
Persistent Neurobehavioral and Neurochemical Anomalies in 
Middle-Aged Rats after Maternal Diazinon Exposure

Andrew B. Hawkey1, Erica Pippen1, Bruny Kenou1, Zade Holloway1, Theodore A. Slotkin2, 
Frederic J. Seidler2, Edward D. Levin1

1Department of Psychiatry and Behavioral Sciences, Duke University Medical Center

2Department of Pharmacology and Cancer Biology, Duke University Medical Center

Abstract

Diazinon is an organophosphate pesticide that has a history of wide use. Developmental exposures 

to organophosphates lead to neurobehavioral changes that emerge early in life and can persist 

into adulthood. However, preclinical studies have generally evaluated changes through young 

adulthood, whereas the persistence or progression of deficits into middle age remain poorly 

understood. The current study evaluated the effects of maternal diazinon exposure on behavior and 

neurochemistry in middle age, at 1 year postpartum, comparing the results to our previous studies 

of outcomes at adolescence and in young adulthood (4 months of age) (Hawkey 2020). Female 

rats received 0, 0.5 or 1.0 mg/kg/day of diazinon via osmotic minipump throughout gestation 

and into the postpartum period. The offspring were tested on a battery of locomotor, affective, 

and cognitive tests at young adulthood and during middle age. Some of the neurobehavioral 

consequences of developmental DZN seen during adolescence and young adulthood faded with 

continued aging, whereas other neurobehavioral effects emerged with aging. At middle age, the 

rats showed few locomotor effects, in contrast to the locomotor hyperactivity that had been 

observed in adolescence. Notably, though, DZN exposure during development impaired reference 

memory performance in middle-aged males, an effect that had not been seen in the younger 

animals. Likewise, middle-aged females exposed to DZN showed deficient attentional accuracy, 

an effect not seen in young adults. Across adulthood, the continued potential for behavioral 

defects was associated with altered dopaminergic function, characterized by enhanced dopamine 

utilization that was regionally-selective (striatum but not frontal/parietal cortex). This study shows 

that the neurobehavioral impairments from maternal low dose exposure to diazinon not only 

persist, but may continue to evolve as animals enter middle age.
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1. Introduction

Organophosphate (OP) insecticides are a group of widely available and widely used pest 

control products in agriculture that have been a popular replacement for older, problematic 

organochlorine insecticides since the 1970’s. Despite the increasingly diverse array of 

replacement insecticides introduced over the years, OPs currently account for the second 

largest share of the insecticide market (Phillips 2020), behind neonicotinoid insecticides, 

and ahead of pyrethroid insecticides. However, certain OPs, such as diazinon (DZN), have 

faced increasing regulation over the past two decades, including a restriction from all indoor 

uses and restrictions in use in lawncare and agriculture (EPA 2004), leading to an overall 

reduction in usage since its peak in 2005 (EPA 2019a). Environmental and human health 

risks associated with continued OP use remain a major concern, and regulatory review of 

select OPs is ongoing (EPA 2019b). In humans, early life exposures to OPs are associated 

with a range of behavioral and psychiatric effects in children, including changes to IQ, 

attention, mood regulation, hyperactivity, and executive functions, as well as increased risk 

for neurodevelopmental disorders like attention-deficit disorder and autism (Muñoz-Quezada 

2013). Unfortunately, the slow development of humans means that investigations of effects 

later in life are sparse and less well characterized, so many important questions remain as 

to how long the effects of a developmental OP exposure may last, or how those effects may 

differ across the lifespan.

Animal models such as rodents have been critical for predicting the longer-term effects of 

OPs, with a number of studies investigating the effects of DZN, chlorpyrifos (CPF) and 

similar compounds across adolescence and into early adulthood. Rodent studies have shown 

that DZN exposure during early development can lead to impactful changes in brain function 

and widespread changes in behavior across early development. Prenatal treatment studies 

have reported impairments in glutamatergic (Win-Shwe 2013), serotonergic and cholinergic 

function (Slotkin 2019) in the brains of exposed offspring. These neurochemical changes 

are associated with a variety of behavioral deficits, including adolescent hyperactivity and 

reduced risk-avoidance (Hawkey 2020), impaired passive avoidance learning (Vatanparast 

2013) and alterations in novel object recognition (Win-Shwe 2013, Hawkey 2020). A variety 

of similar risks have been observed in neonatal treatment models (Roegge 2008, Slotkin 

2008a, Timofeeva 2008a, Slotkin 2008b, Timofeeva 2008b), which overlap stages of brain 

development occurring in the human 3rd trimester (Dobbing J. 1979, Semple 2013). While 

these effects are pervasive and broadly impactful on neural and behavioral function, there 

are notable gaps in the current understanding of these effects across development. The most 

glaring gap is in the persistence of behavioral and neurochemical effects across the lifespan. 

While prior studies have carried testing forward into adulthood, these generally cover no 

more than 5 months of development, whereas the lifespan of rats in captivity is generally 

2–3 years.

Although it has often been assumed that any effects apparent in adulthood should be stable 

beyond this point, a number of studies suggest this is not the case. As adulthood goes 

on, the brain undergoes deterioration associated with aging. For example, between 12–24 

months of age, Miguez and colleagues (1999) noted reductions in dopamine and/or DOPAC 

levels in the striatum, hippocampus, amygdala and brain stem of rats, as well as reductions 
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in norepinephrine in the brain stem and serotonin in the frontal cortex during this same 

time-period. Likewise, behavioral functions in a number of tests have been shown to shift 

with age, including locomotor activity, novel object recognition, and tests of learning and 

memory (Altun 2007, Gallagher 2015, Hamezah 2017). These findings raise the prospect 

that early life DZN exposure could lead to a different spectrum of deficits as animals age 

from adolescence through young adulthood and into middle age.

The current study was conducted to determine the long-term neurochemical and behavioral 

effects of maternal DZN exposure in offspring as they enter middle age. Rat offspring 

who had been previously evaluated in adolescence and young adulthood (Hawkey 2020) 

were then reexamined at 1 year of age. The middle-aged rats completed the same 

behavioral battery so as to assess whether behavioral impairments remain fixed, or continue 

to change as the animals age. In addition to effects on behavioral performance, we 

assessed the impact on dopamine (DA) levels and utilization (turnover) in the striatum 

and frontal/parietal cortex, the latter as a measure of presynaptic neuronal activity. We 

chose this neurotransmitter because developmental DZN exposure has been shown to affect 

development of the dopaminergic phenotype (Slotkin, MacKillop et al. 2007, Slotkin and 

Seidler 2007, Slotkin and Seidler 2009); further, organophosphate exposure in humans is 

associated with increased risk of Parkinson’s Disease (Sanchez-Santed, Colomina et al. 

2016), which is characterized by loss of striatal dopamine projections, and DZN targets the 

expression of genes associated with that disorder (Slotkin and Seidler 2011). Dopaminergic 

systems also are critical for a broader array of behavioral functions. They play key roles in 

cognition and emotional processing (Abraham, Neve et al. 2014, Puig, Rose et al. 2014).

2. Methods

2.1 Subjects and housing

Male and female Sprague Dawley rats were obtained from Charles River Labs (Raleigh, 

NC, USA) and mated to produce offspring for behavioral testing. Animals were housed with 

1–2 same-sex rats from the time of weaning (21 days of age) until the end of the study. 

Housing conditions were maintained on a 12:12 reversed day-night cycle with ad libitum 

access to food and water, except during testing of food-motivated behaviors, which required 

food restriction. All testing was conducted under low, ambient light conditions and during 

the dark phase of the rats’ reversed light cycle (800 h - 1700 h). The Institutional Animal 

Care and Use Committee at Duke University approved all methods and procedures.

2.2 Experimental Design and Maternal Exposures

The initial design and exposures are identical to those presented by Hawkey et al (2020). 

Briefly, female rats were anaesthetized using ketamine (60 mg/kg) and dexdormitor (15 

mg/kg) and a single Alzet osmotic infusion pump (2ML4, Durect Inc, Cupertino, CA, 

USA) was implanted subcutaneously on the animal’s back. These pumps contained a 

DMSO vehicle or DZN solution (purity 98.8%, Chem Service Inc. West Chester, PA, 

USA). Solutions were prepared adjusted for body weight as follows: the DMSO vehicle 

control (100%), 0.5 mg/kg/day or 1.0 mg/kg/day of DZN. The pumps, although marketed 

as a four-week infusion device, actually run for five weeks (information supplied by 
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the manufacturer), thus ensuring DZN exposure throughout gestation and into the early 

neonatal period. Animals recovered from surgery for 72 h and were subsequently mated with 

untreated males for 5 days. Because the dams gain weight throughout pregnancy, the per kg 

dose fell by parturition (0.5mg/kg/day to 0.3mg/kg/day; 1.0mg/kg/day to 0.74mg/kg/day). 

Maternal exposure to this low dose range of DZN was not found to cause significant changes 

in maternal weight gain, litter size, sex-distribution, anogenital distance of the offspring, 

birth weight or later weight gain of the offspring (Hawkey, Pippen et al. 2020).

One male and one female pup were randomly selected from each litter at weaning for 

inclusion in the behavioral study. Siblings were retained and used to provide tissue for 

neurochemical analysis. Offspring were initially tested in a battery of seven behavioral and 

cognitive tests which began at 4-weeks of age and continued into early adulthood. The 

results of this initial round of testing were presented in Hawkey et al (2020). These offspring 

were then maintained until one year of age and tested on the same battery used in the prior 

analysis at this older stage of development. All tests were performed sequentially, with only 

one test being conducted in any given week. Elevated plus maze was excluded from the 

second battery, as this test is typically run on 4-week old rats, and the maze arms were too 

narrow to allow 1-year old rats to easily turn around when in the enclosed arms of the maze.

2.3 Behavioral Battery

2.3.1 Figure-8 maze—The first test conducted after rats reached one-year of age was 

the figure-8 maze locomotor activity test. For this test, rats were placed in an enclosed maze 

in the shape of a figure-8 (alley width = 10 cm, total maze layout = 70cm × 42 cm) and 

allowed to freely explore for 60 min. Locomotor activity was measured by eight photobeams 

located at equal points throughout the maze, which registered the frequency of transitions 

between different portions of the maze. Photobeam breaks across the 60 min session were 

subdivided in 5 min blocks across to track the habituation, or systematic decrease over time, 

of locomotion.

2.3.2 Novelty suppressed feeding—The novelty-suppressed feeding test is an 

indication of stress or fear-like response in rodents. For this test, rats were deprived of food 

for 24 h and then placed in a novel environment for 10 min with food provided. As fear-like 

stress responses suppress appetite, changes in the interest in food in this environment are 

interpreted as changes in the fear-like response. The novel environment consisted of a plastic 

rectangular cage, without a cage top or bedding, placed in the middle of a brightly lit testing 

room. Twelve standard rat-chow pellets were spread across the floor of the cage in 4 rows 

of 3 pellets and an experimenter recorded eating behaviors in real time. Several outcomes 

were recorded, including the latency for the rat to begin eating, the time spent eating and 

the frequency bouts of eating. Food pellets were also weighted prior to and after the test to 

determine the amount of food eaten. Eating was defined as chewing the food and not merely 

sniffing, holding, varying the food pellets.

2.3.3 Novel object recognition—The novel object recognition task is an indication of 

attention and memory in a low-motivational state, meaning interest in the objects involved 

was spontaneous and not based supported by deprivation or the delivery of rewarding 
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consequences for any behavior. This test consisted of two, 10 min sessions where two 

objects were provided for each rat to explore. The testing enclosure was an opaque plastic 

box measuring 70 cm × 41 cm × 33 cm, with objects placed in two adjacent corners of 

the box. Each rat was acclimated to this empty enclosure through two, 10 min sessions 

across the two days before testing. Objects presented together were matched based on 

material (plastic, glass, or ceramic), size and coloration, and the assignment of objects 

was randomized for each animal. The first session (AA, or familiarization) provided two 

identical objects, which the rat could become familiar with through investigations (e.g. 

sniffing, touching) of the objects. The second session (AB, or recognition memory) was 

conducted 60 min after the AA session, and provided one of the two objects presented in 

the AA session (A), along with a novel object the rat had never investigated before (B). 

Between sessions, the enclosure and all objects were wiped with 10% acetic acid to remove 

odor cues. This is the same procedure that was sensitive to developmental neurobehavioral 

toxicity in the offspring of the dams given 1 mg/kg/day prenatal DZN dose when they 

were young adults (Hawkey, Pippen et al. 2020). Experimenters collected videos of these 

two sessions and, while blinded to treatment condition, scored the number and length 

of investigations for each object within each session. Rats generally show a novel-object 

preference in the AB session, with greater numbers and length of investigation devoted to 

the novel object. As the novel object becomes more familiar over the course of that 10 min 

AB session, scores were subdivided into two, 5 min session-blocks to allow measurement of 

habituation to the novel object over time and successive investigations.

2.3.4 16-Arm Radial Maze—The radial arm maze is an indication of spatial learning 

and memory. The maze was made of painted wood with a central platform (50 cm in 

diameter), and had 16 rectangular arms (10 cm across × 60 cm long) radiating from that 

central platform. Before training began, rats completed two, 10 min acclimation sessions, 

where the rat was confined to the central hub and provided with sugar-coated cereal pieces 

(halves of Froot Loops®; Kellogg’s Inc, Battle Creek MI, USA) which would later be used 

as food reinforcers within radial arm maze training. Testing consisted of allowing rats to 

explore a 16-arm radial arm maze over 12, 10 min sessions (one per day) to retrieve cereal 

pieces placed in food cups located 2 cm from distal end of the arm. Twelve of the arms 

were consistently baited with food across the 12 sessions, while the other 4 arms were 

never baited. The object of training was to see a reduction in entries into the arms which 

were never baited, indicating long-term or reference memory for these locations. Within 

each session, the trays were not re-baited once the food had been removed, so avoidance 

of re-entering arms that had been previously entered would be supported by short-term or 

working memory. Visual cues were placed around the walls of the room to facilitate spatial 

orientation. Each session ended after 10 min or when all twelve baited arms had been 

visited, whichever came first. Working memory errors were tallied as re-entries into a baited 

arm, and reference memory errors were tallied as entries into any of the consistently non-

baited arms. To assess motivation to explore the maze, latency to respond was calculated as 

the session duration divided by the number of arm entries.

2.3.5 Operant visual signal detection task—The operant visual signal detection 

task is an indication of attention. Testing was conducted in a standard operant chamber, 
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equipped with two retractable levers, and a single visual cue-light. Each rat completed a 

sequential training program which trained the rats to press a lever to receive a 2- mg food 

pellet reward, then to press either the left or right lever, depending on whether the visual 

cue-light was illuminated (500 ms) prior to the presentation of the levers. If the cue-light 

was illuminated (“signal” trial), a press on one specific lever would result in food delivery. 

If the cue-light was not illuminated (“blank” trial), a press on the opposite lever would 

result in food delivery. The position of the cue-associated lever (left, right) was randomized 

across rats. Initially, the cue light was placed immediately above the associated lever, and 

once rats performed “signal” and “blank” trials reliably, the light was shifted to a high, 

central position between the two levers. The lever presses on each lever were then used 

to determine whether each rat successfully detected the brief cue presentations, and to 

generate choice accuracy scores for “signal” and “blank” trial types. Correct lever presses 

following a cue presentation were labelled as “hits” and correct lever presses following 

no-cue presentation were labelled “correct rejections”. A failure to respond within 5 s of 

the lever presentations resulted in an “omission error”, where the trial was ended and the 

levers were retracted without food delivery. Primary analysis for DZN-induced deficits was 

conducted using the tertiary testing protocol contained 7 sessions with a multiple schedule of 

“signal” and :blank” trials, with each test session consisting of 240 trials.

2.4 Methods for Neurochemical Assays

Animals were euthanized via decapitation at two different ages, postnatal day PN150 and 

following behavioral testing (~15 months or PN450, “Middle aged”), and the striatum and 

frontal/parietal cortex were dissected and frozen in liquid nitrogen, and then stored at −80 

°C until utilized. Tissues were deproteinized by homogenization in 0.1 N perchloric acid 

containing 3,4-dihydroxybenzylamine (Sigma Chemical Co., St. Louis MO, USA) as an 

internal standard. Homogenates were sedimented at 26,000 × g for 10 min and supernatants 

were trace-enriched by alumina adsorption. DA and dihydroxyphenylacetic acid (DOPAC) 

were separated by reverse-phase high performance liquid chromatography, and quantitated 

by electrochemical detection (Seidler and Slotkin 1981), standardized against external 

standards containing 3,4-dihydroxybenzylamine and known quantities of DA (Sigma) and 

DOPAC (Sigma); values were corrected for recovery of the internal standard. Transmitter 

utilization was then calculated by the DOPAC/DA ratio, so as to assess the proportion of DA 

released into the synapse (Slotkin, Wrench et al. 2009).

2.5 Statistical methods

All behavioral data was analyzed using the following method. All tests were analyzed 

using mixed factors Analysis of Variance (ANOVA), with treatment group, sex and litter 

as the primary between-subjects variables, and time block (to detect changes in behavior 

across sessions) as the primary within-subjects variables. Post hoc comparisons between 

treatment groups were performed using Tukey’s correction for multiple testing. The cutoff 

for statistical significance for all main effects and post hoc tests was p = 0.05.

Hypothesis testing consisted of the following. An initial analysis was conducted on 

behavioral and neurochemical measures using the middle aged rats, with the aim being 

to detect differences based on treatment within the latter stages of development. A secondary 
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analysis concerned the hypothesis that DZN-treatment may alter aging-induced changes 

in behavioral performance. For this, data from adolescence or early adulthood and late-

adulthood were included in one analysis and used to determine whether age significantly 

interacted with treatment.

3. Results

3.1 Behavioral Analyses

3.1.1 Locomotor Activity and Habituation in the Figure-8 Apparatus—Young 

adult rats with perinatal 1.0mg/kg/day exposure showed reduced activity levels on the 

final time block (p < 0.05) relative to controls, but not the 0.5mg/kg/day group (Fig. 1a). 

In contrast, for middle-aged rats (Fig. 1b), there was a significant time block (5 min) 

by treatment interaction (p < 0.05), reflecting that the 1.0mg/kg/day DZN group was 

hyperactive relative to controls in time block 4 (min 20–25) (p < 0.05); no such effect 

was seen for the 0.5mg/kg/day group. A main effect of time block was also detected (p 

< 0.0005), indicating significant habituation across the session, as was a main effect of 

sex (p <0.05), whereby females had higher activity relative to males. Aging-based analyses 

detected no main effect of age on locomotor activity, but did detect a main effect of sex 

(females more active than males) (p < 0.0005), and age by time block interaction, and an 

age by treatment by session block interaction (p < 0.05). Overall, the age by time block 

by treatment interaction was expressed by differences in linear trends (linear interaction, 

p< 0.05) (Fig. 1c/d). Among young adults, rats with 0.5mg/kg/day exposure showed higher 

y-intercepts and steeper slopes in the habituation function relative to controls (p < 0.05), 

but not the higher 1.0 dose condition. No linear trend differences were observed in the 

middle-aged rats.

Calculated difference scores across aging (middle-aged – younger) did not differ between 

treatments, although they did differ between ages, as evidenced by a significant age by time 

block effect (Suppl. Fig S1). Middle-aged rats showed higher initial activity scores in block 

1 (p < 0.05) and trends towards reduced activity levels in the following time blocks which 

only reached significance in block 3 (p < 0.05).

3.1.2 Novelty Suppressed Feeding—Among middle-aged adult rats, no main effects 

of treatment were observed on measures of novel environment suppressed feeding (Suppl. 

Table S1). Main effects of sex were observed for body weight (p < 0.0005) (males higher 

than females), amount eaten (p < 0.0005) (males higher than females), latency to eat (p < 

0.0005) (males less than females) and time spent eating (p < 0.0005) (males higher than 

females) (Suppl. Table S2). Aging-based analyses detected age by sex interactions on body 

weight, amount of food eaten, latency to begin feeding and total amount of time spent 

eating (p < 0.05), but not the number of eating episodes (Suppl. Table S3). Males showed 

increased patterns of weight gain and increases in food consumption relative to females (p < 

0.05), although both sex showed positive change scores (middle-aged – younger). For time 

spent eating, males and females also differed (p < 0.05), whereby only middle-aged males 

showed an increase in time spent eating due to age. For latency to begin eating, males and 

Hawkey et al. Page 7

Toxicology. Author manuscript; available in PMC 2023 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



females differed in their change due to aging (p < 0.05), whereby middle-aged males showed 

reduced latency to eat, and middle-aged females showed increased latency to eat.

3.1.3 Novel Object Recognition—Among middle-aged adults, no significant effects 

of treatment or relevant interactions were found on object investigation during the 

familiarization trial or on object preference during the novel object recognition trial (Suppl. 

Fig S2). When comparing these scores across ages, there was a significant overall lowering 

of investigation with aging during the familiarization (p < 0.0005) (Suppl. Fig. S3a) and the 

novel object (p = 0.001) trials (Suppl. Fig. S3b). No treatment effects or interactions were 

detected. Main effects of object familiarity (p < 0.0005), time block (p < 0.0005) and an 

object by time block interaction (p < 0.0005) were detected, indicating object preference, 

discrimination and familiarization were adequate on this test regardless of age.

3.1.4 Radial-arm Maze Spatial memory—Among middle-aged adults, maternal DZN 

exposure was not found to significantly impair choice accuracy or latency in the radial-arm 

maze for working memory errors. However, aging-based analyses detected interactions of 

age by sex by treatment by session block on reference memory error rates (Fig 2a/b). 

No differences were detected among late adolescent rats. Among middle-aged males, rats 

with 1.0mg/kg/day exposure showed impaired improvement over training, as evidenced by 

elevated numbers of reference memory errors during session block 2 (sessions 4–6) relative 

to controls (p < 0.05) but not the lower dose (0.5 mg/kg/day) group. No differences were 

observed among middle-aged females. No differences were observed for working memory 

errors (Suppl. Fig. S4)

Additionally, aging analyses detected age effects or interactions for each of the main 

outcomes on this test (Supplemental Fig. S5). For reference memory errors (Supplemental 

Fig. S5a), an age by sex interaction was detected (p < 0.05) whereby error rates increased 

due to aging among females (p < 0.05) but not males. For working memory errors 

(Supplemental Fig. S5b, Left), scores improved from younger to middle-aged adult testing. 

Overall, an age by session block interaction was observed (p < 0.05), whereby middle-

aged rats committed fewer errors during session block 3 (Sessions 7–9) compared to late 

adolescents. An age by sex interaction was also observed (p < 0.05) whereby males showed 

improved error rates due to aging (p < 0.05), but females did not (Suppl. Fig. S5b, Right). 

For response latency (Suppl. Fig. S5c), an age by sex interaction (p < 0.05) was detected, 

and both males and females showed reduced latencies when tested at later ages. Overall, 

an age by session-block interaction (p < 0.05) indicated that middle-aged rats responded 

significantly faster than late adolescents during the first 3 session blocks (sessions 1–9).

3.1.5 Operant Visual Signal Detection Attention Task—Among middle-aged rats, 

a sex by treatment interaction was observed for choice accuracy (p < 0.05), regardless of 

trial type (cue present vs absent). Among males, no treatment differences were observed (Fig 

3). Among females, rats with 1.0mg/kg/day exposure showed reduced choice accuracy (p< 

0.05) relative to controls, but not the 0.5mg/kg/day group (Fig. 3a). Additionally, a sex by 

treatment by session by trial type (cue present vs absent = hit vs correct rejection). No within 

session differences were detected for males on either hits or correct rejections. Female rats 

showed session-specific treatment effects (Fig. 3b). For hits (cue present), females with 
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1.0mg/kg/day DZN exposure were less accurate on session 2 of the testing series (p< 0.05) 

compared to controls, but the DZN groups did not differ from one another. For correct 

rejections (cue absent), both DZN-treated groups of females differed from controls (p < 

0.05), but not from one another. In the aging analysis, a sex by treatment by trial type (cue 

present vs absent) interaction was detected (p < 0.05) which was not dependent on age. 

However, no post hoc comparisons reached significance. Overall, an age by trial type (cue 

present vs absent) interaction was detected (p < 0.01), whereby middle-aged rats were more 

accurate than younger rats on “cue present (hit) trials (p < 0.05), but not “cue absent” trials 

(correct rejections) (Supplemental Fig. 6).

3.2 Neurochemical Assays

The initial statistical analysis of neurochemical results were carried out with a five-factor 

repeated measures ANOVA: treatment, sex, age, region and the two primary measures (DA, 

DOPAC). The latter were considered as repeated measures since both values were obtained 

from the same sample, and data were log transformed because of heterogeneous variance 

between regions and between DA and DOPAC. In this initial test, we did not find any 

significant main effect of sex or interaction of sex with the other variables, so values were 

combined for males and females, resulting in a four-factor repeated measures ANOVA. 

For this test, we identified significant interactions of treatment × [DA vs. DOPAC] (p < 

0.02) and treatment × region × [DA vs. DOPAC] (p < 0.05). Accordingly, we evaluated the 

effects on DA and DOPAC separately for the two regions, and then calculated the turnover 

(DOPAC/DA ratio).

In the striatum, there was a differential effect of treatment on DOPAC as compared to DA 

(treatment × [DA vs. DOPAC], p < 0.002. Whereas there was no significant effect on striatal 

DA levels (Figure 4B), DOPAC was significantly elevated in the group exposed to the higher 

DZN dose (Figure 4A). Consequently, turnover was also higher in that group (Figure 4C). 

For both these effects, the high dose group was statistically distinguishable from the lower 

DZN dose as well as control. Notably, the effect seen at PN150 remained present in the 

middle-aged animals (absence of a significant interaction of treatment × age or of treatment 

× age × other variables).

In contrast, in the frontal/parietal cortex, we did not observe any significant effects on 

dopamine (Figure 4D), DOPAC (Figure 4E) or the DOPAC/DA ratio (Figure 4F); the lack 

of effect in this region was statistically distinguishable from the significant effects in the 

striatum as noted from the treatment × region × [DA vs. DOPAC] interaction, as noted 

above.

4. Discussion

The present study was conducted to evaluate the persistence or further progression 

of developmental DZN-induced neurobehavioral and neurochemical impacts from early 

adulthood into middle age. This work extended previous studies (Slotkin 2019, Hawkey 

2020) which evaluated related endpoints from four weeks to five months of age, covering a 

developmental period of adolescence to early adulthood. Overall, utilizing a wide array of 

behavioral endpoints, we found both types of outcomes: persistence of earlier defects, but 
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also further changes that emerged between young adulthood and middle-age. Accompanying 

aging analyses and age by treatment interactions showed that while significant treatment 

effects at this age differ from the prior Hawkey et al findings (2020), only some of the 

behavioral deficits found in middle age reflected an aging-related event. Corresponding 

neurochemical analyses confirmed the persistence of DZN-induced synaptic abnormalities 

into middle age, characterized by elevated striatal dopamine utilization.

Within the behavioral analysis, two age × treatment interactions were observed. The first 

of these reflected a DZN-induced increase in the rate of habituation in the figure-8 maze 

in early adulthood which attenuated by middle age. The second was a change in the rate 

of learning in the radial-arm maze, whereby DZN induced a male-specific slowing of 

improvements in reference memory errors among middle-age rats, but not late adolescents. 

Taken together, these data indicate that aging across adulthood can lead to significant 

modulation of DZN-induced impairments, allowing these alterations to either attenuate or 

emerge. In each case, the overall difference only met significance vs. control in one of the 

two DZN-treated groups, but the two DZN dosage groups also did not significantly differ 

from one another. Therefore, these changes cannot be interpreted as being dose-specific.

While the aforementioned behavioral effects were significantly modulated by aging, no 

other tests or outcomes showed differing treatment effects based on age: for these tests, 

behaviors that were significantly altered by DZN in young animals remained so in middle 

age, whereas those that were not affected in young animals were also unchanged in the 

older animals. In the signal detection test, it was observed that females with 1.0 mg/kg/day 

exposure showed reduced choice accuracy in middle-age relative to control females, and 

either dose led to impaired improvement across sessions within the testing series. Although 

this was not predicted based on the results of Hawkey et al. (2020), no direct interaction 

of age and deficient performance was observed, so the differences between young adult 

and middle-age cannot be reliably interpreted. Likewise, the prior study observed impaired 

object discrimination in the novel object recognition test in late adolescence, whereas 

the present analysis observed no significant performance detriments in middle-age, but 

the lack of a significant treatment × age interaction indicates that these two outcomes 

cannot be distinguished from each other. These apparent disparities may suggest one of two 

interpretations. First, it may be the case that treatment effects were truly indistinguishable 

at each time point, preventing an age by treatment interaction, but that minor differences 

in effect size from one assessment to the next were sufficient to cause that effect to 

differentially reach or fail to reach significance. An alternative interpretation may stem 

from the fact that the present analysis included only 3 of the initial 5 cohorts used to 

generate the Hawkey et al (2020) data. This reduced the sample size and may have impaired 

the likelihood of detecting higher order interactions which require greater statistical power. 

This interpretation is more plausible than performance equivalence across aging for novel 

object recognition, as preference patterns for the 1.0mg/kg/day group are visibly trending in 

opposite directions at the different ages (reduced novel object preference among adolescents, 

enhanced in middle-age).

By contrast, changes in dopaminergic function remained consistent from young adulthood 

through middle age. Overall, there were increases in DOPAC, the primary metabolite of 
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dopamine, with no corresponding change in dopamine levels. This led to an increase in the 

DOPAC/DA ratio, indicating that dopamine is utilized more quickly in the DZN-exposed 

animals than in controls. This hyperdopaminergic state may then contribute to persistent 

potential for behavioral impairments over time. However, as this effect is stable, it alone 

cannot be the driver of the age × treatment interactions observed in the behavioral data; 

likewise, the neurochemical changes did not share the sex-selectivity seen in the behavioral 

outcomes. It is notable, however, that the effects were specific to dopamine projections to 

the striatum, as the effects were not shared by projections to the frontal/parietal cortex. 

These effects could contribute to the known association between DZN exposure and 

Parkinson’s Disease (Sánchez-Santed 2016), a malady that results from loss of striatal 

dopamine synapses. Increased dopamine turnover is one of the early signs of the onset of 

Parkinson’s Disease, as remaining dopamine neurons upregulate their activity to compensate 

for the loss of overall synaptic function (Sossi 2004). Further, these data extend previously 

established neurochemical effects of DZN in younger animals, including regionally-specific 

abnormalities in cell size and packing density (Slotkin 2008a), as well as disruption of 

cholinergic and serotonergic synaptic function (Slotkin 2006, Slotkin 2008a, Slotkin 2008b, 

Slotkin 2019).

Prior studies have reported that young animals exposed to organophosphates can show 

changes in locomotor activity(Levin 2002, N’Go 2013, Baldwin 2017, Mohammadzadeh 

2018), including DZN (Hawkey 2020). In our previously published data from this study 

(Hawkey 2020), it was found that these effects markedly attenuated from 5 weeks to ~5 

months of age, and this extended analysis indicates that this attenuation continues through 

middle age. This mirrors a known pattern in the clinical literature where hyperactivity 

effects observed in young patients become less prominent as patients mature (Willoughby 

2003, Martel 2016). We have also previously associated early DZN exposures with 

learning deficits, although prenatal DZN exposure appears somewhat unique from neonatal 

exposures. Whereas neonatal DZN exposure was associated with slowed radial arm maze 

learning in adulthood (Timofeeva 2008a), prenatal DZN exposure produces comparable 

effects which onset much later in adulthood. Additionally, this effect was specific to male 

offspring in this prenatal exposure series and specific to reference memory errors. These 

differences suggest that the timing of DZN exposure may influence the age of onset and 

specificity of learning difficulties, although additional studies will be needed to directly 

address this hypothesis. The learning rate in the radial-arm maze over twelve sessions of 

training in the current study was not substantial. Further studies should examine potential 

effects with more extended training. Effects on executive-like functions, including attention, 

are relatively understudied, and no known studies of developmental organophosphate 

exposures have used the current signal detection task, apart from the preceding analysis 

of these animals at younger ages (Hawkey 2020). The present findings suggest that 

such functions may indeed be sensitive to organophosphate-induced dysfunction, and that 

further investigation is warranted. Mild cognitive impairment emerging in pre-senescence 

is increasingly recognized as a predictor of later cognitive decline, including incidence 

of dementia and neurodegenerative disorders like Parkinson’s disease (Etgen 2011, Chen 

2018).
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Although no comparable studies of DZN-induced effects in aging are available in rats, a 

study on postnatal exposure to another OP insecticide, parathion (PRT) has been conducted. 

Levin et al (2010) exposed neonatal rat pups to PRT and conducted radial arm maze 

training and testing at 14 and 19 months of age. Increased error rates were seen overall due 

to PRT exposure among aged male rats. As in the present study, PRT-induced increases 

in error rates were specific to middle-aged rats, as none were found in these rats in 

younger adulthood (Timofeeva 2008b). The age-related changes in behavioral effects of 

prenatal PRT were paralleled by emergent synaptic functional defects. Specifically, in 

aging, animals exposed to PRT showed loss of acetylcholine innervation with compensatory 

upregulation of presynaptic activity of remaining synapses. Together, these data suggest 

that while OPs may induce aging-related cognitive issues rather than persistent deficits 

across adulthood, and that males may be particularly susceptible to those effects. These data 

support associations between developmental OP exposures and cognitive health in human 

populations (Sánchez Lizardi 2008, Bouchard 2011, Doherty 2019), and suggest that the risk 

for cognitive symptoms and neurochemical dysfunction could contribute to cognitive decline 

and neurological disorders of aging, such as dementia and Parkinson’s disease.

The persisting neurobehavioral toxicity of gestational exposure to low doses of DZN seen 

in the current study was not dramatic. Some of the behavioral impairment seen during 

younger adulthood such as with the novel object recognition test were not seen during 

later adulthood. However, there were both behavioral and neural effects that persisted 

into later adulthood after gestational DZN exposure point to lifelong consequences of this 

developmental exposure.

In addition to being able to assess the persistence and emergence of DZN effects on 

neurobehavioral performance, our findings also address the changes that accompany aging 

itself. As this study utilized a longitudinal design (i.e. the same animals were evaluated 

at the various ages), data from younger (adolescent-early adult) and middle-aged can 

be compared on a repeated measures basis, and reveal that certain tests are sensitive to 

differences in performance across these repeated testing windows. One apparent difference 

due to age was a shift in locomotor activation and habituation in the figure-8 maze. 

Middle-aged rats showed higher peak activity in the first time block when compared to 

young adults, followed by reduced activity in select time blocks during the first half of the 

session. This indicates that middle-aged rats are hyperstimulated initially, but habituate more 

quickly than younger rats. Additional changes were noted in novelty-suppressed feeding. 

Middle-aged rats weighed more and ate more food during the test, in fewer episodes, 

when compared to younger rats. In the first two cases, these effects were significantly 

higher among males than females. With respect to time spent eating, only males showed 

increases due to age. For the latency to eat, a primary indicator of novelty-suppression of 

consumption, middle-aged males ate sooner than younger males, and middle-aged females 

waited longer to eat than younger females. With respect to cognitive outcomes, aging-effects 

were noted on novel object recognition task, the radial arm maze task and signal detection 

task. Middle-aged rats spent less time investigating objects overall in the NOR. This did 

not prevent adequate object discrimination, but does indicate reduced engagement in the 

test. In the radial arm maze test, males showed improvements in the acquisition of working 

memory errors across the middle-aged training sequence, relative to the younger animals. 
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Females showed an aging-based increase in reference memory errors. In the signal detection 

task, middle-aged rats also showed enhanced accuracy for “hit” trials (cue present), the trials 

which generally show lower accuracy overall in both younger and middle-aged rats. These 

aging effects indicate that performance meaningfully changes across a longitudinal testing 

sequence, even when those phases of testing are quite far apart. Detrimental performance 

differences, such as those in initial hyperactivity in the figure-8 maze, NOR task engagement 

and reference memory errors, may indicate aging-related impairments in cognitive function. 

Enhanced performance, as seen on working memory errors and hit choice accuracy, may 

indicate long-term retention of strategies or cue-relations which support performance on 

these tests. However, as age is conflated with experience in this study, these changes 

across time cannot be definitively interpreted as specific effects of aging. However, previous 

studies investigating behavioral changes across adult development often observe comparable 

changes, and the present study adds new support to this literature.

Aging in rats is often associated with a decrease in locomotor activity, although the age 

of onset for these effects is mixed across studies activity (Willig 1987, Hebert 1998, 

Altun 2007, Salvatore 2016, Hamezah 2017). These studies generally agree that the most 

pronounced changes occur after 24 months of age, although less pronounced effects have 

been reported as young as 12–14 months of age (Hebert 1998, Salvatore 2016). These 

prior studies generally used open field rather than figure-8 style mazes and shorter testing 

sessions. The present study highlights that when tracking habituation within a fully enclosed 

maze, with no conflict between locomotor stimulation and avoidance of the open center, 

aging effects are present and time dependent across the session. Initial activity, rather than 

activity overall, appears to be the most sensitive aspect of locomotor activity for changes 

from 5 months to 1 year of life.

Age-related changes in affective function were also evident in our dataset. Aging accounted 

for an overall increase in eating during the novelty-suppressed eating test. Some of these 

changes may be attributable to increased body weight at middle-age, such as the increased 

total amount consumed, although the overall pattern of eating in this mildly-stressful 

environment is altered more generally. Both males and females engaged in fewer episodes 

of eating at the aged time point, while consuming more food (both males and female) 

over a longer period of time (males only). Although all rats gained weight and ate more 

food in fewer sessions, only males began eating sooner within the session. To the contrary, 

females waited longer to begin eating, suggesting that the appetite-suppressing effect of the 

novel environment is enhanced with age for females, and reduced with age for males. Prior 

studies have noted age-related enhancements in anxiety- or fear-like behaviors through aging 

(Darwish 2001, Pietrelli 2012, Hiew 2020), although the rat studies have used alternative 

procedures rather than the novelty-suppressed feeding test. In a study with mice, Joeyen-

Waldorf and colleagues (2009) reported that both males and females showed increased 

latencies to eat in the novelty-suppressed feeding test from 3 to 12 months of age. Overall, 

these results support the assertion that anxiety-like stress effects can grow with age. The 

unique finding in the current study is that in rats of a less advanced age (12 months, vs 

15–24 months in other anxiety/fear-like studies), females show an enhancement of eating 

latency, while males do not. This may suggest that males and females have different ages 

of onset for these aging effects. Alternatively, these may reflect a difference between males 

Hawkey et al. Page 13

Toxicology. Author manuscript; available in PMC 2023 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and females in any potential carryover effects from undergoing the same test twice, albeit 10 

months apart.

Cognitive changes across adult development have also been reported. As in our study, 

Marshall and colleagues (2019) reported reduced interest and investigation of objects in 

the novel object recognition task across aging, indicating reduced engagement in the task. 

Also as in our study, this reduction did not interfere with object discrimination. With 

respect to the radial arm maze, aging-related impairments in working memory and reference 

memory errors have been reported in middle-aged aged rats (18–24 months) (Chrobak 1995, 

Noda 1997, Shukitt-Hale 2004, Pietrelli 2012) but not at intermediate ages comparable 

to the current study (Shukitt-Hale 2004), although results have been mixed (Ward 1999). 

The present study suggests that as increases in reference memory errors due to age were 

restricted to female rats, so inclusion of females and analysis of sex differences may be 

critical to detecting memory deficits in earlier periods of the aging process.

In summary, the present study demonstrated that certain effects of prenatal DZN exposure 

persist into middle age and some emerge with more advanced age. A number of 

neurobehavioral anomalies continue to change as the animals transition from adolescence 

to young adulthood and thence to middle age. This reinforces the concern over the long-

term effects of early-life organophosphate exposures, specifically the worry that further 

deterioration may occur with aging.
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Figure 1. 
Diazinon effects on locomotor activity and its habituation in the Figure-8 apparatus (mean ± 

sem). (A) Locomotor activity at 5 months of age. (B) Locomotor activity at 1 year of age. 

(C) Linear habituation function for 5 month old rats. (D) Linear habituation function for 1 

year old rats. The higher 1.0 mg/kg/day DZN dose caused significant hypoactivity relative 

to controls during the blocks 12 (p < 0.05) at 5 months of age and hyperactivity in block 

4 (p < 0.05) at 1 year of age. 5 month old rats with 1.0mg/kg/day DZN exposure showed 

higher intercepts and steeper habituation slopes than controls in the linear analysis. No linear 

differences were detected in middle-aged adults.
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Figure 2. 
Diazinon effects on reference memory errors in the radial arm maze (mean ± sem). (A) 

Males with DZN exposure showed higher numbers of errors relative to controls in session 

block 2 (sessions 4–6) of the test phase (p < 0.05). (B) No treatment effects were detected in 

female rats.
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Figure 3. 
Diazinon effects on the visual signal detection test of attention (mean ± sem). Females with 

DZN exposure showed impaired overall choice accuracy relative to controls (p < 0.05). No 

treatment effects were detected in male rats.
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Figure 4. 
Effects of DZN exposure on DA and DOPAC levels and DOPAC/DA ratio (turnover): (A) 

DA in striatum, (B) DOPAC in striatum, (C) DOPAC/DA in striatum, (D) DA in frontal/

parietal cortex, (E) DOPAC in frontal/parietal cortex, (F) DOPAC/DA in frontal/parietal 

cortex. Assessments were made on at PN150 (5 months of age) and at ~PN450 (15 months 

age). Data represent mean ± SE obtained from 7–17 animals in each treatment group at each 

age. Where significant differences were found, posthoc Tukey tests were used to establish 

specific intergroup differences (brackets and asterisks). NS = not significant.
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