and corticosterone in adult mice (=150 mg/kg; Pruett et al., 2003) and rats (= 50
mg/kg Fraites et al., 2009; Laws et al. 2009). Corticosterone mediates many components of
the stress response in rodents, and has been shown to mediate anxiety-like behavior in
various test paradigms (Pego et al., 2010). Thus, it is plausible that elevated corticosterone
could have played a role in the anxiety-like behavior observed in the rats exposed to high
dose ATZ during the light-dark box.
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It should be noted that results presented here also reveal that high dose (10 mg/kg) atrazine
significantly decreases the total amount of horizontal activity (when light side and dark side
activity were combined). Therefore, atrazine-induced decreases in the number of transitions
rodents made into the light compartment may not be indicative of anxogenic activity, but
may simply be related to the effects of atrazine on overall activity resulting in fewer
transitions. Future research should assess the effects of atrazine on sensitivity to aversive
stimuli in additional behavioral paradigms.

In summary, these findings provide evidence that gestational and continued chronic exposure
to atrazine significantly decreases locomotor activity, impairs motor coordination, and alters
DA and DOPAC concentrations in male Sprague-Dawley rats. These results suggest that
exposures to atrazine may have the potential to significantly impact brain regions and
behaviors specific to motor functioning. Thus, in order to advance informed environmental
policy and decision making and corresponding public health protection, further investigation
of the potential impact of atrazine exposure on neurological development in humans may be
necessary.

Abbreviations

ATZ atrazine

DOPAC 3,4 dihydroxyphenylacetic acid

DA dopamine

NS nigrostriatal

GD gestational day

PND postnatal day

MCL maximum contaminant level
FR fixed ratio

ITI inter-trial interval

HPLC-ED high performance liquid chromatography coupled with electrochemical
detection
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Appendix A

Average weight of the dams during gestational (G) weeks 1-3 and postnatal (P) weeks 1-3
for each experimental group.
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Appendix B
Monthly body weights of offspring.
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Highlights
. Male rats received gestational and chronic exposure to ATZ (10 mg/kg
and 100 ug/kg).
. ATZ altered locomotor activity and impaired motor coordination.
. ATZ lowered striatal DA and DOPAC concentrations.
. ATZ produced a potential anxiogenic effect.
. ATZ did not impair performance in learning and memory assessments.
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Figure 1.
Timeline of experimental procedures
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Figure 2. Locomotor Activity

Vertical (top left), horizontal (top right) and stereotypy counts (bottom left) at 6 months of
age. Means and SE presented were calculated as simple statistics. Analyses were performed
using a mixed model ANOVA with ftests for planned comparisons. * indicates different

from control with p< 0.05
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Average number of footslips at 22 weeks of age. Means and SE presented were calculated as
simple statistics. Analyses were performed using mixed model ANOVAs with ftests for
planned comparisons. * Indicates ATZ high was significantly different from control with p<
0.05. Data only included for rats that successively traversed each beam.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2016 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Walters et al. Page 22

Avg # of Presses

1500-

1000+

500+

0 . ;
Control ATZ low ATZ high

Figure 4.
The average number of lever presses until the first reinforcer was achieved during the

reversal of the spatial discrimination task. Means and SE presented were calculated as
simple statistics. Analysis was performed using a mixed model ANOVA with individual ¢
tests for multiple comparisons
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Figure 5.
The total duration of time spent in platform quadrant (left) and the number of platform

crosses (right) during MWM test sessions (with escape platform removed). Means and SE
presented were calculated as simple statistics. Analysis was performed using a mixed model
ANOVA with individual ¢tests for multiple comparisons
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Figure 6.
The average duration of time spent in the light side of the chamber (left), and the average

number of transitions between light and dark compartments (right). * indicates different
from control group with p < 0.05. Means and SE were calculated as simple statistics.
Analyses were performed using a mixed model ANOVA with ¢tests for planned
comparisons.
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Figure 7.
Total horizontal activity at 7 months of age.* indicates significantly different from control

with p < 0.05. Means and SE were calculated as simple statistics. Analysis was performed
using a mixed model ANOVA with ftests for planned comparisons.
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Figure 8.

Striatal dopamine (DA; left) and DOPAC (right) at 7 months of age. Means and SE
presented were calculated as simple statistics. Analyses were performed using a mixed
model ANOVA with ftests for planned comparisons. * indicates significantly different from
control group with p < 0.05. ** indicates significantly different from control with p < 0.01.
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