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The adverse health risks of exposure to the herbicide, atrazine, in humans are not fully
understood. Although numerous studies have demonstrated atrazine to be an endocrine
disrupter, the neurobehavioral consequences of atrazine exposure have not been thoroughly
examined. The aim of this study was to investigate the effects of environmentally-relevant levels
of gestational followed by continued chronic atrazine exposure on motor function, learning and
memory, anxiety, and striatal dopamine content in rodents. Pregnant Sprague Dawley rats were
treated by gavage with 100 µg/kg atrazine (ATZ low), 10 mg/kg atrazine (ATZ high), or vehicle on
gestational day 1 through postnatal day (PND) 21 (weaning). Upon weaning, offspring
continued daily vehicle or atrazine gavage treatments for an additional six months. Rats were
subjected to a series of behavioral assays, including locomotor activity assessments, a walkingbeam task, an operant spatial discrimination reversal task, a Morris Water Maze task, and a
light-dark box test. Twenty-four hours after the last treatment, animals were euthanized, and
tissue samples from the striatum, nucleus accumbens, and median eminence were analyzed for
dopamine (DA) and 3,4-dihydroxyphenylacetic acid (DOPAC). Results revealed ATZ low males
displayed increased locomotor activity at 1 month of age, while ATZ high males displayed
decreased locomotor activity at 6 and 7 months of age. Both ATZ low and ATZ high males and
females had impairments in walking beam performance on PND 37-46 and at 22 weeks of age.
No differences were observed in learning and memory, while ATZ high males had increased

anxiety-like behavior at 7 months of age. Neurochemical assays revealed decreased striatal DA
and DOPAC in ATZ high males and females and in ATZ low males. ATZ low females had
decreased striatal DA and increased DA turnover. These results suggest environmentally
relevant exposures to atrazine have the potential to disrupt brain regions and behaviors
associated with motor functioning. Further investigation of the potential impact of atrazine
exposure on neurological development in humans and increased risks for Parkinson disease may
be warranted.

© 2014 Jennifer L. Walters

ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to my advisor, Dr. Lisa Baker, for all of her
guidance and support over the past four years. I would also like to thank my committee
members, Dr. Cynthia Pietras, Dr. Alan Poling, and Dr. Charles Ide, for taking time to review my
work. A special thank you is due to Dr. Charles Ide for sparking my interest in studying atrazine.
I would also like to express my thanks to Dr. Keith Lookingland and his graduate student,
Theresa Lansdell, at Michigan State University for their collaboration in conducting
neurochemical analyses. Additional thanks goes to all of my research assistants for their help
with data collection and to all of my lab-mates for making the lab a pleasant environment. Last
but not least, I would like to thank my family for their love and support.

Jennifer L. Walters

ii

TABLE OF CONTENTS

ACKNOWLEDGEMENTS .................................................................................................................... ii
LIST OF FIGURES .............................................................................................................................. vi
Introduction ..................................................................................................................................... 1
Atrazine Background.................................................................................................................... 1
Environmental fate. ................................................................................................................. 1
Human exposure. ..................................................................................................................... 4
Toxicity and Pharmacokinetics .................................................................................................... 5
Rodents .................................................................................................................................... 5
Humans. ................................................................................................................................... 7
Risks to Humans ........................................................................................................................... 7
Dopaminergic Toxicity ................................................................................................................. 9
Alterations to Behavior .............................................................................................................. 11
Locomotor activity and motor coordination. ........................................................................ 11
Learning and memory. ........................................................................................................... 12
Anxiogenic effects. ................................................................................................................. 16
Aims of Current Study ................................................................................................................ 16
Methods ......................................................................................................................................... 17
Animals and Exposure................................................................................................................ 17
Locomotor Activity..................................................................................................................... 19
Walking Beam ............................................................................................................................ 19
Apparatus. .............................................................................................................................. 20
Phase 1 (shaping). .................................................................................................................. 20
Phase 2 (training). .................................................................................................................. 21
Phase 3 (testing). ................................................................................................................... 21
Modified Spatial Discrimination Reversal Task .......................................................................... 22

iii

Table of Contents-Continued

Autoshaping. .......................................................................................................................... 23
Pre-training. ........................................................................................................................... 23
Spatial discrimination 1.......................................................................................................... 24
Spatial discrimination 2.......................................................................................................... 25
Spatial discrimination 3.......................................................................................................... 25
Morris Water Maze .................................................................................................................... 26
Training. ................................................................................................................................. 26
Testing.................................................................................................................................... 27
Light-Dark Box ............................................................................................................................ 28
Neurochemical analysis ............................................................................................................. 28
Statistical Analyses..................................................................................................................... 30
Locomotor activity. ................................................................................................................ 30
Walking beam. ....................................................................................................................... 30
Modified spatial discrimination reversal task ........................................................................ 31
Morris water maze................................................................................................................. 32
Light-dark box. ....................................................................................................................... 32
Neurochemical analysis. ........................................................................................................ 32
Results ............................................................................................................................................ 32
Locomotor Activity..................................................................................................................... 32
1 month.................................................................................................................................. 32
6 months. ............................................................................................................................... 38
Walking Beam ............................................................................................................................ 41
PND 37-46. ............................................................................................................................. 41
22 weeks. ............................................................................................................................... 43
Morris Water Maze .................................................................................................................... 47
Light-Dark Box ............................................................................................................................ 49
Neurochemical Analyses ............................................................................................................ 51
Discussion ...................................................................................................................................... 53

iv

Table of Contents-Continued

Locomotor Activity..................................................................................................................... 54
Motor Coordination ................................................................................................................... 56
Learning and Memory................................................................................................................ 56
Anxiogenic Effects ...................................................................................................................... 59
Neurochemical Analyses ............................................................................................................ 60
References ..................................................................................................................................... 66
Appendices
A. The Percentage of Rats that Traversed the Walking Beam ................................................... 80
B. IACUC Approval Letters......................................................................................................... 81

v

LIST OF FIGURES

1. Timeline of experimental procedures………………………………………………………… 30
2. Vertical and horizontal activity counts for male and female
rats at 1 and 6 months of age……………………………………………………………………… 33
3. Vertical (top) and horizontal (bottom) activity in 5 min bins
for males and females at 1 month of age……………………………………………………. 35
4. Center time and stereotypy counts for male and female rats
at 1 and 6 months of age……………………………………………………………………………. 36
5. Stereotypy and time spent in the center in males (top) and
females (bottom) at 1 month of age…………………………………………………………… 37
6. Horizontal and vertical activity in male (top) and female
(bottom) rats at 6 months of age……………………………………………………………….. 39
7. Stereotypy and time spent in the center in males (top) and
females (bottom) at 6 month of age………………………………………………………….. 41
8. Walking beam latency for male and female rats at PND 37-46
(top) and 22 weeks of age (bottom)…………………………………………………………… 42
9. Average foot slips for male and female rats at PND 37-46
(top) and 22 weeks of age (bottom)…………………………………………………………… 44
10. Differences between males and females in number of
foot slips and latency to traverse the 1.0 cm beam at
22 weeks of age………………………………………………………………………………………….. 45
11. Average percent correct during the modified spatial
discrimination task for males and females during day 1
of reversal 1 (left) and day 1 of reversal 2 (right)……………………………………….. 46
12. Average percent correct for male and female rats
during the first 5 days of reversal 1 (top) and the first
five days of reversal 2 (bottom)…………………………………………………………………. 46

vi

List of Figures-Continued

13. Average number of lever presses until the first
reinforcer was achieved during reversal 1 (left) and
reversal 2 (right) for male and female rats…………………………………………………. 47
14. Average latency to reach the escape platform during daily
training sessions for male (left) and female (right) rats………………………………. 48
15. Total number of platform crosses (right) during MWM
test sessions (with escape platform removed) for male and
female rats…………………………………………………………………………………………………. 49
16. The average duration of time spent on the light side of the
chamber (left), and the average number of transitions between
light and dark compartments (right) for male and female rats………………….. 50
17. Total horizontal activity (light and dark compartments)
for male and female rats in the light-dark box at
7 months of age………………………………………………………………………………………….. 50
18. Striatal DA (top left) DOPAC (top right) and DA turnover
(bottom left) for males and females…………………………………………………………… 51
19. Median eminence DA (top left) DOPAC (top right)
And dopamine turnover (bottom left) in
male and female rats………………………………………………………………………………….. 52
20. Nucleus accumbens DA (top left) DOPAC (top right) and
dopamine turnover (bottom left) for male and female rats……………………….. 53

vii

1

Introduction
Atrazine is an herbicide used extensively around the world to control broadleaf and
grassy weeds on crops such as corn, sorghum, and sugarcane (U.S. EPA, 2003b). Currently, the
adverse risks of exposure to this herbicide in humans are not fully understood. Although
numerous studies have demonstrated atrazine to be an endocrine disrupter, the
neurobehavioral consequences of atrazine exposure have not been thoroughly examined. The
aim of this study was to investigate the effects of environmentally-relevant levels of gestational
followed by continued chronic atrazine exposure on locomotor activity, motor coordination,
learning and memory, anxiety, and striatal dopamine content in rodents.
Atrazine Background
Atrazine is a synthetic, odorless, white powder that belongs to a class of chemicals
known as the chlorotriazine herbicides (ASTDR, 2003; Good, 1962). These herbicides selectively
kill weeds by inhibiting photosynthesis (Trebst, 2008). Atrazine was first introduced for weed
control on corn and non-cropland in Europe during the 1950s, and it received federal approval in
the United States in 1958 (Heri, Pfister, Carroll, Parshley, & Nabors, 2008). Atrazine is currently
banned in Europe due to levels occurring in drinking water that exceeded the European Drinking
Water Standard of 0.1 parts per billion (ppb; Orson, 2008). Although it is not banned in the
United States, the use of atrazine for non-crop vegetation control was eliminated in 1993, and a
usage restriction was enacted that requires a buffer zone between application sites and surface
water (U.S. EPA, 2003b).
Environmental fate. With approximately 73-78 million pounds being applied per year,
atrazine is the second most widely used pesticide in the United States (Grube, Donaldson, Kiley
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& La Wu, 2011). This is quite alarming, since atrazine is quite persistent in the environment. In
soils, persistence is moderate, with the half-life ranging between less than 4 weeks to 57 weeks
depending on type of soil, organic content of soils, and pH. However, in some soils atrazine has
been reported to persist up to 4 years (Lazorko-Connon & Achari, 2009). In water, atrazine is
extremely persistent, with reports of an estimated 14-year half-life in the water column of Lake
Michigan (Lazorko-Connon & Achari, 2009).
Atrazine can be transformed through microbial degradation, hydrolysis, and photolysis.
Microbial degradation is a process in which microorganisms degrade atrazine, and this is the
primary mechanism of dissipation of atrazine in soils (Laird & Koskinen, 2008). Photolysis is the
degradation of atrazine by sunlight. Since atrazine weakly absorbs sunlight, the effects of
photodegradation are of little significance under most field conditions (U.S. EPA, 2003a). Most
photodegredation of atrazine occurs by indirect photolysis or photosensitized reactions (Cessna,
2008).
Hydrolysis is a slow chemical degradation process in which the chlorine atom of the
atrazine molecule is removed and replaced with a hydroxyl (OH) group. The susceptibility of
atrazine to chemical hydrolysis depends on environmental parameters such as pH of water or
soil and temperature. Chemical hydrolysis occurs rather fast in acidic and alkaline soils but
relatively slow in neutral soils. Atrazine is quite stable under the temperature and pH of natural
waters (between 5 and 9), with hydrolysis occurring at very slow rates to none measurable
(Cessna, 2008).
The degradation of atrazine can form many different metabolites. The microbial
degradation of atrazine in soil produces the metabolites desethylatrazine (DEA) and
desisopropylatrazine (DIA) (Lazorko-Connon & Achari, 2009). Photodegredation of atrazine on
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the surface of soil yields DEA and diaminochlorotriazine (DACT) (Cessna, 2008). In water,
atrazine also typically undergoes dealkylation to form DEA, DIA, and DACT (U.S. EPA, 2001). In
plants, atrazine is absorbed by the root system and tends to form hydroxylated metabolites,
which typically cannot be removed by washing the vegetables. In animals, the degradation
products that retain chlorine have biological activity that is similar to atrazine, but the
hydroxylated metabolites do not retain this activity (U.S. EPA, 2001). Metabolites with similar
biological activity to atrazine might still be harmful, with the EPA concluding that atrazine, DEA,
DIA, and DACT in combination have the ability to produce neuroendocrine and endocrinerelated reproductive, developmental, and carcinogenic effects (U.S. EPA, 2006b).
Not only is atrazine persistent in the environment (i.e., does not readily degrade), it is
also quite prevalent in the environment. Atrazine has been detected in the home (Curwin et al.,
2007; Lioy et al., 2000), atmosphere (Majewski, Foreman, Coupe, Goolsby, & Wiebe, 2008), diet
(Gammon, Aldous, Carr, Sanborn, & Pfeifer, 2005; Wang, Du, Yu, & Qu, 2012), and in water
(Koskinen & Banks, 2008). Atrazine travels from initial sites of application through soil into
ground waters, and it can also be transported into surface waters through flood and rain water.
Thus, the most common route of human exposure to atrazine is through drinking water
(Koskinen & Banks, 2008).
Data collected by the National Water Quality Assessment Program between 1993 and
1995 revealed atrazine to be the most frequently detected herbicide in drinking aquifers and
shallow ground water beneath agricultural areas (Barbash, Thelin, Kolpin, & Gilliam, 2001).
Based on the last risk assessment conducted in 2003 by the EPA, the maximum level of atrazine
in drinking water at which adverse health effects are unlikely to occur, is 3 µg/L or 3 ppb (U.S.
EPA, 2012). The EPA has also set this same level (3 ppb) as the enforceable regulation for
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atrazine, known as the maximum contaminant level (MCL). Drinking water levels that are
considered “safe” for a 10 kg child consuming 1 liter of water per day are 0.1 mg/L a day for 10
days or 0.5 mg/L a day for a 7-year exposure period (U.S. EPA, 2003b).
Data from the U.S. EPA’s Pesticides in Ground Water Database have indicated numerous
detections of atrazine above the acceptable MCL in ground water in several states, including
Delaware, Indiana, Iowa, Kansas, Michigan, Minnesota, Missouri, Nebraska, and New York.
Further, there have been reports of samples from community water supplies reaching
concentrations reaching as high as 21.5, 49.5, and 63.5 µg/L (Kolpin, Sneck-Fahrer, Hallberg, &
Libra, 1997; U.S. EPA, 2001). One recent study estimated that about 5% of the ground water
beneath agricultural areas has a greater than 10% probability of exceeding concentrations of 3
µg/L of atrazine plus its metabolite DEA (Stackelberg, Barbash, Gilliom, Stone,& Wolock et al.,
2012).
The highest levels of atrazine residue concentrations in groundwater beneath
agricultural areas are likely to be in the Driftless Area of Illinois, the High Plains aquifer system,
Iowa, Wisconsin, Minnesota, and Southeastern Pennsylvania (Stackelberg et al., 2012). History
of use intensity has the greatest impact on atrazine residue concentrations in groundwater
beneath agricultural settings, an effect that is greater than processes that control the dispersion,
sorption, or degradation of these compounds in the saturated zone (Stackelberg et al., 2012).
Human exposure. In the United States, estimated acute human exposure ranges from
0.234 to 0.857 µg/kg/day and chronic dietary exposure ranges from 0.046 to 0.286 µg/kg/day,
with chronic exposures highest for non-nursing infants (0.857 µg/kg/day) and acute exposures
highest for children ages 1-6 (0.286 µg/kg/day) (Gammon et al., 2005). When examining
occupational exposure, California farm workers were estimated to have an absorbed daily
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dosage (ADD) of 1.8-6.1 µg/kg day. Further, the calculated annual average daily dosage (AADD)
for the commercial applicator, who is assumed to apply atrazine to crops 15 days per year, was
0.07-0.3µg/kg/day, and the calculated AADD for the farmer, who is assumed to apply atrazine 3
days per year, was 0.02- 0.05µg/kg (Gammon et al., 2005).

According to data collected by the National Health and Nutrition Examination Survey
between 2001 and 2002, the United Sates population urinary levels of the metabolite, atrazine
mercapturate were below the MCL (ASTDR, 2003). Nevertheless, Barr et al. (2007) revealed that
measuring only one metabolite of atrazine (e.g. atrazine mercapturate) may misrepresent
atrazine exposure, suggesting that atrazine exposures may be higher than currently reported.

Toxicity and Pharmacokinetics

Rodents. In rodents, upon entering the body, atrazine is rapidly metabolized to the
metabolites DEA and DIA, and a second round of CYP-450 mediated dealkylation produces the
metabolite DACT (Hanioka et al., 1998), which is the most abundant metabolite of atrazine
observed during animal toxicity studies (Ross, Jones, & Filipov, 2008) as well as human
biomonitoring (Barr et al., 2007). Ross et al. (2008) exposed C57BL/6 mice to single doses of 5,
25, 125, and 250 mg/kg atrazine by oral gavage. Maximum plasma levels of atrazine were
detected 1 hr post dosing for all dose levels, followed by a rapid decline in concentrations.
Interestingly, a biphasic concentration curve was observed, with a second peak in atrazine
plasma levels occurring 12 hr post dosing, thus making it difficult to determine a half-life in
plasma after oral gavage. The authors suggest this biphasic concentration curve may reflect a
discontinuous absorption rate of atrazine in the gastrointestinal tract after oral dosing (Ross et
al., 2008). Atrazine was no longer detectable in the plasma 24 hr after dosing. Maximum plasma
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levels of the metabolite, DACT, were detected 2 h post dosing at each dose level, and the
estimated plasma elimination half-life was 7.5 and 42 hr for the 5 mg/kg and 250 mg/kg dose
respectively (Ross et al., 2008). Plasma levels of DACT were still detectable 48 hr but not 72 hr
after dosing.
Ross et al. (2008) also detected modest levels of atrazine and DACT in the brain for all
dose groups, with peak concentrations (~ 1-1.5 µM) found 1-2 hr after the 250 mg/kg dose. By
12 h, the levels of atrazine had decline to 0.1 µM for all dose groups, but low levels of atrazine
were still detected in all dose groups 24 hr after dosing. DACT was also detected in the brains of
all dose groups; with peak concentrations (50 µM) found 2 hr after the 250 mg/kg dose.
Further, significant levels of DACT were still detectable in the brains of all dose groups 24 hr
after dosing. None of the monodealkylated (i.e. DEA or DIA) metabolites were detected in the
brains (Ross et al., 2008).
In another study, male F344 rats were exposed to a single dose of 30 mg/kg atrazine via
oral gavage. Results revealed maximum plasma levels occurred at 8-10 hr post dosing, and the
elimination half-life was calculated to be 10.8-11.2 hr (Timchalk et al., 1990). Further, 93% was
eliminated within 72 hours, and the primary route of excretion was in urine (67%; Timchalk et
al., 1990). Likewise, when a single dose of 0.53 mg/kg atrazine was administered to rats via oral
gavage, 80% was absorbed across the lining of the gastrointestinal tract into the bloodstream,
while the other 20% was excreted in the feces within 72 hours. After this 72 hour period, 65%
was excreted into the urine and the remaining 15% was retained in body tissues, primarily in the
kidneys, liver, and lungs (Stevens & Summer, 1991).
In a rat, the dose of atrazine that is lethal to 50% of experimental animals (LD 50) is
greater than 1,869 mg/kg when administered via acute oral exposure and greater than 2,000
mg/kg when administered via acute transdermal exposure (USEPA, 2006). Based on reports of
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oral, intermediate-term exposure (6 months), the oral no observed adverse effect level (NOAEL)
is 1.8 mg/kg/day and the lowest observed adverse effect level (LOAEL) is 3.65 mg/kg/day.
Further the oral, short-term (30 days) NOAEL and LOAEL is 6.25 mg/kg/day and 12.5 mg/kg/day
respectively (U.S. EPA, 2006a).
Humans. As with most environmental contaminates, data on the pharmacokinetics of
atrazine in humans is very limited (ATSDR, 2003). In one case study, a 38-year-old man died of
progressive organ failure and shock 3 days after consuming 500 mL of a weed killer that
contained 100 g atrazine, 25 g of aminotriazole, 25 g of ethylene glycol, and 0.15 g of
formaldehyde (Pommery et al., 1993). The autopsy revealed atrazine to be detected in the
kidney, small intestine, lung, liver, pancreas, muscle, heart, and plasma, with the highest
concentration found in the kidney (Pommery et al., 1993). In humans, atrazine is poorly
absorbed across the skin, with only 0.3 to 5.1% absorption. Atrazine’s metabolites can be
detected in the urine within 24 to 48 hours after exposure (ATSDR, 2003).
Risks to Humans
Few studies have investigated the health effects of atrazine exposure in humans. Results
from some of these studies suggest that pregnant women exposed to atrazine may give birth
early or to infants that grow more slowly than normal (ASTDR, 2003). Other studies suggest
relationships might exist between atrazine exposure and thyroid cancer in men (Beane-

Freeman et al., 2011), decreased semen quality and fertility in men (Swan et al., 2003) and
increased breast cancer incidence in women (Kettles, Browning, Prince, & Horstman, 1997).
Nevertheless, results from these studies were all obtained through correlational designs and do
not allow for conclusive causal statements. Animal models have been very useful in studying
health-related consequences of atrazine exposure since they allow one to examine casual
relationships through carefully designed experimental manipulations that would not otherwise
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be possible with human subjects. Results from these animal studies may serve as a critical
precedent for understanding the harmful effects atrazine exposure may have on human beings.
In agreement with the human literature, numerous animal studies have clearly
demonstrated atrazine to be an endocrine disrupter, altering hormones and having various
adverse effects on the reproductive system. For example, in rodent studies, moderate to high
doses of atrazine have been shown to delay preputial separation (Rayner, Enoch, Wolf, &
Fenton, 2007; Rosenberg et al., 2008; Stanko et al., 2010), produce prostate inflammation
(Stanko et al., 2010; Stoker, Robinette, & Cooper, 1999), reduce sperm production and alter
sperm morphology (Abarikwu, Adesiyan, Oyeloja, Oyeyemi, & Farombi, 2010), induce pregnancy
loss (Cummings, Rhodes, & Cooper, 2000; Narotsky, Best, Guidici, & Cooper, 2001), alter
prolactin and serum luteinizing hormone (LH) levels (Cooper et al., 2000; Cummings et al., 2000;
Foradori et al., 2011; Stoker et al., 1999), and induce persistent estrus (Aso et al., 2000; Eldridge,
Wetzel, & Tyrery, 1999), while environmentally relevant levels of atrazine (≥ 70 ppm and 400
ppb) has been shown to produce mammary gland tumors in Sprague-Dawley rats (Gammon et
al., 2005; Wetzel et al., 1994). Environmentally-relevant atrazine levels have also been reported
to induce partial and complete feminization in fish, amphibians, and reptiles (Hayes et al., 2011).
Further, atrazine has been shown to impair immune function, disrupt growth, and decrease
body weight at environmentally-relevant levels in amphibians and moderate to high levels in
rodents (Langerveld, Celestine, Zaya, Mihalko, & Ide, 2009; Rowe, Brundage, & Barnett, 2007;
Rayner, Enoch, Wolf, & Fenton, 2007).
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 & Widholm, 2001), less
experimental research has investigated the neurological consequences of atrazine exposure.
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Moreover, the majority of studies that have examined the effects of atrazine exposure on
central nervous system (CNS) function examined high doses that are not environmentally
relevant. Thus, an important question yet to be completely answered is what are the effects of
environmentally-relevant levels of atrazine exposure on neurobehavioral development? Of
particular interest are the potential neurological consequences of life time exposure to
environmentally relevant levels of this herbicide that may not manifest until late in life, such as
impairments in movement and cognition associated with Parkinson disease and dementia. In
order to fully understand the potential adverse effects of this environmentally persistent and
prevalent chemical, it is imperative to determine the extent to, and conditions under which,
chronic dietary exposure to atrazine can impact CNS functions.
Dopaminergic Toxicity
A growing body of research suggests that atrazine is a dopaminergic system toxicant,
primarily targeting the striatum as demonstrated by neuronal, neurochemical, and behavioral
alterations. The striatum plays a critical role in motor function, and degeneration of nigral
dopaminergic neurons that project to the striatum underlies the neurodegenerative motor
disorder, Parkinson’s disease (Carlson, 2010). Bardallus, Giordano, and Rodriguez (2011)
reported that dietary exposure to 10 mg/kg atrazine for 12 months decreased dopamine (DA) in
the striatum but not the nucleus accumbens, hypothalamus, or prefrontal cortex in male
Sprague-Dawley rats. When examined at higher doses, acute exposure to 100 mg/kg atrazine
via intraperitoneal (i.p.) injections decreased striatal dopamine as well as its metabolites DOPAC
and HVA in male Sprague-Dawley rats (Rodriguez et al., 2013), while acute oral exposure to 125
mg/kg increased striatal DA and DA turnover in C57BL/6 mice (Lin, Dodd, & Filipov, 2013).
Similar alterations in striatal dopamine have been reported in other in vivo as well as in
vitro studies. In particular, Coban and Filipov (2007) reported that exposure to 125 or 250 mg/kg
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atrazine in 1 month old mice for 14 days decreased striatal DA levels in a dose-dependent
manner for up to a week after treatment had ceased. They also found the same duration of
exposure produced dose-dependent decreases in the number of tyrosine hydroxylase-positive
(TH+) dopaminergic neurons in the SNpc and VTA, with decreases being most evident 7 weeks
after exposure had ceased (Coban & Filipov, 2007). Likewise, Filipov, Stewart, Carr, and Sistrunk
(2007) demonstrated that exposure of rat striatal tissue slices to 50-500 µM atrazine for 4h
produced a dose-dependent decrease in dopamine levels, with the lowest effective
concentration being 100 µM. Hossain & Filipov (2008) suggest that the decreases in striatal
dopamine seen after in vitro atrazine exposure are, in part, due to increases in cytosolic
dopamine, which is prone to oxidative breakdown, and thus results in less dopamine
transported into the vesicles for release.
In another study, Giusi et al. (2006) exposed CD-1 mice to environmentally-relevant
atrazine levels via oral administration (either 1 µg/kg of 100 µg/kg) daily from gestational day 14
to postnatal day 21 (GD14-PND21). Results revealed that 100 µg/kg atrazine produced shrunken
and folded perikarya in pyramidal neurons in striatal and cortical areas of both male and female
offspring. Morphological damage to axonal processes and perikarya were also observed in some
extra-hippocampal areas, specifically the external pyramidal neurons in females. Atrazine 100
µg/kg was also observed to produce a significant overall reduction in the total number of
neurons as well as produce perikaryal swelling and astrocytic formations in the dentate gyrus of
females (Giusi et al., 2006).
Mixed results have been obtained regarding the effects of atrazine exposure on the
expression of genes involved in dopaminergic systems. Acute exposure to 100 mg/kg atrazine
was found to produce a down-regulation of mRNA for tyrosine hydroxylase (TH) and the
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dopamine transporter (DAT) and to increase the mRNA expression of vesicular monoamine
transporter 2 (VMAT2) mRNA in the ventral midbrain (Rodriguez et al., 2013), suggesting
atrazine toxicity is related to changes at the transcriptional level in the expression of genes
involved in dopaminergic systems. Nevertheless, when measured specifically in the substantia
nigra, acute exposure to 5, 25, 125 and 250 mg/kg did not alter MRNA expression of DAT or
VMAT2 (Lin et al., 2013).
Alterations to Behavior

Locomotor activity and motor coordination. Alterations have also been reported in
behaviors associated with the dopaminergic systems affected by atrazine. As mentioned earlier,
the striatum is a brain region key to mediating motor functions, and atrazine has been shown to
alter locomotor activity and disrupt motor coordination. Bardullas et al. (2011) revealed 10
mg/kg atrazine decreased stereotypy after 8 months of exposure and increased several
measures of locomotor activity after 1 year of exposure in male Sprague Dawley rats. Likewise, 1
µg/kg atrazine administered to mice prenatally (GD14-PND21) increased exploratory behaviors
of offspring in an open field test (Belloni et al., 2011), and 120 mg/kg of atrazine administered to
rats prior to mating increased spontaneous activity in female offspring (Peruzovic, Kniewald,
Capkun, & Milkovic, 1995). In contrast, Rodriguez et al. (2013) revealed acute exposure to 100
mg/kg atrazine decreased several measures of spontaneous locomotor activity in rats, and Liu et
al. (2013) revealed acute exposure to 100 and 125 mg/kg atrazine decreased the activity of mice
in an open field test. Ugazio, Bosio, Burdino, Ghigo, and Nebbia (1991) also revealed 1000 mg/kg
atrazine given orally to adult male rats for up to 11 days decreased rearing in an open field test.
Bardullas et al. (2011) found 10 months of exposure to 10 mg/kg of atrazine produced
slight impairments in motor coordination in Sprague Dawley rats. In particular, the control
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animals displayed a consistent increase in latency to falling off a rotorod, whereas the atrazine
group displayed relatively stable performance. In addition, Belloni et al. (2007) found that
mouse pups treated with 1 µg/kg atrazine a day from GD14-PND21 showed a delay in righting
reflexes (males and females) and an acceleration in the emergence of grasping reflexes (males
only). However, acute exposure to 5, 25, 125, and 250 mg/kg atrazine did not affect motor
coordination when assessed in a pole test (Liu et al., 2013).
More research is needed in order to determine the effects of atrazine exposure on
motor coordination. One assay that has not been utilized to assess the effects of atrazine
exposure on motor coordination is the walking beam task. This assay assesses the ability of rats
to traverse a narrow elevated beam and has proven to be very useful in the assessment of
motor function (Goldstein, 2003). This task is disrupted after lesions to the striatum (Urakawa et
al., 2007), and it is sensitive to detecting motor impairments after exposure to other
environmental toxins including the endocrine disrupters, chlorpyrifos (Abou-Donia et al., 2003)
and bis (2-ethylhexyl) phthalate (Arcadi et al., 1998), and the metals methlymercury (Dietrich,
Mantese, Anjos, Souza, & Farina, 2005), and manganese, a metal that has been shown to disrupt
the nigro-striatal dopaminergic system (Sanchez-Bentancourt et al., 2012).
Learning and memory. The striatum has been shown to play a role in many aspects of
learning and memory, including procedural learning (Barne, Kubota, Hu, Jin, & Graybiel , 2005),
externally guided serial learning (Berger et al., 2003), reward-based learning (Cools et al., 2009;
Frank, 2005), and reversal learning (Castane, Theobald, & Robbins, 2010; Cools et al., 2009; Neil
& Brown, 2006; Setlow, Schoenbaum, & Gallagher, 2003). Since atrazine has been shown to
disrupt striatal dopamine, it is very plausible that it can also disrupt aspects of learning and
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memory. Only a few studies have examined the effects of atrazine exposure on learning and
memory, and these studies yielded mixed results.
Bardullas et al. (2011) found that rats exposed to atrazine for 11 and 12 months
displayed slightly more errors in learning and memory tasks in comparison to the control
animals. In particular, the atrazine group displayed more errors in session 3 of a spontaneous
alternation task as well as in session 4 of a non-delayed random foraging paradigm. However, no
differences in learning were observed between atrazine and control animals in a Win-shift task
(assessed at 6 and 10 months of exposure) or in a delayed alternation task (assessed at 11
months of exposure) (Bardullas et al., 2011). In another study, Liu et al. (2013) revealed that
doses of atrazine ≥ 25 mg/kg for 10 days impaired the performance of C57BL/6 mice in a novel
object recognition task.
Other studies have shown atrazine exposure to improve performance in avoidance
learning tasks. Belloni et al. (2011) demonstrated that mice exposed to 100 µg/kg atrazine
during GD14 until PND21 displayed improved performance during the learning phase (delay in
step-through response) of an active avoidance task. Likewise, Peruzovic et al. (1997) treated 75day old female Fischer rats to 120 mg/kg atrazine prior to mating and found that the male
offspring were more successful in the acquisition of a shock avoidance task than control males.
The atrazine-exposed males displayed a shorter latency time (to initiation of the avoidance
response) and an increased number of total shock avoidances. During extinction trials, both
male and female atrazine-exposed animals displayed a significantly shorter mean total latency
time (to avoidance response) than their respective control groups. However, a shorter mean
latency to engage in the avoidance response could also reflect a heightened sensitivity to
aversive stimuli, and may not be related to improvements in learning.
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Given these mixed results, more research is needed in order to determine whether and
to what extent atrazine exposure affects cognition. The key to assessing the effects of atrazine
on cognition is to utilize learning and memory tasks that involve brain regions disrupted by
atrazine exposure. Two learning and memory assays that would be useful in assessing the
effects of atrazine on cognition are an automated operant spatial discrimination reversal task
and the Morris Water Maze. The spatial discrimination reversal task allows for detection of
impairments in acquisition of discriminative learning as well as impairments in behavioral
flexibility (the ability to change behavior in the presence of new reinforcement contingencies)
(Reed et al., 2006). Not only have studies revealed this task to be disrupted by striatal
dopamine depletions (O’Neil & Brown, 2006) and lesions (Castane et al., 2010), but it has also
been shown to be disrupted by exposure to other environmental toxins, including
methylmercury and PCBs (Reed et al., 2006; Wildholm et al., 2001).
In a traditional spatial discrimination reversal task, animals are taught to respond on one
of two levers associated with a particular spatial location (e.g. left lever) in order to receive a
food reinforcer (Wildholm et al., 2001). Animals are typically required to respond on the lever
under a fixed ratio (FR) 1 or FR 3 schedule of reinforcement for a mastery criterion of 90%
correct responding for 2 consecutive sessions. Once the mastery criterion is met, the correct
lever is “reversed,” and animals are then required to respond on the opposite lever (e.g. right
lever) in order to receive a food reinforcer. Learning is assessed by examining the number of
trials until mastery criterion is met on the new lever (Wildhom et al., 2001).
One way to modify this task in order to make it more difficult is to add a third response
lever. With a third response lever, it is possible to require the animal to learn that responding on
only one of three levers associated with a spatial discrimination will result in a food reinforcer.
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Further, once the animal acquires this discrimination, the correct lever can be reversed or
“switched” twice to two novel spatial discriminations. Thus, the ability to change behavior in
the presence of new reinforcement contingences can be assessed twice with two novel spatial
discriminations, and, with each new discrimination, the animal must learn that responding on
only one of three levers results in food reinforcement. In addition, this task can also be made
more challenging by increasing the schedule of reinforcement to a FR 20 and requiring a stricter
mastery criterion, such as 95% correct responding for five consecutive days. With a higher FR
schedule of reinforcement and a stricter mastery criterion, the animal is over trained on the
original lever, possibly making it more difficult to extinguish this response and acquire a new
response once the reinforcement lever is switched. These suggested modifications might
increase the sensitivity of this assay to detecting slight impairments in learning, temporal
discrimination, and behavioral flexibility.
The Morris Water Maze, developed by Richard Morris in 1981 is a test used to assess
spatial learning as well as reference memory (i.e. a long term association between stimuli and a
response; Vorhees & Williams, 2006). A recent study has shown that the dorsal medial striatum
plays a role in the initial acquisition of the Morris Water Maze (Woolley et al., 2012). It has also
been well established that the hippocampus is involved in the spatial processing of this task
(Vorhees & Williams, 2006), an additional brain region in which atrazine exposure has been
shown to produce neuronal damage to (Giusi et al., 2006). Neither the Morris Water Maze nor
the spatial discrimination reversal task have been used to assess the effects of atrazine on
learning and memory, and, therefore, would provide additional information to help elucidate
the effects of atrazine on CNS functioning.
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Anxiogenic effects. Atrazine treatment has been shown to alter stress hormone levels
and have anxiogenic effects in preclinical measures of anxiety. Steingberg, Lorenz, and Spieser
(1995) revealed zebrafish exposed to 5-3125 µg/l atrazine spent more time in the dark portion
of an aquarium than in the light portion, suggesting atrazine to produce anxiety-like behavior.
Further, high doses (100, 200, and 300 mg/kg) of atrazine have been shown to enhance
secretion of the stress hormone, croticosterone, from the adrenal cortex in mice (Pruett et al.,
2003).
One way to assess potential anxiogenic effects of atrazine in rodents involves the lightdark box test. The light-dark box assessment is based on rodents’ natural tendency to avoid
brightly illuminated areas and to explore novel environments (Hascouet & Bourin, 2003). In this
assay, animals are placed in a box where one compartment is brightly illuminated and the other
compartment is dark. This procedure is commonly used to screen drugs for anxiolytic properties,
but it can also be used to assess drugs for anxiogenic activity. Drug-induced decreases in
duration and transitions into the brightly lit compartment of the chamber are suggested to be
an index of anxiogenic activity (Hascouet & Bourin, 2003).
Similar endocrine disrupting chemicals have been shown to impact anxiety, including
bisphenol A (BPA), diethylstilbestrol, and genistein (Frye et al., 2011). Further BPA has been
shown to produce anxiogenic effects, specifically in the light-dark box (Ryan and Vandenbergh,
2006). Thus, the light-dark box might be useful in further assessing potential anxiogenic effects
of atrazine.
Aims of Current Study

In summary, although studies have examined the neurobehavioral effects of atrazine in
rats when administered chronically (Bardullas et al., 2011) and at environmentally-relevant
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levels during gestation (Belloni et al., 2007; 2011), to date, no studies have examined the
neurobehavioral effects of atrazine in rats when administered at environmentally-relevant levels
during gestation and continuing chronically up through adulthood. This method of exposure
might mimic the exposure of individuals living in small farming communities (Kolpin et al., 1997;
U.S. EPA, 2001); thus, it is imperative to investigate the effects of this exposure method in
experimental animals in order to fully ascertain the health risks of atrazine exposure in humans.
The primary aim of this study was to utilize a novel method 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 striatal
dopamine content in male and female Sprague-Dawley rats.
A secondary aim of this study was to utilize novel behavioral measures in order to help
elucidate the effects of atrazine exposure on motor coordination, learning and memory, and
anxiety. In particular, this study utilized four behavioral assays that have not been reported in
the literature to examine the effects of atrazine on behavior: 1) a Morris Water Maze and a
modified spatial discrimination reversal task was used to assess the effects of atrazine exposure
on learning and memory 2) a walking beam task was used to assess the effects of atrazine
exposure on motor coordination and 3) a light-dark box was utilized to assess the effects of
atrazine exposure on anxiety.

Methods

Animals and Exposure

A total of 12 breeding pairs were formed from six male and 12 female Sprague Dawley
rats (five males mated with two females each and two males mated with one female each).
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Breeding pairs were controlled so that no male breeder was used for a treatment group more
than once. All animals were housed in polycarbonate cages with corn cob bedding in a light
(12/12-h light/dark cycle, lights on 0700 to 1900) and temperature (20±2°C) controlled vivarium.
Animals were maintained according to the general principles of animal husbandry outlined by
the National Research Council (2011). The experimental protocol was approved by the
Institutional Animal Care and Use Committee of Western Michigan University, and all efforts
were put forth to minimize the number of animals used and their discomfort.
On gestational day (GD) 12, males were removed and females were housed singly.
Dams were then assigned to one of three treatment groups: vehicle (control), 100 µg/kg (ATZ
low), or 10 mg/kg atrazine (ATZ high). The 100 µg/kg dose was selected because it is relevant to
the EPA’s current MCL (3µg/l), and this dose has been shown to induce neuronal damage in the
hypothalamus, dentate gyrus, and the 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 dopamine levels in the striatum (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. At weaning (PND 21) litters were culled to 10 pups (5 males and 5
females), and pups continued daily administration of vehicle, 100 µg/kg, or 10 mg/kg atrazine
through oral gavage for an additional six months. Sixty pups were selected for behavioral
testing, with a total of three treatment groups for each sex with 10 animals in each group,
although the sample size used for each assay varied slightly. Offspring were pair-housed for the
duration of the study with ad libitum access to food and water in the home cage, except during
food restriction during experiments with the modified spatial discrimination reversal task (see
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below). Behavioral testing occurred between 1 month of age and 7 months of age (see Figure 1).
Daily dosing always occurred after behavioral testing (between 7 -10 PM for locomotor activity
and light dark box assessments and between 1- 5 PM for all other assays)
Locomotor Activity

Assessment of locomotor activity was conducted at 1 month of age (control n = 8, ATZ
low n = 10, ATZ high n = 10) and again at 6 months of age (n = 8) in eight custom-designed
Plexiglas chambers housed within a Versamax® animal activity monitoring system equipped with
infrared sensors. Each animal 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. The placement of animals in the chambers was
counterbalanced so that an equal number of animals from each treatment group were assessed
in each chamber. Locomotor activity sessions took place during the animals’ dark cycle,
beginning at 7:00 PM, and the lights were turned off in the testing room.
Walking Beam

In order to assess the effects of atrazine on motor coordination, animals (n = 8) were
tested on their ability to traverse a balance beam. Performance was assessed on PND 37-46 with
both males and females tested each day (males first, females second). Performance was
reassessed at 22 weeks of age with males tested first for four consecutive days and females
tested second for four consecutive days. The entire procedure consisted of three phases:
shaping, training and testing, with the shaping phase implemented only after developmental
exposure. When performance was reassessed at 22 weeks of age, shaping was not necessary
since animals had already learned how to traverse the beam. All phases of the task were
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conducted between 9:00 AM and 4:00 PM. The animals were tested in a dark room equipped
with a red light.
Apparatus. 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 by U-bolts attached to plastic crates. A blanket covered with a plastic shower
curtain was placed under the rod to soften any falls. 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 32 X 20 X 14
cm goal box with a 12 cm wide X 11 cm high opening. Three beams of various widths (2.5, 1.5,
and 1 cm) were used to assess motor coordination. A moveable acrylic start platform 12 cm long
X 7 cm wide was attached to the beam with clamps.
Phase 1 (shaping). On PND 37, animals were gradually trained to traverse a 2.5 cm
training beam over a series of 4 trials in one session. The area of the beam the animals were
required to traverse was marked in three 30.5 cm increments. Each line was utilized as a “start
line,” and a start platform was placed 12.5 cm before each start line. The first start line was
located 25.5 cm from the beginning of the beam. In addition, a “finish line” was drawn 5 cm
from the goal box. Thus, the distance between the first start line and the finish line was 91.5
cm. For each trial, the animal was placed on the start platform with its nose facing the goal box.
If the animal did not begin to traverse the beam within 30 s, it was given a gentle nudge with the
experimenter’s finger. As soon as the rat’s nose crossed the start line, foot slips and latency to
traverse the beam was recorded. The bright light was placed directly over the start platform and
remained on until the rat entered the goal box. The rat was allowed to sit in the goal box for a
duration of 20 s before a new trial was initiated.
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The trials for the shaping procedure occurred as follows: On trial 1, the rat was placed
on the beam with its nose in the goal box. On trial 2, the animal was placed on the start platform
with its nose facing a start line located 30.5 cm from the finish line. On trial 3, the animal was
placed on the start platform with its nose facing a start line 61 cm from the finish line, and on
trial 4, the animal was placed on the start platform at the beginning of the beam, with its nose
facing the first start line located 91.5 cm from the finish line. The beam was cleaned between
rats. The shaping procedure concluded once the animal successfully completed the fourth trial.
Phase 2 (training). 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. For each trial, the rat was placed on the start platform at the beginning
of the beam with its nose facing the goal box. A bright light avoidance stimulus was located
directly above the animal. As soon as the rat crossed the start line, data were collected on
duration to reach the finish line and number of falls and foot slips. As soon as the animal
reached the goal box, the bright light was turned off, and the animal was allowed to remain in
the box for 20 s before a new trial was initiated. If a rat failed to traverse the beam within 30 s,
it was given a gentle nudge by the experimenter’s finger. All rats successfully crossed the beam
during each trial of the training phase.
Phase 3 (testing). Testing immediately followed the last day of training and took place
within one day. During testing, animals were given two trials on three different beam widths
(2.5, 1.5, and 1.0 cm, respectively). For each trial, the animal was placed on the start platform
with its nose facing the start line. As soon as the animal crossed the start line, data were
collected on duration of time to reach the finish line and number of falls and foot slips. If the
animal did not traverse the beam within 120 s, this was considered a fail. Each animal was given
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exactly two trials on each beam width, so if an animal fell off the beam, this was counted as one
of its two trials. As during training, a bright light was located directly above the animal at the
start of the beam, and as soon as the animal reached the goal box, the light was discontinued
and the animal was given 20 s to sit in the goal box. The beams were switched after all animals
had traversed each beam. The order of beam testing went as follows: all animals were first
tested on the 2.5 cm beam, then the 1.5 cm beam, and finally the 1.0 cm beam.
Due to the inability of video recordings to clearly capture performance in this assay,
data were recorded live during all training and test sessions. Experimenter 1 recorded the
latency to traverse the beam and the number of foot slips from the left side, while experimenter
2 recorded the number of foot slips from the right side. Both experimenters collected data on
the number of falls. Interobserver agreement was calculated for the number of falls by dividing
the number of agreements by disagreements plus agreements and multiplying by 100 %. Mean
interobserver agreement for the number of falls was 100%.
Modified Spatial Discrimination Reversal Task

Rats were placed on food deprivation one week prior to training in the modified spatial
discrimination reversal task. Feeding was adjusted daily in order to maintain the animals on a
slight schedule of food deprivation that still allowed for developmentally-appropriate gains in
body weight (a standard growth chart for Sprague-Dawley rats was consulted to ensure animals
maintained a body weight that was healthy for their age). This feeding regimen was continued
for the entire duration of the learning task. Each animal was weighed prior to the beginning of
each test session and fed in their home cage approximately 30 min after testing had terminated.
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Rats were assessed in the modified spatial discrimination reversal learning task from
approximately 2 - 5 months of age (n = 8). Animals were tested in eight standard operant
chambers equipped with three levers and MED-PC software version 4 (MED Associates Inc., St.
Albans, VT). The procedure was adapted from those described in previous studies (Castane et al.
2010; Heyser et al. 2003; Kosaki & Wantanabe, 2012; Wildholm et al. 2001) and consisted of five
phases: autoshaping, pre-training, spatial discrimination 1, spatial discrimination 2, and spatial
discrimination 3.
Autoshaping. Beginning at two months of age, an autoshaping procedure was
implemented in order to train the animals to lever press. Each session began with the house
light illuminated, the center response lever extended into the chamber, and the center cue light
illuminated. A fixed time (FT) 60 s schedule of food delivery was implemented. If a lever press
occurred at any time during the autoshaping procedure, a food pellet was immediately
delivered, the center cue light was extinguished, and the lever was retracted. After a 3 s
intertrial interval (ITI), the center cue light was illuminated, and the center lever was inserted
into the chamber. Once 20 lever presses occurred, the FT- 60 s schedule was terminated, and
non-contingent reinforcement was no longer delivered for the remainder of the session and
each consecutive session. Each session ended after 30 min elapsed or 100 reinforcers were
delivered. The criterion for mastery was 100 reinforcers a session for two consecutive sessions.
Pre-training. During pre-training, the animals were trained to individually press each of
three levers under a fixed ratio (FR) 3 schedule of reinforcement. This was done in order to
strengthen the lever press response on each lever and to prevent the animals from acquiring a
lever bias. Each session began with the illumination of the house light and the random extension
of the left, center, or right lever into the chamber. After three consecutive lever presses
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occurred, a food pellet was delivered, the lever was retracted, and a new randomly selected
lever was extended into the chamber. Alternation of the three levers continued in this manner
until 50 reinforcers were delivered or 30 min had elapsed. The mastery criterion for this phase
was the delivery of 50 reinforcers for three consecutive sessions.
Spatial discrimination 1. Spatial discrimination occurred immediately after pre-training.
The goal of this phase was to reinforce pressing the lever associated with a particular spatial
location under a fixed ratio (FR) 20 schedule of reinforcement. During this phase, pressing the
right lever was reinforced in half of the male and female animals 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 with a 3 s ITI, and the extension of all three levers into the
chamber. A progressive ratio schedule of reinforcement was implemented to train animals to
respond under a fixed ratio (FR) 20 schedule of reinforcement. Under this procedure, animals
where initially placed under a FR 1 schedule of reinforcement where a single response on the
correct lever resulted in the immediate delivery of a food pellet, retraction of all three levers,
and the initiation of a 3 s ITI. A response on an incorrect lever had no programmed
consequences. Every time an animal achieved 5 reinforcers, the FR schedule was incremented
by 1 until the animal reached a FR 20 schedule of reinforcement. Once an animal reached the FR
20 schedule of reinforcement, the progressive ratio schedule was discontinued, and the animal
was placed under a FR 20 schedule of reinforcement at the start of the very next session. A
session ended once the animal obtained 50 reinforcers under a FR 20 schedule of reinforcement
or 30 min had elapsed.
Spatial discrimination 1 was mastered when an animal achieved 95% correct responding
for 5 consecutive sessions, and if its accuracy for the first 10 trials of each of session was greater
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than or equal to 80%. If an animal failed to meet these criteria, it remained under the FR 20
schedule of reinforcement on the original lever until the mastery criteria were met.
Spatial discrimination 2. After the spatial discrimination on the original lever was
mastered, the animals were required to learn a new spatial discrimination. Under this
procedure, the animals 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 was the same as the first spatial discrimination: 95% correct
responding for 5 consecutive sessions, with greater than or equal to 80% correct responding for
the first 10 trials of each session.
Spatial discrimination 3. Once animals reached the criteria for correct responding for
spatial discrimination 2, a third and final spatial discrimination was trained, in which all animals
were required to press the center lever under a FR 20 schedule of reinforcement. Responses on
incorrect levers had no programmed consequences, and the mastery criteria were the same as
the criteria for spatial discriminations 1 and 2. The spatial discrimination task ended once the
animal completed spatial discrimination 3. On average, males completed spatial discrimination 1
within 12 days, spatial discrimination 2 within 16 days, and spatial discrimination 3 within 13
days. On average, females completed spatial discrimination 1 within 10 days, spatial
discrimination 2 within 15 days, and spatial discrimination 3 within 11 days.
Dependent measures. During spatial discriminations 1, 2, and 3, 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
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months of age), all animals were placed back on free access to food. This occurred 15 days
before animals were tested in the next behavioral assay.
Morris Water Maze

Performance in a Morris Water Maze was assessed beginning at 26 weeks of age, with
males tested first (n = 8) for six consecutive days and females second (n = 9) for an additional six
consecutive days. Assessments occurred between 9 AM and 2 PM. The assay consisted of two
phases: training and testing. The apparatus consisted of a smooth, blue plastic circular pool 183
cm in diameter and 38 cm deep. The escape platform was a clear acrylic circle, 11.5 cm in
diameter with clear rubber grip pads on top. The escape platform was attached to a PVC pipe
24.5 cm in height (with holes drilled in it) that was secured to a 61 X 37 cm rectangular sheet of
clear acrylic. The room was filled with several cues (2 tables, stools, and box crates), and
additional cues were taped to the walls (large black circles) in order to aid in spatial navigation.
During all training and testing sessions, the experimenter sat in the same spot and served as
another visual cue. Four start points were marked in front of the pool with chalk (N, S, E, W). 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. At the end of each
daily session, the pool was drained and sanitized.
Training. During the first day of training, the platform was placed in the center of the
pool and elevated 1 cm above the water in an attempt to increase its visibility. For the first trial,
the animal was placed on the escape platform with its nose facing north in order to habituate
the animal to the platform and familiarize the animal with its location. For the remaining three
trials, the animal was gently placed in the water with the left side of its body against the pool
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and its head lifted upward (i.e. as to not dunk its head in the water). The start location where
the animal was placed varied for each trial and went in the following order: North, South, East.
For the next four days of training, the escape platform was submerged 1 cm below the
water in the center of the pool. The animals were given four trials a day from each of the start
locations (N, S, E, W), with the order of start locations varying each day. Each animal completed
all four trials in succession and any feces were removed from the pool before another animal
was tested. For each trial, animals were given a maximum of 60 s to reach the escape platform.
If the animal did not reach the escape platform within 60 s, the experimenter gently guided the
animal to the escape platform with her hand. Once the animal 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. 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 animal was given a single 60 s trial from this start location. Data were
collected on the number of times the animal crossed the area of the pool where the escape
platform was previously located and the duration of time the animal spent in the center
quadrant of the pool.
During training, the latency to reach the escape platform was recorded live. All test
sessions were video recorded, and the experimenter scored videos for number of platform
crosses and duration of time spent in the center quadrant. The experimenter was kept blind to
treatment conditions during scoring by concealing the animal identification card from view until
the completion of a test session. In order to score videos for number of platform crosses, a
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circle was traced on the screen where the platform was previously located, and the
experimenter manually counted the number of times each animal crossed the circle. Center
time was scored by tracing an outline of the center quadrant on the screen and recording the
total duration of time each animal spent in this area.
Light-Dark Box

The light-dark box was conducted at 7 months of age at the beginning of the animals’
dark-cycle, with males (n=8) and females (n=8) tested on separate days. The animals were
tested in four clear acrylic chambers equipped with infrared sensors. Each chamber was 40.3 X
40.3 X 40.3 cm and 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 was black
on the dark side and white on the light side and contained a small 10.16 X 10.16 cm opening
that allowed for movement between the two sides.
Each animal was individually placed in the chamber for a duration of 5 min. Animals
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, animals were euthanized by rapid decapitation and brains were immediately
frozen for tissue analysis (control males n = 10, control females n= 8, ATZ low males n = 9, ATZ
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low females n = 9, ATZ high males n = 9, ATZ high females n = 9). A cryostat set at -10°C was
used to prepare frozen coronal sections (500 µm) of the regions of interest. Bilateral tissue
punches were performed in the striatum, nucleus accumbens, and median eminence. Brain
tissue samples 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 V was used to determine the
content of DA in supernatants. A standard curve was generated from standards ranging from 0
to 25 µg. DA content of samples was quantified by comparing the peak heights of each sample
to the standard curve. 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 content was normalized to the amount of protein in each sample
and expressed as a concentration in ng DA per mg protein.
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Figure 1. Timeline of experimental procedures.
Statistical Analyses
Statistical analyses were conducted with Graphpad Prism 6. Post-hoc tests (either
Tukey’s multiple comparisons or Bonferroni’s multiple comparisons) were conducted following
each one-way analysis of variance (ANOVA) and each two way ANOVA (Hsu, 1996).
Locomotor activity. Two-way ANOVAs with sex and treatment as between-subjects
factors were conducted in order to analyze differences in average horizontal activity, vertical
activity, stereotypy counts, and duration of time spent in the center of the chamber. Two-way
repeated measures ANOVAs were also conducted individually for males and females with time
(5 min bins) as the within-subjects measure and treatment group as the between-subjects
measure.
Walking beam. For each daily training session, data from individual trials were averaged
to create an average latency score. Daily session data from individual trials were also totaled to
create a total foot slips score and a total falls score for each animal. Data from the three training
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sessions were then averaged to form an average latency score, an average total foot slips score,
and an average total falls score for each animal.
For test sessions, the two trials on each beam width were averaged for each animal to
determine average latency and average foot slips scores. After the first trial on the smaller beam
widths, some animals failed to cross the beam on the second trial (i.e. sat in a stationary
position at the start of the beam for 120 s), thus not allowing a latency score or foot slips score
to be recorded. Therefore, it was necessary to calculate average scores for foot slips and latency
in order to accurately reflect deficits in performance between treatment groups. Further, in
order to take into account fails to cross the beam, a total falls + fails score over the two trials for
each beam was also computed for each animal.
Differences in training latency, foot slips, and falls were analyzed individually for males
and females using two-way repeated measures ANOVAs with day as the within subjects
measure and treatment as the between-subjects measure. Differences in latency, foot slips, and
total falls + fails during test sessions were analyzed individually for males and females using twoway repeated measures ANOVAs with beam width as the within-subjects measure and
treatment group as the between-subjects measure. In order to compare sex differences in
walking beam performance, differences in foot slips and latency to traverse the 1.5 and 1.0 cm
beams were analyzed using two-way ANOVAS with sex and treatment group as betweensubjects factors.
Modified spatial discrimination reversal task. Differences in the number of presses
until first FR 20 and average percent correct responding for the first day of each new spatial
discrimination were analyzed using two-way ANOVAs with treatment and sex as betweensubjects factors. Differences in correct responding for the first five sessions of each new spatial
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discrimination were also analyzed using two-way repeated measures ANOVAs with treatment as
the between-subjects factor and session as the within-subjects factor.
Morris water maze. Differences in latency to reach the escape platform during training
sessions were calculated using two-way repeated measures ANOVAs with treatment as the
between-subjects factor and session as the within-subjects factor. For test sessions, differences
in duration of time spent in center area and number of platform crosses were calculated using
two-way ANOVAS with sex and treatment group as between-subjects factors.
Light-dark box. Differences between treatment groups in duration of time spent in the
dark side, number of transitions between compartments, and total horizontal activity were
analyzed using two-way ANOVAs with treatment and sex as between-subjects factors.
Neurochemical analysis. For each brain region, group differences in DA, DOPAC, and
DOPAC: DA were analyzed using two-way ANOVAs with sex and treatment group as betweensubjects factors. Dopamine turnover was calculated as the ratio of (DOPAC)/(DA).

Results

Locomotor Activity

1 month. At one month of age, 100 µg/kg atrazine significantly elevated several
measures of locomotor activity in males, while having no effect in females. A two-way ANOVA
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on vertical activity revealed a statistically significant main effect of treatment (F2, 52 = 3.45 p <
0.05) and a statistically significant sex by treatment interaction (F2, 52 = 3.28, p < 0.05). Post-hoc
Tukey’s tests demonstrated ATZ low males displayed significantly increased vertical activity in
comparison to male controls (p < 0.05). ATZ high males also displayed increased activity in
comparison to male controls, but these increases occurred to a lesser extent than ATZ low and
failed to reach significance (p = 0.81; see Figure 2).

Figure 2. Vertical and horizontal activity counts for male and female rats at 1 and 6 months
of age. * indicates different from control p < 0.05; ** indicates different from control p <
0.01.
When vertical activity was analyzed in 5 min bins, a two-way repeated measures ANOVA
revealed a statistically significant effect of treatment (F2, 25 = 5.29, p <0.05) and a statistically
significant time by treatment interaction (F22, 275 = 1.78, p <0.05) for males with no significant
main effects being observed for females. Bonferroni’s multiple comparisons test indicated ATZ
low males engaged in significantly more vertical activity than male controls at min 0-5 (p <
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0.001), 6-10 (p < 0.001), 11-15 (p < 0.05), 16-20 (p < 0.01), 21-25 (p < 0.01), and 26-30 (p < 0.05;
see Figure 3).
A two-way ANOVA revealed statistically significant main effects of sex (F1, 52 = 35.23, p <
0.0001) and treatment (F2, 52 = 5.53, p < 0.01) on horizontal activity. Post-hoc Bonferroni’s
multiple comparisons test indicated that control females engaged in significantly more
horizontal activity than control males (p < 0.001), ATZ low females engaged in significantly more
horizontal activity than ATZ low males (p < 0.05), and ATZ high females engaged in significantly
more horizontal activity than ATZ high males (p < 0.05). Post-hoc Tukey’s tests also indicated
that ATZ low males displayed significantly increased horizontal activity in comparison to male
controls (p < 0.05). Again, ATZ high males, to a lesser-extent, displayed increased horizontal
activity in comparison to male controls, but these increases failed to reach significance (see
Figure 2).
When horizontal activity was analyzed in 5 min bins, a two-way repeated measures
ANOVA revealed a statistically significant effect of treatment (F2, 25 = 4.29, p < 0.05) and a
statistically significant interaction of time and treatment (F22, 275 = 1.91, p <0.01) for the males,
with no significant main effects occurring for the females. Bonferroni’s multiple comparison
tests indicated ATZ low males engaged in significantly more horizontal activity than male
controls at min 6-10 (p < 0.05), 16-20 (p < 0.05), 21-25 (p < 0.001), and 26-30 (p < 0.001), and
ATZ high males engaged in significantly more horizontal activity than male controls at min 21-25
(p < 0.01) and 26-30 (p < 0.05; see Figure 3).
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Figure 3. Vertical (top) and horizontal (bottom) activity in 5 min bins for males and females
at 1 month of age. * Indicates different from control group p < 0.05, ** indicates different
from control group p < 0.01, and *** indicates different from control group p < 0.001.
A two-way ANOVA found a statistically significant main effect of sex (F1, 52 = 46.19, p <
0.0001) and of treatment (F2, 52 = 5.65, p < 0.01) on stereotypy counts. Post-hoc Tukey’s test
indicated ATZ low males displayed significantly more stereotypy counts in comparison to ATZ
low females (p < 0.0001) and ATZ high males exhibited significantly more stereotypy counts in
comparison to ATZ high females (p < 0.001). Post-hoc Tukey’s tests also revealed ATZ low males
to display significantly increased stereotypy counts in comparison to controls (p <0.01) and in
comparison to ATZ high males (p < 0.05; see Figure 4). ATZ high males displayed a trend for
increased stereotypy counts in comparison to controls, but these increases failed to reach
significance (see Figure 4).
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Figure 4. Center time and stereotypy counts for male and female rats at 1 and 6 months of
age. * indicates different from control p < 0.05; ** indicates different from control p < 0.01.
When stereotypy counts were analyzed in 5 min bins, two-way repeated measures
ANOVAs revealed a statistically significant main effect of treatment (F2, 25 = 4.17, p < 0.05) and a
statistically significant interaction of time and treatment (F22, 275 = 2.07, p <0.01) for the males
and a statistically significant interaction of time and treatment (F22, 297 = 1.66, p <0.05) for the
females. Bonferroni’s multiple comparisons test indicated ATZ low males engaged in
significantly more stereotypy counts than male controls at min 6-10 (p < 0.05), 11-15 (p < 0.05),
15-20 (p < 0.05), 21-25 (p < 0.001), and 26-30 (p < 0.01), and ATZ high males engaged in
significantly more stereotypy counts than control males at min 21-25 (p < 0.05), while ATZ low
females engaged in significantly more stereotypy counts than control females at min 6-10 (p <
0.01; see Figure 5). This was the only significant effect observed for the females at one month of
age out of all of the locomotor activity measures collected.

37

Stereotypy - Males 1 Month

2000

*

1500

Control
ATZ-low
ATZ-high

*

1000

* ***
* **

2000

**
Control
ATZ-low
ATZ-high

1500

1000

500

500

0

Stereotypy - Females 1 Month

2500

Number of Beam Breaks

Number of Beam Breaks

2500

0

5

10

15

20

25

30

35

40

45

50

55

0

60

0

5

10

15

20

Time (min)

80

70

Time in Center (sec)

Time in Center (sec)

90

80
Control
ATZ-low
ATZ-high

60

**
*

40
30

***

15

20

25

30

35

Time (min)

55

60

40
30

10
10

50

50

10
5

45

40

45

50

55

60

Control
ATZ-low
ATZ-high

60

20

0

40

70

20

0

35

Center Time - Females 1 Month

100

90

50

30

Time (min)

Center Time - Males 1 Month

100

25

0

0

5

10

15

20

25

30

35

40

45

50

55

60

Time (min)

Figure 5. Stereotypy and time spent in the center in males (top) and females (bottom) at 1 month
of age. * Indicates different from control group p < 0.05, ** indicates different from control group
p < 0.01, and *** indicates different from control group p < 0.001.
A two-way ANOVA did not reveal a statistically significant main effect of sex or
treatment, nor did it reveal a significant sex by treatment group interaction for time spent in
center area. However, Tukey’s multiple comparison tests indicated ATZ low males spent
significantly more time in center area in comparison to control males (p < 0.05; see Figure 4).
When center time was analyzed in 5 min bins, two-way repeated measures ANOVAs revealed a
statistically significant main effect of treatment group (F2, 25 = 3.545, p <0.05) for the males, with
no significant effects among the females. Bonferroni’s multiple comparisons test indicated ATZ
low males spent significantly more time in the center area than control males during min 21-25
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(p < 0.01) and min 26-30 (p < 0.001), and ATZ high males spent significantly more time in the
center area than control males during min 21-25 (p < 0.05; see Figure 5).
6 months. At six months of age, an opposite effect occurred than what was observed at
one month; 10 mg/kg atrazine significantly decreased several measures of locomotor activity in
males, with only a minor effect of treatment on time spent in the center area being observed in
the females. A two-way ANOVA revealed a statistically significant interaction of sex by
treatment for vertical activity (F2, 42 = 3.97, p < 0.05). Post-hoc Tukey’s multiple comparisons test
did not reveal any significant differences, although ATZ high males were observed to display less
vertical activity in comparison to controls, an effect that was nearly significant effect (p = 0.06;
see Figure 2).
When vertical activity was analyzed in 5 min bins, a two-way repeated measures
ANOVA revealed a statistically significant main effect of treatment (F2, 21 = 4.961 , p <0.05) in the
males with no significant effects occurring in the females. Bonferroni’s multiple comparisons
test indicated that ATZ high males engaged in significantly less vertical activity than male
controls during min 0-5 (p < 0.001), 6-10 (p < 0.05), 11-15 (p < 0.05), and 41-45 (p < 0.05), and
ATZ low males engaged in significantly less vertical activity than male controls during min 6-10
(p < 0.01), and 11-15 (p < 0.01; see Figure 6).
A two-way ANOVA revealed a statistically significant main effect of sex (F1, 42 = 10.82, p
<0.01), but it did not reveal a statistically significant main effect of treatment, nor did it reveal a
significant interaction of sex by treatment for horizontal activity. Tukey’s multiple comparisons
test indicated ATZ high females engaged in significantly more horizontal activity than ATZ high
males (p < 0.01). Tukey’s multiple comparison tests also indicated ATZ high males displayed
significantly less horizontal activity in comparison to control males (p < 0.05; see Figure 2).
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When horizontal activity was analyzed in 5 min bins, two-way repeated measures ANOVAs
revealed a statistically significant main effect of treatment (F2, 21 = 3.86 , p <0.05) in the males
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Figure 6. Horizontal and vertical activity in male (top) and female (bottom) rats at 6
months of age. * Indicates different from control group p < 0.05, ** indicates different
from control group p < 0.01, and *** indicates different from control group p < 0.001.

with no significant effects occurring in the females. Bonferroni’s multiple comparisons test
indicated that ATZ high males engaged in significantly less horizontal activity in comparison to
control males during min 0-5 (p < 0.01), 16-20 (p < 0.01), 21-25 (p < 0.05), and 41-45 (p < 0.05),
and ATZ low males engaged in significantly less horizontal activity in comparison to control
males during min 0-5 (p < 0.05) and 6-10 (p < 0.05; see Figure 6).
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For stereotypy counts, a two-way ANOVA found a statistically significant main effect of
sex (F1, 42 = 4.82, p < 0.05), but no significant effects were observed for treatment, nor was there
a significant interaction of treatment by sex. Post-hoc Tukey’s tests revealed no significant
differences between males and females in stereotypy counts. Post-hoc Tukey’s tests also
indicated ATZ high males to display significantly less stereotypy counts in comparison to male
controls (p <0.05; see Figure 4).
When stereotypy counts were analyzed in 5 min bins, two-way repeated measures
ANOVAs did not reveal a statistically significant main effect of treatment nor did it reveal a
statistically significant interaction of time and treatment group for the males and for the
females. Bonferroni’s multiple comparisons test indicated ATZ high males to engage in
significantly less stereotypy in comparisons to control males during min 0-5 (p < 0.05) and 16-20
(p < 0.05) and ATZ low males to engage in significantly less stereotypy in comparisons to control
males during min 0-5 (p < 0.05) and 6-10 (p < 0.01; see Figure 7). No differences were observe in
the females. A two-way ANOVA revealed a significant main effect for sex (F1, 42 = 29.20, p <
0.0001) but did not reveal a statistically significant main effect of treatment, nor did it reveal a
significant interaction of sex by treatment group for time spent in center area. Tukey’s multiple
comparisons test indicated control males to spend significantly more time in the center area
than control females (p < 0.01), ATZ low males to spend significantly more time in the center
area than ATZ low females (p < 0.01), and ATZ high males to spend significantly more time in the
center area than ATZ high females (p <0.05; see Figure 4).
When center time was analyzed in 5 min bins, two-way repeated measures ANOVAs did
not reveal a statistically significant main effect of treatment nor did it reveal a statistically
significant interaction of time and treatment group for males, but for females, there was a

41
nearly significant main effect of treatment group (F2, 21 = 2.79, p = 0.08). Bonferroni’s multiple
comparisons test indicated ATZ low females spent significantly more time in the center area in
comparisons to control females during min 16-20 (p < 0.05) and 26-30 (p < 0.05), and ATZ high
females spent significantly more time in the center area in comparisons to control females
during min 26-30 (p < 0.05), 41-45 (p < 0.05), and 46-50 (p < 0.01; see Figure 7).
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Figure 7. Stereotypy and time spent in the center in males (top) and females (bottom) at
6 month of age. * Indicates different from control group p < 0.05; ** indicates different
from control group p < 0.01.
Walking Beam

PND 37-46. After developmental exposure to atrazine, no significant differences were
seen in walking beam performance during training sessions. For test sessions, both doses of
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atrazine produced impairments in walking beam performance in both male and female rats,
with effects being more pronounced in the males. Two-way repeated measures ANOVAs
revealed a significant main effect of beam width on latency to traverse the beam in males (F2, 32
= 18.21, p < 0.0001) and females (F2, 36 = 23.04, p < 0.0001). Post-hoc Tukey’s multiple
comparisons test indicated ATZ low males to take significantly longer to traverse the 1.0 cm
beam in comparison to male controls (p < 0.01), and no differences were seen in the females
(see Figure 8).
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Figure 8. Walking beam latency for male and female rats at PND 37-46 (top) and 22 weeks
of age (bottom). * Indicates different from control group p < 0.05; ** indicates different
from control group p < 0.01. PND 37-46: control male (n = 7), ATZ low male (n = 6), ATZ high
male (n = 6), control female (n = 8), ATZ low female (n = 6), ATZ high female (n = 7). 22
Weeks: control male (n =7), ATZ low male (n = 5), ATZ high male (n = 4), control female (n =
8), ATZ low female (n = 7), ATZ high female (n = 8).
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Two-way repeated measures ANOVAs also revealed a statistically significant main effect
of beam width (F2, 32 = 10.47, p < 0.001) and treatment (F2, 16 = 6.12, p < 0.05) on average number
of foot slips in males as well as a significant main effect of beam width (F2, 36 = 10.75, p < 0.001)
and treatment (F2, 18 = 3.74, p < 0.05) on average number of foot slips in females. Tukey’s
multiple comparisons test indicated ATZ high males engaged in significantly more foot slips than
control males on beam width 1.0 (p < 0.01), and ATZ low males engaged in significantly more
foot slips than control males on beam width 1.0 (p < 0.01). Tukey’s multiple comparisons test
also indicated ATZ high females engaged in significantly more foot slips than control females on
beam width 1.5 (p < 0.05; see Figure 9). No differences were observed in number of falls.
22 weeks. At 22 weeks of age, no significant differences were seen in walking beam
performance during training sessions. For test sessions, both doses of atrazine produced
impairments in walking beam performance in both male and female rats. Two-way repeated
measures ANOVAs revealed a significant main effect of beam width on latency to traverse the
beam in males (F2, 26 = 11.87, p < 0.001). Post-hoc Tukey’s multiple comparisons test indicated
ATZ low males (p < 0.05) and ATZ high males (p < 0.05) to take significantly longer to traverse
the 1.0 cm beam in comparison to male controls and ATZ high females to take significantly
longer to traverse the 1.5 cm beam in comparison to female controls (p < 0.01; see Figure 9).
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Figure 9. Average foot slips for male and female rats at PND 37-46 (top) and 22 weeks
of age (bottom). * Indicates different from control group p < 0.05; ** indicates
different from control group p < 0.01. PND 37-46: control male (n = 7), ATZ low male (n
= 6), ATZ high male (n = 6), control female (n = 8), ATZ low female (n = 6), ATZ high
female (n = 7). 22 Weeks: control male (n =7), ATZ low male (n = 5), ATZ high male (n =
5), control female (n = 8), ATZ low female (n = 8), ATZ high female (n = 8).

Two-way repeated measures ANOVAs also revealed a statistically significant main effect
of beam width (F2, 28 = 7.61, p < 0.01) and treatment (F2, 14 = 3.75, p < 0.05) on average number
of foot slips in males as well as statistically significant main effects of beam width (F2, 42 = 7.32, p
< 0.01) and treatment (F2, 21 = 4.99, p < 0.05) and a statistically significant main interaction of
beam width by treatment (F4, 42 = 3.02, p < 0.05) on average number of foot slips in females.
Tukey’s multiple comparisons test indicated ATZ high males engaged in significantly more foot
slips than control males on beam width 1.0 (p < 0.01), and ATZ high females engaged in more
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foot slips than female controls on beam width 1.5 (p < 0.05), while ATZ low females engaged in
more foot slips than female controls on beam width 1.0 (p < 0.05; see Figure 9).
Two-way repeated measures ANOVAs also revealed a statistically significant main effect
of sex on average number of foot slips (F1, 35 = 15.00, p < 0.001) and latency (F1, 33 = 17.92, p <
0.001) at 22 weeks of age. Bonferroni’s multiple comparisons test revealed ATZ high males to
engage in more foot slips (p < 0.001) and display increased latency (p < 0.01) on the 1.0 cm
beam in comparison to ATZ high females. Multiple comparisons test also revealed ATZ low
males to display increased latency to traverse the 1.0 cm beam in comparison to ATZ low
females (p < 0.05; see Figure 10). No differences were observed in number of falls at 22 weeks
of age.
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Figure 10. Differences between males and females in number of foot slips and
latency to traverse the 1.0 cm beam at 22 weeks of age.

Modified Spatial Discrimination Reversal Task
Results revealed no significant differences between treatment groups in performance
on the modified spatial discrimination reversal task. Figure 11 displays the average percent
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correct responding for males and females from each treatment group during the first session of
reversals 1 and 2, and Figure 12 displays the average percent correct responding for males and
females from each treatment group during the first five sessions of reversals 1 and 2.
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Figure 11. Average percent correct during the modified spatial discrimination task for males
and females during day 1 of reversal 1 (left) and day 1 of reversal 2 (right).
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Figure 12. Average percent correct for male and female rats during the first 5 days of
reversal 1 (top) and the first five days of reversal 2 (bottom).
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A two-way ANOVA revealed a statistically significant main effect of sex (F1, 38 = 16.10, p <
0.001) on number of presses until the first FR 20 for Reversal 1 but not Reversal 2 (see Figure
13). However, Bonferroni’s multiple comparisons test did not reveal any significant differences
between males and females.

Modified Spatial Discrimination Rev (2-5 months)
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Figure 13. Average number of lever presses until the first reinforcer was achieved during
reversal 1 (left) and reversal 2 (right) for male and female rats.

Morris Water Maze

At 26 weeks of age, all animals acquired the location of the escape platform, with no
differences between treatment groups in latency to reach the escape platform during each of
the five training trials (see Figure 14). As would be expected, there was a statistically significant
effect of training session (F4, 84 = 70.70, p < 0.001), indicating that the latency to reach the
escape platform decreased during each consecutive training session, revealing improved daily
training performance across treatment groups.
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Figure 14. Average latency to reach the escape platform during daily training sessions
for male (left) and female (right) rats.

No significant differences between treatment groups were observed during test
sessions either. A two-way repeated measures ANOVA revealed a significant main effect of sex
(F1, 45 = 13.19, p < 0.01) on the average number of platform crosses, but there was not a
significant effect of treatment, nor was there a significant interaction of treatment by sex (see
Figure 15). Post- hoc Bonferroni’s multiple comparisons test indicated that ATZ high males
engaged in significantly more platform crosses in comparison to ATZ high females (p < 0.01). A
two-way repeated measures ANOVA also indicated a statistically significant main effect of sex
(F1, 45 = 23.36, p < 0.0001) on the average duration of time spent in the platform quadrant, with
no significant main effect of treatment, nor for the interaction of treatment by sex. Post-hoc
Bonferroni’s multiple comparisons test indicated that ATZ high females spent significantly less
time in the quadrant where the platform was previously located in comparison to ATZ high
males (p < 0.0001).
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MWM Test Day
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Figure 15. Total number of platform crosses (right) during MWM test sessions (with
escape platform removed) for male and female rats.

Light-Dark Box

A two-way ANOVA revealed no significant effect of treatment on duration of time or
proportion of time males and females spent on the light side of the light-dark box, although ATZ
high males displayed a trend for decreased time spent on the light side in comparison to
controls (see Figure 16). A two-way ANOVA revealed a statistically significant interaction of
treatment by sex (F2, 42 = 3.67, p < 0.05) for number of transitions between compartments.
Tukey’s multiple comparisons test revealed ATZ high males to make significantly less transitions
into the light side of the chamber in comparison to control males (p < 0.01), with no significant
differences in females (see Figure 16).
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Light-Dark Box (7 months)
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Figure 16. The average duration of time spent on the light side of the chamber (left), and
the average number of transitions between light and dark compartments (right) for male
and female rats. ** indicates different from control group, p < 0.01.

Further, when total horizontal activity (light and dark side) was analyzed, a statistically
significant main effect of treatment was observed (F2, 42 = 5.46, p < 0.01). Post-hoc Tukey’s
multiple comparisons test indicated ATZ high males to display significantly decreased horizontal
activity in comparison to male controls (p < 0.01; see Figure 17). No statistically significant
effects of treatment were observed in the females.
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Figure 17. Total horizontal activity (light and dark compartments) for male and female rats in
the light-dark box at 7 months of age. ** indicates different from control group, p < 0.01.
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Neurochemical Analyses

At 7 months of age, atrazine produced a dose-dependent decrease in striatal dopamine
content in both male and female rats. Two-way ANOVAs indicated a statistically significant main
effect of treatment on striatal DA (F2, 47 = 21.87, p < 0.0001) and DOPAC (F2, 46 = 11.54, p < 0.001),
as well as a significant treatment by sex interaction on DOPAC (F2, 46 = 6.52, p < 0.01) and
dopamine turnover (F2, 46 = 6.94, p < 0.01). Post-hoc Bonferroni’s comparison tests indicated ATZ
low males (p < 0.001) and ATZ high males (p < 0.001) had decreased striatal DA in comparison to
control males, and ATZ low females (p < 0.05) and ATZ high females (p < 0.001) had decreased
striatal DA in comparison to control females (see Figure 18).
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Figure 18. Striatal DA (top left) DOPAC (top right) and DA turnover (bottom left) for males
and females. * Indicates different from control group p < 0.05, ** indicates different from
control group p < 0.01, and *** indicates different from control group p < 0.001.
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Bonferroni’s comparisons test also indicated that ATZ low males (p < 0.01) and ATZ high males
(p < 0.001) had significantly decreased DOPAC in comparison to male controls, with only ATZ
high females having significantly decreased DOPAC in comparison to female controls (p < 0.05).
Further, ATZ low females were also found to have significantly increased dopamine turnover in
comparison to female controls (p < 0.01). No significant differences were observed in dopamine
turnover in male striata (see Figure 18).
A two-way ANOVA also revealed a statistically significant main effect of treatment on
DOPAC (F2, 40 = 4.01, p < 0.05) and dopamine turnover (F2, 40 = 6.51, p < 0.01) in the median
eminence. Post-hoc Bonferroni’s multiple comparison tests indicated that ATZ low females had
significantly less DOPAC (p < 0.05) and significantly more dopamine turnover (p < 0.01) in the
median eminence in comparison to control females (see Figure 19). No significant effects of
atrazine on DA or DOPAC content were observed in the nucleus accumbens (see Figure 20).
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Figure 19. Median eminence DA (top left) DOPAC (top right) and dopamine turnover
(bottom left) in male and female rats. * indicates different from control group p < 0.05; **
indicates different from control group p < 0.01.
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Figure 20. Nucleus accumbens DA (top left) DOPAC (top right) and dopamine turnover
(bottom left) for male and female rats.

Discussion
This study utilized a variety of preclinical behavioral assays to evaluate the consquences
of gestational exposure followed by six additional months of daily atrazine treatment in rats. At
environmentally relevant exposure levels, this herbicide was found to produce modest
disruptions in motor functioning primarliy in males and significanlty lower striatal dopamine
content in both male and female offspring. Atrazine was also revealed to produce a potential
anxiogenic effect in male rats, but did not impair performance in the learning and memory
assessments examined in this study. These results suggest that environmentally relevant
exposures to atrazine have the potential to significantly impact brain regions and behaviors
associated with motor functioning.
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Locomotor Activity
Atrazine impacted locomotor activity in a sex, time, and dose-dependent manner.
Gestational atrazine exposure followed by one month of daily oral atrazine feedings increased
locomotor activity in male offspring in a nonlinear fashion, with the greatest increases in activity
produced by the low dose (100 μg/kg). Interestingly, after an additional 5 months of exposure,
an opposite effect was observed; atrazine decreased locomotor activity in male offspring in a
dose-dependent manner, with significant decreases occurring in animals treated with 10 mg/kg.
Atrazine exposure did not produce robust effects in females, with alterations in locomotor
activity only being observed after activity was measured in 5 min time bins. Gestational
exposure followed by daily oral feedings with 100 µg/kg atrazine slightly elevated stereotypy in
females during min 6-10 of the 60 min assessment period and after an additional 5 months of
exposure, 10 mg/kg and 100 µg/kg atrazine slightly elevated duration of time females spent in
the center area during min 16-20, 26-30, 41-45, and 46-50 during the 60 min assessment period.
Consistent with these findings, atrazine has been shown to alter locomotor activity in
previous studies; however, the direction of the effect appears to be dependent upon dose,
period of development, and exposure duration. As mentioned earlier, the current study found
100 µg/kg atrazine to increase several measures of locomotor activity in males at one month of
age. Only one previous study has examined the effects of environmentally relevant levels of
atrazine exposure on locomotor activity. Belloni et al. (2011) found oral exposure to 1 µg/kg but
not 100 µg/kg atrazine during GD14-PND16 to increase exploratory behaviors of male and
female offspring in an open field test on PND 16. This discrepancy in findings could be due to the
differential effects of atrazine on rats vs mice, as well as the fact that the current study assessed
the effects of atrazine on locomotor activity during a 60 min period at 1 month of age, while
Belloni et al. (2011) assessed the effects of atrazine on exploratory behavior during a 5 min
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period on PND 16. Further, the current study exposed pups to atrazine during the entire period
of gestation and continuing chronically until 7 months of age, while Belloni et al. (2011) exposed
mice pups to atrazine from GD14-PND16 (thus only receiving gestational and lactational
exposure). Unfortunately, multiple methodological differences, including animal species,
exposure period, and age at testing precludes any direct comparison of results between the
current study and that of Belloni et al. (2011).
The current study also found 10 mg/kg atrazine to decrease stereotypy and horizontal
activity in male rats at 6 months of age and to decrease horizontal activity at 7 months of age,
while having no effect on locomotor activity at 1 month of age. In support of the current
findings, Bardullas et al. (2011) also found 10 mg/kg atrazine to have no effects on the
locomotor activity of male Sprague-Dawley rats at 1 month of age; however, the authors also
found no effects at 6 months of age. Further, when rats were exposed to 10 mg/kg atrazine for
an additional 6 months, Bardualls et al. (2011) revealed atrazine to decrease stereotypy,
horizontal, and vertical activity at 8 months of age and to increase stereotypy and horizontal
activity at 1 year of age. These differential effects at 6 months of age could be due to the fact
that Bardullas et al. (2011) exposed rats chronically beginning at 1 month of age, whereas the
rats in the current study received gestational plus chronic exposure. Therefore, this additional
exposure during gestation could have disrupted dopaminergic systems during early brain
development, thus producing noticeable effects of atrazine on locomotor activity slightly earlier
in life. Indeed, after an additional 2 months of exposure (8 months) Barduallas et al. (2011) did
find atrazine to decrease locomotor activity as observed at 6 and 7 months in the current study.
Regardless of the direction of the effects, the current study as well as previous studies indicate
that exposure to atrazine alters motor activity.
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Motor Coordination

Atrazine exposure impaired motor coordination. Both low and high dose exposure
impaired walking beam performance in male and female offspring after gestational and early
postnatal exposure as well as after an additional 18 weeks of exposure. The effects were slightly
more pronounced in males, with atrazine exposure producing more noticeable disruptions in
foot slips and latency to traverse the beam in males in comparison to females at 1 month of age.
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 1 and 100 µg/kg atrazine from GD14-PND21.
It should be noted that during test sessions, not all animals crossed the 1.5 and 1.0 cm
beams (see Appendix A). The rats were given a maximum of 120 sec to cross the beam, and if
they did not traverse the beam within this time frame, it was scored as a fail. Male atrazine
exposed rats were observed at 6 months of age to display a trend for increased fails in
comparisons to controls. These animals were observed to fall off the beam during the first trial
on the 1.5 cm beam and then fail to cross the beam for subsequent trials. Therefore, no data
were recorded on latency to traverse the beam or average number of foot slips for these
animals. If more atrazine-exposed animals had traversed the beam, it is possible that latency to
traverse the beam and average number of foot slips would have been even more pronounced in
atrazine-treated males.
Learning and Memory

Based on previous findings that atrazine produces neuronal damage to the
hippocampus and striatum (Giusi et al., 2006; Bardullas et al., 2011; Coban & Flipov, 2007),
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areas of the brain involved in reversal learning (O’Neil & Brown, 2006; Castane et al., 2010) and
performance in the Morris Water Maze (Vorhees & Williams, 2006; Woolley et al., 2012), it was
predicted that chronic atrazine treatment would significantly disrupt performance in these
assays. However, the results of the current study failed to support this hypothesis.
In the modified spatial discrimination task, atrazine-treated males displayed a trend
toward increased number of presses to complete the first FR 20 during reversals 1 and 2 in
comparison to controls (indicative of impairments in behavior flexibility, i.e. preservation on the
original lever); however this trend failed to reach significance. Only eight animals were tested
from each treatment group in this assay. A larger sample size may have yielded significant
treatment effects.
In behavioral toxicology, a wide variety of behavioral instruments are available for
assessing specific aspects of learning and memory, and is important to utilize a behavioral task
that targets or isolates the brain region/s affected by the toxin of interest. Thus, one reason
why atrazine did not affect learning and memory in these tasks might simply be that they were
not sensitive enough to detect atrazine-induced impairments in learning and memory. In
addition to reversal learning, the striatum has been shown to play a role in serial learning, (i.e.
the ability to learn or respond to stimuli in a particular order) (Berger et al., 2003; Jay & Dunnett,
2007). Likewise, the hippocampus has also been shown to be involved in object recognition
memory (i.e. the ability to respond to a previously encountered item as familiar), an area of
memory that is commonly assessed in a novel object recognition task (Broadbent, Gaskin,
Squire, & Clark, 2014). A recent report indicated that atrazine doses in excess of 25 mg/kg
impaired the performance of C57BL/6 mice in a novel object recognition task (Liu et al., 2013).
Future research should evaluate the effects of chronic low dose atrazine treatment on
performance in a novel object recognition task or in assays designed to assess serial learning,
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such as a serial implicit learning task (Jay & Dunnet, 2007) or a serial visual discrimination task
(Trueman, Brooks, & Dunnet, 2004)
It is also possible that no effects of atrazine were observed in the Morris Water Maze,
because rats were previously exposed to the modified spatial discrimination reversal task.
Testing in the spatial discrimination task began at 2 months of age and lasted until 5 months of
age. Testing in this assay could have served as a form of behavioral enrichment, thus mitigating
any effects atrazine may have had on learning and memory when reassessed in the Morris
Water Maze at 26 weeks of age, especially if atrazine only produce slight alterations to the CNS.
Indeed previous research has shown behavioral training alone to function as a form of
environmental enrichment, altering the effects of toxic insults and influencing later behavior
and brain function (Cory-Slechta et al., 2012).
It is also quite possible that atrazine does not impair learning and memory, at least at
the doses examined in the current study. In addition to impairments in novel object recognition
(Liu et al., 2013), the only other study that found atrazine to disrupt learning and memory did
not show a robust effect. Specially, Bardullas et al. (2011) demonstrated that adult rats exposed
to 10 mg/kg atrazine for 12 months displayed slightly more errors in session 3 of a spontaneous
alternation task and in session 4 of a non-delayed random foraging paradigm, while having no
effects in a Win-shit task or in a delayed alternation task (Bardullas et al., 2011). Moreover,
other studies have even demonstrated atrazine exposure to improve active avoidance learning
(Belloni et al., 2011; Peruzovic et al., 1997). Though, it should be noted that these improvements
in avoidance learning could also be due to the ability of atrazine to produce anxiogenic effects,
thus resulting in decreased latency to engage in the avoidance response. Cleary, more research
is needed in order to elucidate the effects of atrazine exposure on multiple varied aspects of
learning and cognition.
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Anxiogenic Effects

Gestational exposure followed by daily oral treatment with 10 mg/kg atrazine was found
to alter the performance of male rats in the light-dark box task, suggesting a possible anxiogenic
effect at 7 months of age. Although atrazine was found to have no effects on the duration of
time male or female rats spent on the light side of the light-dark box, 10 mg/kg atrazine
significantly decreased the number of transitions male rats made into the light side of the
compartment in comparison to male 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 & Bourin, 2003). Thus, these
findings suggest that exposure to moderate doses of atrazine produce some evidence for
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), as
well as reports that atrazine enhances secretion of the stress hormone, corticosterone in
rodents. Specifically, high doses of atrazine (greater than or equal to 75 mg/kg) have been
shown to alter the hypothalamic-pituitary-adrenal cortex (HPA) axis, thereby enhancing
secretion of adrenocorticotropic hormone (ACTH) and corticosterone in female mice (Pruett et
al., 2003) and male and female rats (Fraites et al., 2009; Laws et al. 2009). Corticosterone
underlies the stress response in rodents, and has been shown to mediate anxiety-like behavior
in various test paradigms (Pego, Sousa, Almeida, & Sousa, 2011). Atrazine may have only
produced a slight effect on anxiety in males because atrazine doses used in the current study
were substantially lower than the doses found to elevate corticosterone in previous studies
(Fraites et al., 2009; Laws et al., 2009; Pruett et al., 2003). Future research is required to
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determine if the level of atrazine exposure used in the current study is sufficient to alter
corticosterone levels.
Nevertheless, it is important to note that atrazine exposure did not produce any
significant difference in the duration of time male and female rats spent in the light-side of the
compartment. If atrazine exposure had decreased the number of transitions while concurrently
decreasing the duration of time spent in the light-side of the compartment, the ability of
atrazine to produce anxiogenic effects in male rats would be more convincing. Failure of
atrazine exposure to show strong evidence for anxiogenic effects could be related to the
handling history of the animals. Animals were handled daily and tested in a variety of behavioral
assays. This history could have potentially reduced the animals’ sensitivity to novel
environments (or situations designed to evoke stress), thus diminishing anxiety-like behavior in
the light-dark box. Results from this assay also revealed 10 mg/kg atrazine to significantly
decrease the total amount of horizontal activity (when light side and dark side activity were
combined) in males in comparison to male controls. Therefore, the fact that 10 mg/kg atrazine
decreased the number of transitions male rodents made into the light compartment, may not
be indicative of anxogenic activity, but may simply be related to atrazine’s effects on overall
activity at 7 months of age, thus resulting in fewer transitions. Future research should assess the
effects of atrazine on sensitivity to aversive stimuli in additional behavioral paradigms.
Neurochemical Analyses

Atrazine was also found to disrupt neuronal dopamine content underlying motor
functioning. Neurochemical assays revealed decreased striatal DA and DOPAC in males and
females exposed to 10 mg/kg atrazine and in males exposed to 100 μg/kg atrazine. Females
exposed to100 μg/kg had decreased striatal DA with no changes in DOPAC compared to
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controls. Further, females exposed to 100 µg/kg atrazine also had decreased DOPAC in the
median eminence in comparison to controls. No differences were seen in DA and DOPAC in the
nucleus accumbens of male and female rats. The decreases in striatal dopamine content
correspond with the impairments observed in the walking beam performance of male and
female rats as well as the decreased locomotor activity seen in males.
These findings are consistent with those of Bardallus et al. (2011) who reported
decreased striatal DA in 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 male SpragueDawley rats (Rodriguez et al., 2013) and male C57BL/6 mice (Coban & Filipov, 2007).
Additionally, these findings are supported by that of Filipov, Stewart, Carr, and Sistrunk (2007)
who demonstrated exposure of rat striatal tissue slices to 50-500 µM atrazine for 4h produced a
dose-dependent decrease in dopamine levels (highest effect concentration 100 µM) and a dosedependent increase in dopamine turnover (highest effect concentration 50 µM).
Interestingly, while the current study found 10 mg/kg atrazine to decrease striatal
DOPAC in male rats, Bardallus et al. (2011) did not. Nevertheless, acute exposures to 100 mg/kg
have been shown to decreased striatal DOPAC in male rodents (Coban & Filipv, 2007; Rodriguez
et al., 2013). This suggests that gestational exposure followed by chronic daily treatments with
10 mg/kg atrazine has a similar effect on striatal dopamine to that of acute 100 mg/kg atrazine
exposure. It is well established that, following reuptake, DA is converted within the cell to the
metabolite DOPAC by monoamine oxidase (Nicholls, Martin, Wallace, & Fuchs, 2000).
Therefore, these findings suggest that atrazine might have the ability to disrupt intraneuronal
DA metabolism, resulting in increased cytosolic DA. Hossain & Filipov (2008) suggest that the
decreases in striatal DA seen after in vitro atrazine exposure are, in part, due to atrazine’s ability
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to inhibit DA uptake into striatal synaptic vesicles, thus increasing free cytosolic dopamine,
which in turn can generate oxidative stress. Taken together, these findings (potential decreased
DA metabolism and inhibition of vesicular uptake) might account for the decreases observed in
striatal DA after atrazine exposure.
This is the first study to examine effects of atrazine on striatal dopamine content in
female rats as well as the first report of environmentally-relevant levels (100 µg/kg) of atrazine
to decrease striatal dopamine content in male or female rats. Although no other studies have
examined the effects of environmentally-relevant atrazine levels on striatal dopamine content,
one previous study (Guisi et al., 2006) revealed 100 µg/kg atrazine administered from GD14PND21 to produce shrunken and folded perikarya in striatal pyramidal neurons in both males
and female mice. Thus, these findings are the first to provide direct evidence that exposure to
environmentally-relevant atrazine levels has the ability to produce neurochemical changes to
brain regions underlying motor functioning in male and female rats.
Interestingly, although atrazine similarly decreased striatal dopamine in both male and
female rats, atrazine produced more noticeable disruptions to motor functioning in males than
in females. For example, atrazine altered several measures of locomotor activity in males, while
barely producing noticeable effects in females. Therefore, atrazine might produce sexdependent impairments in additional brain regions involved in motor functioning. For example,
it might be possible that atrazine produces disruptions to the cerebellum of males but not
females. Indeed at least one study demonstrated a high dose of atrazine to decrease the
spontaneous firing rate of Purkinje cells in the cerebellum of rats, (Podda et al., 1997), but the
functional significance of these findings have not yet been explored.
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It is also possible that atrazine produces more severe disruptions to additional aspects
of striatal brain function in males than in females that were not assessed in this study. For
example, additional histological and morphological measures might reveal atrazine to produce a
greater inflammatory response (i.e. as indicated by increased glial activation and/or changes to
cytokines) and/or reduction of neurons in the striatum of males than in that of females.
Behavior is extremely complex, making it difficult to pinpoint that exact mechanism of action in
which atrazine is able to produce sex differences in alterations to locomotor activity.
The sex-specific impairments of atrazine on motor functioning might also be due to its
ability to differentially alter reproductive hormones in males and females. Previous research has
shown that atrazine alters gonadotropin releasing hormone (GnRH) production in the
hypothalamus (Cooper et al., 2000). From there, many sex differences occur in the
neuroendocrine events that follow GnRH release. For example, release of GnRH differentially
stimulates the release of luteinizing hormone and follicle stimulating hormone in males and
females, which in turn produces differences in gonadal steroids (i.e. testosterone and estradiol)
(Fallest, Trader, Darrow, & Shupnik, 1995). Indeed the actions of estradiol and testosterone have
been shown to differentially impact brain development (Arnold and Gorski, 1984; Scerbo et al.,
2014). Estrogen, in particular, has been shown to alter the activity of dopaminergic neurons in
the VTA, an area of the brain involved in motor functioning (Zhang et al., 2008). Thus, it is quite
possible that the differential effects of atrazine exposure on motor functioning in males and
females could be related to atrazine’s ability to produce variable effects on sex hormones.
Clearly more research is needed in order to answer mechanistic questions as to the underlying
basis of the sex differences observed in aspects of motor functioning after atrazine exposure.
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It should be noted that the last dose of atrazine was administered 24 hr before animals
were euthanized and brains were extracted. Although one report revealed atrazine was no
longer detectable in mouse plasma 24 hr after exposure, low levels of atrazine and moderate
levels of the metabolite DACT were still detected in the brain 24 hr after exposure (Ross et al.,
2009). Thus, without a control group that received a single acute dose of atrazine 24 hr before
sacrifice, it cannot be concluded with certainty that the observed effects in this study were due
to chronic treatment.
As mentioned earlier, low doses of atrazine elevated locomotor activity in males at 1
month of age while high doses of atrazine decreased locomotor activity in males at 6 and 7
months of age. Unfortunately, no assessments of striatal dopamine content were collected at 1
month of age. Additional research investigating the effects of gestational atrazine exposure on
striatal dopamine content might help explain the differences observed in locomotor activity at
these different periods of development.
In summary, these findings provide evidence that developmental exposure to
environmentally-relevant atrazine levels significantly increases locomotor activity in male
Sprague-Dawley rats and significantly impairs motor coordination in male and female rats.
Additional chronic exposure to environmentally-relevant atrazine levels significantly decreases
locomotor activity in male rats and continues to significantly impair motor coordination with
associated reductions in striatal DA in male and female rats. These results suggest that
environmentally relevant exposures to atrazine have the potential to significantly impact brain
regions and behaviors associated with motor functioning.
Alarmingly, atrazine-induced impairments in motor function and decrements in striatal
dopamine resemble neuropathological features of Parkinson disease (Carlson, 2010). Although
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there are no reports in the epidemiological literature of associations between atrazine exposure
and the development of Parkinson disease, one study has revealed the incidence and prevalence
of Parkinson’s disease to be highest in the Midwest (Willis, Evanoff, Lian, Criswell, & Racette,
2010), the same geographic location that has the highest rates of atrazine use (Stackleberg et
al., 2012). In conclusion, 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 and increased risks for Parkinson
disease may be necessary.
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