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Abstract

The organophosphorus insecticide chlorpyrifos (CPF) is suspected to cause developmental 

neurotoxicity in children leading to long term effects. Developmental exposure of rat pups to CPF 

at low levels disrupts degradation of the brain endocannabinoids through the inhibition of fatty 

acid amide hydrolase (FAAH) and decreases the reactivity of juvenile rats in an emergence test. In 

this study, we further investigated the effects of developmental CPF exposure on behavior but also 

included exposure to PF-04457845, a specific inhibitor of FAAH, for comparison of behavior 

altered by FAAH inhibition with behavior altered by CPF. Ten day old rat pups were exposed 

orally either to 0.5, 0.75, or 1.0 mg/kg CPF or 0.02 mg/kg PF-04457845 daily for 7 days. In an 

open field (day 23), the high CPF and PF-04457845 groups exhibited increased motor activity but 

no differences in the time spent in the field’s center. In an elevated plus maze (day 29), all 

treatment groups had increased open arm activity but ethological behaviors associated with anxiety 

were not altered. Behaviors in the maze associated with increased general activity and exploratory 

drive were increased. Social interactions (day 36) were measured and all treatment groups 

exhibited increased levels of play behavior. The similarities in behavior between PF-04457845 and 

CPF suggest that enhanced endocannabinoid signaling during the exposure period plays a role in 

the persistent alteration of behavior observed following developmental CPF exposure.
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INTRODUCTION

The organophosphorus (OP) insecticide chlorpyrifos (CPF) is the most commonly used OP 

insecticide (Grube et al., 2011). Concern has been raised about the negative impact of CPF 

exposure on the developing nervous system in children. While CPF is no longer registered 

for use in households in the United States, it is still widely used agriculturally and 

opportunities exist for children of agricultural communities to be exposed to CPF as well as 

other OPs (Arcury et al., 2007; Koch et al., 2002). In fact, developmental exposure to OP 

insecticides, such as CFP, is suspected to cause negative effects in children such as decreased 

motor skills, decreased cognitive abilities, and increased signs of attention deficit disorder 

and attention deficit/hyperactivity disorder (ADHD) (Bouchard et al., 2011; Butler-Dawson 

et al., 2016; Engel et al., 2011; Gunier et al., 2017; Marks et al., 2010; Ruckart et al., 2004; 

van Wendel de Joode et al., 2016).

At higher levels, OPs exert their toxicity through actions on the cholinergic system via the 

inhibition of cholinesterase (ChE) leading to accumulation of acetylcholine in the brain and 

hyperstimulation of the cholinergic system. However, long term negative effects have been 

observed with multiple OPs at exposure levels that induce only minimal levels of brain ChE 

inhibition and do not produce characteristic signs of cholinergic hyperactivity (Slotkin et al., 

2007; Slotkin et al., 2006; Timofeeva et al., 2008a; Timofeeva et al., 2008b). This has led to 

the hypothesis that the cholinergic system may not be the primary target especially with 

respect to a real world exposure scenario which would involve very low environmental levels 

of an OP. This non-cholinergic target is currently unknown.

Previous work in adult animals has shown that the endocannabinoid system is susceptible to 

the effects of OP exposure. Acute exposure of adult mice to high levels of CPF resulted in 

significant inhibition of fatty acid amide hydrolase (FAAH) and monoacyglycerol lipase 

(MAGL) which lead to the accumulation of their respective substrates, anandamide (AEA) 

and 2-arachiodonoylglycerol (2-AG) which are the two most common endocannabinoids 

present in brain (Nomura et al., 2008; Nomura and Casida, 2011; Quistad et al., 2006; 

Quistad et al., 2001; Quistad et al., 2002). These previous studies reported that FAAH was a 

more sensitive target for inhibition following high level CPF exposure than was ChE 

suggesting that FAAH inhibition may be important during developmental exposure to OP 

insecticides. Our studies extended this work and reported that the endocannabinoid system 

in developing animals is also susceptible to CPF exposure and found that FAAH inhibition 

and AEA accumulation occurs at exposure levels that do not alter brain ChE activity (Carr et 

al., 2013; Carr et al., 2011; Carr et al., 2014). The effect on endocannabinoid metabolism in 

the absence of effects on ChE activity suggests that the endocannabinoid system may be a 

non-cholinergic target. It is known that the endocannabinoid system plays a pivotal role in 

brain development since altering endocannabinoid signaling during brain development via 

exposure to exogenous cannabinoids results in long term neurological effects (for review see 
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Campolongo et al., 2011; Higuera-Matas et al., 2015). Thus, it is possible that altering the 

normal breakdown of endocannabinoids during brain development could also lead to long 

term negative effects including alteration of behavior.

Recently, we reported that exposure of preweanling rat pups to low levels of CPF results in 

decreased anxiety-like behavior in male and female rats tested during the early postweanling 

period (Carr et al., 2017). Previous studies have reported the effects of developmental 

exposure on anxiety utilizing the elevated-plus maze (Aldridge et al., 2005; Braquenier et 

al., 2010; Icenogle et al., 2004; Ricceri et al., 2006) and on social-anxiety utilizing social 

behavior measurements (De Felice et al., 2014; Ricceri et al., 2003; Venerosi et al., 2006; 

Venerosi et al., 2008; Venerosi et al., 2010; Venerosi et al., 2015). However, we are the first 

to report alteration of anxiety-like behavior at dosages that do not inhibit brain ChE. The 

behavioral task we measured was the emergence test which measures an animal’s conflict 

between exploring a novel environment and avoiding a brightly illuminated open space. 

However, a single test of anxiety does not give a true measure of an animal’s emotional state 

and testing with multiple behavioral tasks is necessary to fully characterize this state.

The overall objective of this project is to further investigate the effects of developmental low 

level exposure to CPF on anxiety-like behavior by administering additional behavioral tests. 

These included the open field, the elevated plus maze, and a social interaction test; all of 

which involve aspects of anxiety-related behavior (for review, see Ramos, 2008; Cryan and 

Sweeney, 2011; Steimer, 2011). In addition to anxiety, the social interaction test also 

measures investigative, solicitation, and play behaviors. However, the experiment includes 

two additional caveats. First, as initially reported by Hogg (1996), aversive test conditions, 

such as elevated light levels, can increase the sensitivity of rodents to potential anxiolytics. It 

has been demonstrated that during disruption of endocannabinoid metabolism (i.e., inhibited 

FAAH activity) anxiolytic effects become detectable when the testing conditions are made 

more aversive by non-habituation and increasing the illumination of the test arena (Haller et 

al., 2009; Naidu et al., 2007). Campolongo et al. (2012) reported altered novel object 

recognition under high (but not low) aversive conditions in rats whose endocannabinoid tone 

was pharmacologically enhanced with AM404, an endocannabinoid transport inhibitor. 

Therefore, for all behavior tests, the apparatus was highly illuminated to make it more 

aversive and no habituation to the apparatus or testing room occurred. Secondly, in addition 

to the three dosages of CPF used previously in our emergence test, we have included an 

additional treatment group that were exposed to a specific inhibitor of FAAH (PF-04457845) 

(Ahn et al., 2011) using a similar treatment paradigm as that used with CPF. This allowed us 

to determine if the behavioral effects observed following developmental CPF exposure were 

similar to those induced by the inhibition of FAAH during development.

MATERIALS AND METHODS

Chemicals.

Chlorpyrifos was a generous gift from DowElanco Chemical Company (Indianapolis, IN). 

PF-04457845 was purchased from MedChem Express (Monmouth Junction, NJ). All other 

chemicals were purchased from Sigma Chemical Co. (St. Louis, MO).
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Animal Treatment.

Animals were housed in an Association for Assessment and Accreditation of Laboratory 

Animal Care-accredited facility with temperature control (22 ± 2EC) and with lights on 

between 0700 and 1900 for a 12-h dark-light cycle. Tap water and LabDiet rodent chow 

were freely available during the experimentation. The procedures used in this project were 

approved by the Mississippi State University Institutional Animal Care and Use Committee. 

From a breeding colony of adult male and female Sprague Dawley rats (Hsd:SD; Envigo, 

Indianapolis, IN), male and female rat pups were obtained and the day of birth was 

considered as postnatal day 0 (PND 0). On PND 10, rat pups within the same litter were 

assigned to different treatment groups. There was always a representative control animal of 

the same sex present in each litter to match the CPF treated animals. This project used rats 

from 27 litters.

Oral gavage (per os) administration of CPF occurred daily from PND10-16 at a volume of 

0.5 ml/kg body weight. This time frame corresponds to the postnatal age in humans in which 

significant brain maturation occurs (Andersen, 2003; Counotte et al., 2011; Tau and 

Peterson, 2010). The dosages of CPF were designed to span the range between no inhibition 

of brain ChE and low inhibition of brain ChE (Carr et al., 2013; Carr et al., 2017; Carr et al., 

2011; Carr et al., 2014). However, it is unclear whether how these dosages relate to the 

actual exposure levels in children. It is likely that these exposure levels are much higher that 

would be expected in occur in children.

The CPF dosages selected for treatment were well below the oral repeated NOEL for signs 

of toxicity (4.5 mg/kg) for postnatal rats but span the oral repeated No Observed Effect 

Level (NOEL) for inhibition of brain ChE activity (0.75 mg/kg) as reported by Zheng et al. 

(2000). The treatment groups include (1) Control (corn oil); (2) Low CPF (0.5 mg/kg); (3) 

Medium CPF (0.75 mg/kg); High CPF (1 mg/kg); and PF-04457845 (0.02 mg/kg). The 

dosage of PF-04457845 was selected based on a preliminary dose response study (3 

replications) and the dosage was designed to yield inhibition of FAAH activity similar to 

that obtained with CPF exposure. However, the dose response curve for in vivo inhibition of 

FAAH by PF-04457845 is very steep (Ahn et al., 2011) and, as the experiment progressed, it 

became evident that the selected dosage was exerting slightly higher inhibition than 

intended.

For dosing, the solution was delivered to the back of the throat using a 25 μl tuberculin 

syringe equipped with a 1-inch 24-gauge straight intubation needle (Popper and Sons, Inc., 

New Hyde Park, NY). Each day, body weights were recorded and weight gain was 

calculated as the difference between the body weights on PND11-16 and the original body 

weight at initiation of treatment on PND10. Following the treatment period, handling of the 

rats continued throughout experimentation to allow marking of each animal for 

identification.

Impact on Endocannabinoid Levels and Metabolism.

We have previously determined the effect of CPF used in this study on endocannabinoid 

levels and metabolism (Buntyn et al., 2017; Carr et al., 2013; Carr et al., 2017; Carr et al., 
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2011; Carr et al., 2014) but have not determined these parameters in developing rats exposed 

to PF-04457845. Therefore, an additional cohort of rats was treated with either control (corn 

oil) or PF-04457845 (0.02 mg/kg) as described above. Following sacrifice at 12 h after the 

last administration on PND16, brains were rapidly removed and dissected to obtain the 

forebrain (excluding the medulla and cerebellum). The forebrain was divided into right and 

left hemispheres and frozen on a stainless steel plate on top of dry ice, and maintained at 

−80°C until assay. The right hemisphere was used to measure the activities of ChE, FAAH, 

and MAGL as previously described (Carr et al., 2011). Protein concentrations of tissue 

extracts were quantified with the Folin phenol reagent using bovine serum albumin as a 

standard (Lowry et al., 1951). Specific activities were calculated as nmoles (ChE) or pmoles 

(FAAH or MAGL) product produced min−1 mg protein−1 (n=11-17). The left hemisphere 

was used to determine the levels of the endocannabinoids AEA and 2-AG, and the levels of 

the non-cannabinoid N-acylethanolamides palmitoylethanolamide (PEA) and 

oleoylethanolamide (OEA) as previously described (Carr et al., 2013) with some 

modifications (Carr et al., 2017). The amounts are normalized on the brain wet weight and 

expressed as pmoles/g brain (AEA, OEA, and PEA) or nmoles/g brain (2-AG) (n=15-22). 

Additional unpublished values obtained from the forebrain of control and CPF treated 

animals using the same exposure paradigm and methods described above were available. 

These unpublished data along with the data obtained from the PF-04457845 cohort were 

combined with raw data previously published in Carr et el. (2013; 2014; 2017) and Buntyn 

et al. (2017) for statistical analysis. Inclusion of all these data in a single analysis provided a 

direct comparison of each parameter for all dosage groups.

Behavioral Testing.

Juveniles/adolescent rats were assessed for anxiety and locomotor activity in the open field 

(PND23), for anxiety-like behavior in the elevated plus maze (PND29), and for any 

alterations in social behavior (PND35-36). As described in the Introduction, the rats were 

not habituated to the behavior apparatuses or testing room prior to testing and each test was 

conducted under high illumination. On the day of testing, rats were individually transported 

to the testing room immediately prior to initiation of testing. The order and time period (6 

days) between tests was employed to reduce the interaction between tests (McIlwain et al., 

2001; Paylor et al., 2006).

Open field (PND23).—The open field was a clear plexiglass open-field (28 × 28 × 46 cm) 

with a black plexiglass barrier present between the experimenter and the apparatus. 

Illumination was ~700 lux. The rats were placed in the rear left corner of the open field and 

allowed to explore the box for 20 min. Movements were recorded using Limelight Software 

(Actimetrics, Wilmette, IL). The software divided the open field arena into 16 squares of 7 × 

7 cm. The central four squares were defined as the center zone, in which animals’ activity 

was regarded as a measure of emotionality (Prut and Belzung, 2003). The software recorded 

(a) total number of crosses across squares, (b) total distance traveled (cm), (c) crosses into 

the center zone, and (d) time spent in the center zone (sec) (n=42-46). Between each subject, 

the chambers were thoroughly cleaned and wiped down with 70% ethanol. Due to a 

computer malfunction, the open field data for 16 animals was not collected and unavailable 

for inclusion in the statistical analysis.
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Elevated plus maze (PND29).—The elevated plus maze was constructed of black-

painted wood and consisted of four arms (50×10 cm), two open and two enclosed (40 cm 

wall), intersecting at a 10 × 10 cm central square. The arms were perpendicular distances to 

each other to form a 90° angle and elevated to a height of 50 cm above the floor. 

Illumination was ~600 lux in the open arms and ~100 lux in the closed arms. The rats were 

placed in the central square of the maze and allowed to explore the maze for 5 min. Each test 

session was recorded using a remotely operated Canon EOS Rebel camera.

The videos were viewed by two independent observers who were blind to treatment. The 

observers scored the following behavioral parameters: (1) number of entries into the open 

arms, (2) number of entries into the closed arms, (3) time spent in the open arms (sec), (4) 

time spent in the closed arms (sec), and (5) time spent in the central square (sec). From these 

data, the (6) percent open arm entries and (7) percent open arm time were calculated. Also 

measured were: (8) number of crosses from closed arm to closed arm and (9) number of 

crosses from open arm to open arm were recorded. An arm entry was defined as when all 

four limbs of the rat were within the arm. In addition, the following ethological oriented 

parameters were scored: (10) number of stretch-attend postures (defined as exploration of 

the open arm with the front part of the body, while the hind region remains in the closed 

arm), (11) number of entry attempts (attempt at entry into open arms from the central square 

region by placing both front paws into the open arm followed by retraction), and (12) 

number of head-dips (protruding the head over the ledge of an open arm and downwards 

towards the floor regardless of the location of the animals body) (n=44-50). Between each 

subject, the maze was thoroughly cleaned and wiped down with 70% ethanol. One rat from 

the 0.5 mg/kg CPF treatment groups immediately entered the open arm upon being placed in 

the maze and remained in the same position for the duration of the test. This animal was 

removed from analysis. Due to a recording malfunction, the elevated plus maze data for 8 

animals was not collected and unavailable for inclusion in the statistical analysis.

Social behavior (PND35-36).—The behavioral arena was a clear plexiglass rat cage 

filled with clean litter. Illumination was ~600 lux. Each test session was recorded using a 

remotely operated Canon EOS Rebel camera. Following a 24 hour isolation period, two rats 

of the same treatment, sex, age and size but from different litters were placed into different 

corners of the behavioral apparatus. The rats remained in the arena together for 10 min. The 

videos were viewed by two observers who were blind to treatment. The observers scored 

behavioral parameters as previously described (Himmler et al., 2013; Ku et al., 2016; 

Vanderschuren et al., 1997; Varlinskaya and Spear, 2002). These include: (1) time to first 

interaction, (2) frequency of grooming, (3) frequency of social exploration (body or 

anogenital sniffing or licking), (4) frequency of crawling over and under, (5) frequency of 

chasing, (6) frequency of pouncing/nape attacks (playful attacks directed at the nape of the 

neck), (7) frequency of play fighting (boxing and wrestling), (8) frequency of pinning (one 

animal lying with its back on the floor with the other animal standing over it), and (9) the 

time spent play fighting (sec) (n=20-22). When scoring these parameters, the behavior of 

each individual rat was not recorded and the score obtained is a combined measure of the 

occurrence of the behavior in both rats regardless of which rat performed/initiated the 
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behavior. After each test, the litter from the cage was emptied, cleaned with 70% ethanol, 

dried, and refilled with fresh litter.

Western Blotting for the endocannabinoid receptors:

Immediately following behavioral testing, brains were extracted and frozen on dry ice. 

Brains were also collected from a matching cohort of non-behavioral animals. Frozen brains 

were sliced at 500 micron increments, and the brain regions of interest were collected by 

punching. These brain regions included the agranular insular cortex, amygdala, 

hippocampus, prelimbic cortex, and nucleus accumbens. The collected tissue was lysed in 

RIPA lysis buffer containing 0.01% phenylmethylsulfonyl fluoride (PMSF), 0.01% sodium 

orthovanadate, and 0.01% protease inhibitor cocktail. Total protein concentration was 

measured using the Bradford protein assay. The protein extracts containing same amount of 

protein were resolved by 6-20% polyacrylamide gel electrophoresis and then transferred to a 

polyvinylidene difluoride (PVDF) membrane. The proteins of interest were detected using 

rabbit-anti-rat primary antibodies against CB1 at a 1:1000 dilution, pCB1 at a 1:300 dilution, 

CB2 at a 1:300 dilution, or α-tubulin at a 1:300 dilution (Santa Cruz Biotechnology, Santa 

Cruz, CA) followed by a goat-anti-rabbit secondary horseradish peroxidase antibody at a 

1:500dilution (Sigma Aldrich, St. Louis, MO). PVDF membranes were developed using 4-

CN and DAB in conjunction and imaged using ChemiDoc XRS+ System with Image Lab 

Software (Bio-Rad). The bands were then quantified using ImageJ software (National 

Institutes of Health). CB1, pCB1, and CB2 levels were normalized based on the α-tubulin 

levels (n=8).

Statistical Analysis.

Statistical analysis was performed using SAS statistical package (SAS Institute Inc., Cary, 

NC). Weight gain was subject to sphericity testing by analysis of variance (ANOVA) using 

the general linear model with a repeated measures paradigm and found to violate the 

assumption of sphericity. Therefore, analysis was conducted using the Mixed procedure 

(Littell et al., 1996) with a repeat measures paradigm using a Huynh-Feldt covariance 

structure (Huynh and Feldt, 1970). The analysis identified significant differences in the main 

effects (sex, treatment, and day) and all possible interactions.

Enzyme specific activities, endocannabinoid levels, N-acylethanolamides levels, receptor 

levels, and behavioral data were analyzed by ANOVA using the Mixed procedure to 

determine significant differences in sex, treatment, and sex × treatment interactions. Prior to 

analysis, the distribution of the conditional residuals for all data was evaluated for each 

parameter to determine the appropriateness of the statistical model. Any parameter not found 

to be sufficiently normally distributed were subjected to Blom’s transformation in SAS 

using the PROC RANK procedure with the NORMAL option (Altman, 1990; Blom, 1958) 

prior to analysis. All analyses included litter and sex × treatment × litter as random effects. 

Mean separation was performed by least-square means. The criterion for significance was 

set at p < 0.05.
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RESULTS

Following repeated developmental exposure to either CPF or PF-04457845, there were no 

signs of overt toxicity or cholinergic hyperstimulation. With respect to weight gain, there 

was no significant overall effect of treatment or sex but there was a significant overall effect 

of day (p<0.0001) indicating significant growth over the period treatment. Weight gain 

following treatment is presented in Figure 1. The lack of effect on weight gain by the 

dosages of CPF used in this study is in agreement with our previous observations (Carr et 

al., 2017; Carr et al., 2011; Carr et al., 2014).

With respect to the effects of exposure on the activities of ChE, MAGL, and FAAH, there 

was no significant overall effect of sex and no significant sex × treatment interaction with 

any enzyme. Therefore, male and female data were pooled for analysis for each enzyme and 

results are presented in Table 1. There was a significant effect of treatment on ChE activity 

(F(4,113) = 22.97, p < 0.0001), MAGL activity (F(4,121) = 3.8, p = 0.0061), and FAAH 

activity (F(4,122) = 83.84, p < 0.0001). For ChE and MAGL, significant inhibition was only 

observed in the 1.0 mg/kg CPF treatment group. For FAAH, significant inhibition was 

present in all four treatment groups. The impact of this enzyme inhibition on the levels of 

the endocannabinoids AEA and 2-AG and the non-cannabinoid N-acylethanolamides PEA 

and OEA was also determined. There was no significant overall effect of sex and no 

significant sex × treatment interaction with either AEA, 2-AG, PEA, or OEA. There was a 

significant effect of treatment on the levels of 2-AG (F(4,110) = 4.63, p = 0.0017), AEA 

(F(1,145) = 19.39, p < 0.0001), OEA (F(4,105) = 28.35, p < 0.0001), and PEA (F(4,94) = 17.65, 

p < 0.0001). A significant increase (28%) in the levels of 2-AG was observed in the 1.0 

mg/kg CPF treatment group with no effects observed with the lower CPF treatments or with 

PF-04457845. AEA, OEA and PEA levels were significantly increased in all four treatment 

groups.

Open field (PND23).

With respect to locomotor activity in the open field, there was a significant overall effect of 

treatment for both total number of grid crosses (F(4,186) = 3.78, p = 0.0056) and distance 

traveled (F(4,186) = 5.1, p = 0.0006). There was no significant overall effect of sex and no 

significant sex × treatment interaction. Therefore, male and female data for each parameter 

were pooled for post hoc analysis. There was a significant increase in the number of grid 

crosses (Figure 2A) in the 1.0 mg/kg CPF treatment group (p=0.0095) and the PF-04457845 

treatment group (p=0.0046) but no effects in the 0.5 or 0.75 mg/kg CPF treatment groups. 

There was a significant increase in the distance traveled (Figure 2B) in the 1.0 mg/kg CPF 

treatment group (p=0.0049) and the PF-04457845 treatment group (p=0.0015) but no effects 

in the 0.5 or 0.75 mg/kg CPF treatment groups. There were no significant effects on the 

number of crosses into the center zone (Figure 2C) or the time spent in the center zone 

(Figure 2D).

Elevated plus maze (PND29).

With respect to performance in the elevated plus maze on PND29, there was no significant 

overall effect of sex and no significant sex × treatment interaction in any parameter. 
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Therefore, male and female data for each parameter were pooled for post hoc analysis when 

treatment alone was significant (numerical data presented in Table 1). There was a 

significant overall effect of treatment for the number of entries into the open arms (F(4,201) = 

5.63, p = 0.0003), the amount of time spent in the open arms (F(4,201) = 5.85, p = 0.0002), 

percent open arm entries (F(4,201) = 2.57, p = 0.0394), and percent open arm time (F(4,201) = 

4.94, p = 0.0008). All three CPF treatment groups and the PF-04457845 treatment group had 

significantly higher numbers of entries into the open arms (Figure 3A) and spent 

significantly more time in the open arms (Figure 3B) as compared to the control group. 

When calculated as a percent of the total, all three CPF treatment groups and the 

PF-04457845 treatment group exhibited a significantly higher percent of open arm entries 

(Figure 3C) and percent time spent in the open arm (Figure 3D). These data suggest that all 

treatment groups had reduced levels of anxiety-like behavior possibly bordering on 

anxiolytic behavior.

However, there was also a significant overall effect of treatment for the amount of time spent 

in the closed arms (F(4,201) = 7.68, p < 0.0001), the number of entries into the closed arms 

(F(4,201) = 5.93, p = 0.0002), the total number of arm entries (F(4,201) = 6.83, p < 0.0001), 

and the number of central crosses (F(4,201) = 5.53, p=0.0003). As compared to controls, all 

three CPF treatment groups and the PF-04457845 treatment group spent significantly less 

time in the closed arms, made significantly higher numbers of entries into the closed arms, 

made significantly higher number of total arm entries, and made higher number of central 

crosses (Table 1). For the higher number central crosses, the increase was due to an increase 

in both the number of crosses from closed arm to closed arm (F(4,201) = 3.96, p = 0.0041) 

and the number of crosses from open arm to open arm (F(4,201) = 3.56, p = 0.0079) (Table 

1). While not detected in the open field, the higher number of total arm entries and central 

crosses suggest that the rats in the treated groups had a higher overall activity levels 

compared to controls.

Stretch-attend postures, entry attempts, and head-dips in the open arms are ethologically 

relevant behaviors that are considered measures of the animal’s assessment of risk. There 

were no significant differences in the number of stretch-attend postures between treatment 

groups (Table 1) but there was a a significant overall effect of treatment for the number of 

attempts to enter the open arms (F(4,201) = 3.01, p < 0.0195) and the number of head-dips 

made from the open arms (F(4,201) = 5.54, p < 0.0003). All three CPF treatment groups and 

the PF-04457845 treatment group made significantly more attempts to enter the open arms 

(Figure 3E) and significantly more head-dips (Figure 3F) than did controls. These data are 

consistent with the higher overall activity levels observed in the treatment groups.

Social Interactions (PND35).

With respect to social interactions, there was no significant overall effect of sex and no 

significant sex × treatment interaction in any parameter. Therefore, male and female data for 

each parameter were pooled for post hoc analysis when treatment alone was significant. 

There was no significant effect for the time to first interaction, the frequency of grooming, 

the frequency of social interactions, or the frequency of pouncing/nape attacks. The 

frequency of pinning was over twice as high in the treatment groups as compared to control 
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but due to high variability, it was not statistically significant. At the level of significance of p 
≤ 0.1, there was a difference in the frequency of chasing, (F(4,82) = 2.05, p = 0.0951). All 

treatment groups exhibited a higher frequency of chasing with the 0.5 mg/kg CPF treatment 

group (p ≤ 0.0132) and the specific FAAH inhibitor treatment group (p ≤ 0.0184) being 

significantly different from controls while the 0.75 mg/kg CPF treatment group (p ≤ 0.0971) 

and the 1.0 mg/kg CPF treatment group (p ≤ 0.0968) trending towards significance (Figure 

4A). However, there was a significant overall effect of treatment for the frequency of 

crawling over and under, (F(4,82) = 3.82, p = 0.0067), the frequency of play fighting (boxing 

and wrestling), (F(4,82) = 6.26, p = 0.0002), and the time spent playing (F(4,82) = 9.28, p = 

0.0001). All treatment groups exhibited a significantly greater frequency of crawling over 

and under (Figure 4B) and of play fighting (Figure 4C) than did controls. In addition, once 

play fighting was initiated, all treatment groups spent significantly more time engaged in 

play fighting (Figure 4D) as compared to the controls.

CB1 Receptor Phosphorylation.

Immediately following completion of social play, the levels of the CB1 and CB2 receptors 

and the level of phosphorylation of the CB1 receptor were determined in selected brain 

regions. There were no changes in the levels of the CB1 or CB2 receptors either between 

control and treatment rats or between social play and non-behavioral rats in any of the five 

brain regions studied (data not shown). There was an increased level of CB1 receptor 

phosphorylation in rats who been engaged in social play as compared to non-behavioral rats 

in all the five brain regions. This was expected as it has previously been reported (Trezza et 

al., 2012) but there were no effects of CPF on CB1 phosphorylation (data not shown).

DISCUSSION

The biochemical data indicate that exposure to exposure to dosages of CPF (0.5 and 0.75 

mg/kg CPF) that do not inhibit ChE do not inhibit MAGL or result in an increase of its 

substrate 2-AG. Likewise, exposure to PF-04457845 does not inhibit MAGL or alter 2-AG 

levels. The three dosages of CPF inhibited FAAH in a dose dependent manner and resulted 

in an increase in the levels of AEA in a dose dependent manner. Exposure to 0.02 mg/kg 

PF-04457845 resulted in a higher inhibition of FAAH and accumulation of AEA. This 

specific inhibition of FAAH and accumulation of AEA agrees with the current thought that 

FAAH is the primary enzyme responsible for the hydrolysis of AEA. FAAH is also 

responsible for the hydrolysis of the non-cannabinoid N-acylethanolamides 

palmitoylethanolamide (PEA) and oleoylethanolamide (OEA). All dosages of CPF and 

PF-04457845 led to the accumulation of both of these compounds. OEA and PEA are lipids 

structurally related to AEA but, unlike AEA, they do not activate CB1 receptors. Instead, 

they are primarily agonists at the nuclear peroxisome proliferator-activated receptor alpha 

(PPARα) (Fu et al., 2003; LoVerme et al., 2005). While AEA is an agonist to the CB1 

receptor, it has also been reported to bind to the PPARα receptor (Sun et al., 2007). 

Historically, the PPARα was considered to mainly regulate fatty acid metabolism. However, 

many recent studies have demonstrated that PPARα activation has an influence on many 

neurological functions (Campolongo et al., 2009; D’Agostino et al., 2015; Guida et al., 
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2017; Jiang et al., 2017; Luchicchi et al., 2010; Mazzola et al., 2009a; Scheggi et al., 2016) 

but it not clear if these compounds play a role in brain maturation.

Exposure to the highest dosage of CPF increased locomotor activity in the open field. This 

finding is in agreement with a previous report using the same dosage (1 mg/kg) administered 

at a similar developmental age (Ricceri et al., 2003). As we have reported previously (Carr et 

al., 2013; Carr et al., 2017), exposure to this level of CPF results in significant inhibition of 

ChE. Since there was no inhibition of ChE or change in locomotor activity observed with the 

two lower dosages of CPF, it could be hypothesized that this increased level of activity was a 

lingering effect of the ChE inhibition. However, exposure to the specific FAAH inhibitor 

PF-04457845 also increased locomotor activity. This increase is in contrast to previous 

reports where acute exposure of adults to the FAAH inhibitor URB597 did not alter motor 

activity (Hill et al., 2007; Mazzola et al., 2009a, b) and repeated gestational/neonatal 

exposure to URB597 did not alter motor activity in the adult offspring (Wu et al., 2014). It is 

also in contrast to the previous report of decreased locomotor activity in adult animals 

exposed to URB597 during adolescence (Macri et al., 2012). Thus, it appears that the timing 

of exposure during development can result in different effects with respect to locomotor 

activity. Our data do suggest that inhibition of FAAH, at levels of 60% or higher, during the 

preweanling juvenile period can result in increased locomotor activity when measured 

during the preadolescent period. However, this exposure scenario does not appear to 

decrease anxiety levels since it did not result in more time spent in the center zone of the 

open field which is considered as a marker of reduced anxiety.

In the elevated plus maze, the increased number of open arm entries and greater time spent 

in the open arms in rats treated with both CPF and the specific inhibitor of FAAH suggest 

reduced anxiety-like behavior. Our previous reports also suggested this for CPF (Carr et al., 

2017). However, in the open field, the highest dosage of CPF and PF-04457845 increased 

locomotor activity. In the EPM, all four treatment groups also appeared to exhibit increased 

activity levels as indicated by the increased total number of closed arm entries and number 

of central crosses. Thus, the increased open arm activity could be merely the result of 

increased spontaneous activity. It is difficult to simply declare decreased anxiety levels 

because of this difficulty in dissociating increased spontaneous activity from anxiolytic 

behavior. The ethological risk assessment behaviors have been proposed to be sensitive 

measures related to anxiety on the elevated plus maze (Rodgers and Cole, 1993; Rodgers et 

al., 1999). Of these behaviors, the treated rats exhibited increased episodes of head dipping. 

In a factor analysis study on the elevated plus maze, increased head dipping loaded 

positively on the reverse of anxiety factor (Cruz et al., 1994) suggesting that the treated rats 

in our study had a lower level of anxiety. However, it has been suggested that head dipping 

may be a direct measure of exploration and may be influenced more by changes in 

exploratory drive than by anxiety (Brown et al., 1999; File, 2001; Weiss et al., 1998). An 

increased exploratory drive could explain the increased locomotor activity and concurrent 

open arm activity that we observed. Stretch attend postures, another ethological behavior 

associated with anxiety (Cruz et al., 1994), were not statistically different between control 

and treated rats. Stretch attend postures can be considered a measure of risk assessment; that 

is, a behavior designed to gather information of potentially threatening situation (Blanchard 

and Blanchard, 1989; Grewal et al., 1997; Molewijk et al., 1995). The similarities in stretch 
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attend postures in the different treatment groups imply that all of the animals, both control 

and treated, perceived the situation similarly and possibly were experiencing similar levels 

of anxiousness. However, it could be that increased exploratory drive in the treated rats made 

them less concerned about the potentially threatening situation and more willing to actively 

take risks and enter the open arms.

The literature contains multiple reports of developmental CPF exposure resulting in altered 

social behaviors in mice. Many of these involve either gestational exposure or combined 

gestational-postnatal exposure followed by the assessment of adult social behavior (De 

Felice et al., 2015; De Felice et al., 2014; Venerosi et al., 2006; Venerosi et al., 2015). 

Several studies did utilize an exposure period (PND11-14) similar to the one used in this 

study but assessed social behavior in adults rather than adolescents (Venerosi et al., 2008; 

Venerosi et al., 2010). In our study, the most significant effects on social behavior were 

altered social play parameters. In rats, social play emerges during the late preweanling 

period and its frequency continues to increase to its peak during adolescence (PND28-40) 

after which it declines with the onset of sexual maturity (Pellis and Pellis, 1997; 

Vanderschuren and Trezza, 2014). Thus, age differences in the time of measuring of social 

behavior make direct comparison of our results to other studies difficult. More importantly, 

mice, unlike rats, do not engage in complex social play except in a very rudimentary form 

(Bell, 2018; Pellis and Pasztor, 1999; Ricceri et al., 2007) which also makes comparisons 

difficult. However, one study did utilize a similar exposure period (PND11-14) to ours and 

measured social interactions during a similar period (PND45) (Ricceri et al., 2003). Similar 

to our study, this study reported no effects on non-social behavior (i.e., grooming) or 

investigative behaviors (i.e., social investigation) but did observe increased solicitation 

behaviors (i.e., chasing and crawling over/under). This suggests some effects are similar 

across these species.

Previous work has demonstrated that increasing anandamide levels either by administration 

of either the FAAH inhibitor URB597 or the endocannabinoid uptake blocker VDM11 

enhances social play in adolescent rats (Manduca et al., 2014; Trezza et al., 2012; Trezza 

and Vanderschuren, 2008a, b, 2009). However, in all of these studies, social behavior was 

measured immediately following a single administration of each compound which would 

have resulted in accumulation of endocannabinoid levels during the period of behavioral 

testing. Our previous data involving juvenile CPFs exposure (PND10-16) indicates that the 

FAAH activity and endocannabinoid levels return to levels similar to that of controls with a 

few days following cessation of exposure (Carr et al., 2013). This suggests that the 

endocannabinoid levels in the brain would be at normal levels during the time that we 

conducted behavioral testing in this study. However, this does not imply that the exposure 

did not have a lasting effect. In fact, there are a few reports on the persistent effects of 

developmental effect of FAAH inhibition. Repeated adolescent exposure to the FAAH 

inhibitor URB597 resulted in altered levels of the CB1 receptor in adult rats (Marco et al., 

2009) and decreased locomotor activity and decreased performance in a food reward 

progressive operant behavior in adult mice (Macri et al., 2012). Gestational/perinatal 

exposure to URB597 did not alter locomotion, anxiety, or sensorimotor gating in adult mice 

but did increase depressive-type behaviors, decrease spontaneous alternation, and decreased 

place preference for a passive reward (Wu et al., 2014). While none of these studies involved 
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exposure during the developmental period utilized in the present study, a consensus in these 

studies was that inhibition of FAAH during development can induce subtle changes in 

behavior during latter life. The changes in adolescent behavior following inhibition of 

FAAH during juvenile ages observed in the present study support this premise.

Of interest, Wu et al., (2014) suggested that gestational/perinatal inhibition of FAAH altered 

the function of the reward circuits in adults as evidenced by the decreased conditioned place 

preference for cocaine. Reward is mediated by the dopaminergic, endocannabinoid, and 

opioid systems. The roles of these systems in social play have been well described (Trezza 

and Vanderschuren, 2008a, b, 2009). Social play is generally enhanced by increased activity 

in the opioid, endocannabinoid, or dopaminergic systems. The activity of the dopaminergic 

system modulates the effect of endocannabinoids on social play. Opioid and 

endocannabinoid neurotransmission also interact in the modulation of social play suggesting 

that the effect of each neurotransmitter system on social play is regulated by other 

neurotransmitter systems (Trezza and Vanderschuren, 2008b). In fact, the endocannabinoid 

system plays an important role in the maturation of multiple neurotransmitter systems 

including the opioid and dopaminergic system as evidenced by the findings where 

developmental exposure to exogenous cannabinoids altered the maturation of multiple 

neurotransmitter systems (Fernandez-Ruiz et al., 2004).Thus, any alteration in the 

endocannabinoid signaling during development may lead to alterations in the functions of 

other neurotransmitter systems that play a role in reward. This being said, the increased 

levels of social play in adolescents observed after juvenile CPF and PF-04457845 treatment 

could be the consequence of altered maturation of the functional circuits of the opioid or 

dopaminergic systems or even another neurotransmitter system. However, the molecular 

mechanisms responsible for this altered behavior are still unclear.

In conclusion, we have demonstrated previously that the developmental exposure to low 

levels of CPF inhibits endocannabinoid metabolism resulting in accumulation of 

endocannabinoids and disrupts anxiety-like behavior in preadolescent rats (Carr et al., 2017). 

In this study, we utilized additional behavioral tests to attempt to confirm this effect on 

anxiety since a single behavioral test does not provide a clear picture of anxiety related 

behavior. However, we report here that developmental exposure to CPF does not alter 

anxiety but rather increases exploratory behavior and increases social play. These behavioral 

changes occurred even though the testing occurred under aversive conditions which should 

have suppressed these behaviors. We also demonstrate that exposure to PF-04457845 

significantly inhibits FAAH and results in accumulation of AEA, OEA, and PEA shortly 

after exposure which is similar to what is observed following CPF exposure. Identification 

of the mechanisms responsible for this altered behavior will be a focus in future studies. One 

important finding of this study is that a similar pattern of adolescent behavioral alterations 

was induced as a result of treatment of juveniles with either CPF or PF-04457845. This 

strongly supports the hypothesis that one mechanism responsible for many of the persistent 

effects associated with developmental CPF exposure is the inhibition of brain FAAH that 

occurs during the exposure.
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Highlights

• Chlorpyrifos (CPF) is an organophosphorus insecticide and suspected 

developmental neurotoxicant.

• Repeated exposure of juvenile rats to CPF alters the adolescent pattern of 

behavior including increased exploratory behavior and increased social play 

behaviors.

• Similar biochemical effects and adolescent behavioral alterations were 

induced as a result of treatment of juveniles with either CPF or the specific 

fatty acid amide hydrolase (FAAH) inhibitor PF-04457845.

• Our data suggest that the inhibition of brain FAAH that occurs during the 

exposure is one mechanism responsible for many of the persistent effects 

associated with developmental CPF exposure.
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Figure 1. 
Body weight gain of rat pups exposed daily from postnatal day 10 through 16 to either corn 

oil (control) 0.5, 0.75, or 1.0 mg/kg chlorpyrifos (CPF) or 0.02 mg/kg PF-04457845, a 

specific inhibitor of FAAH. Values are expressed as weight gain ± SE (n=44-50).
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Figure 2. 
Total number of crosses (A), distance traveled (B), crossings in the center zone (C), and time 

spent in center zone (D) of rats tested in an open field as described in the Materials and 

methods. Behavior was measured on postnatal day 23 following daily exposure from 

postnatal day 10 through 16 to either corn oil (control) or 0.5, 0.75, or 1.0 mg/kg 

chlorpyrifos (CPF) or 0.02 mg/kg PF-04457845, a specific inhibitor of FAAH. Values are 

expressed as mean ± SE (n=42-46). Bars indicated with an asterisk (*) are statistically 

significant (p ≤ 0.05) from control.
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Figure 3. 
Open arm entries (A), time spent in open arms (B), open arm time (% of total) (C), and time 

in the open arms (% of total) (D), attempts to enter open arms (E) and frequency of head 

dips (F) of rats tested in an elevated plus maze as described in the Materials and methods. 

Behavior was measured on postnatal day 29 following daily exposure from postnatal day 10 

through 16 to either corn oil (control) or 0.5, 0.75, or 1.0 mg/kg chlorpyrifos (CPF) or 0.02 

mg/kg PF-04457845, a specific inhibitor of FAAH. Values are expressed as mean ± SE 

(n=44-50). Bars indicated with an asterisk (*) are statistically significant (p ≤ 0.05) from 

control.
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Figure 4. 
Frequency of chasing (A), frequency of crawling over and under (B), frequency of play 

fighting (C), and time spent play fighting (D) of rats tested in a social interaction test as 

described in the Materials and methods. Behavior was measured on postnatal day 35 

following daily exposure from postnatal day 10 through 16 to either corn oil (control) or 0.5, 

0.75, or 1.0 mg/kg chlorpyrifos (CPF) or 0.02 mg/kg PF-04457845, a specific inhibitor of 

FAAH. Values are expressed as mean ± SE (n=20-22). Bars indicated with a double asterisk 

(**) are statistically significant (p ≤ 0.1) and bars indicated with an asterisk (*) are 

statistically significant (p ≤ 0.05) from control.
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