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Abstract: 

 Acute toxicity of the organophosphorus insecticides (OPs) chlorpyrifos (CPF) and 

malathion (MLT) results from irreversible inhibition of acetylcholinesterase (AChE). 

However, prenatal exposures to CPF and MLT levels that do not cause substantial AChE 

inhibition have been associated with neurodevelopmental disorders in children, 

particularly boys. Preclinical studies have shown that developmental exposures of rodents 

to low levels of CPF also result in sexually dimorphic learning and memory impairments. 

The finding that cognitive deficits observed in male guinea pigs prenatally exposed to 

subacute doses of CPF correlate with an increase of GABAergic transmission in 

hippocampal CA1 pyramidal neurons.  

 The first part of this study was designed to model in vitro this CPF-induced 

increase in GABAergic transmission. To this end, rat primary hippocampal cultures were 



 
 

exposed for 5-6 days to CPF (3-300 nM) or vehicle starting at different times after 

plating. Subsequently, excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs) 

were recorded from voltage-clamped neurons approximately one week after the end of 

the exposures.  The IPSC frequency was significantly higher in neurons of cultures 

exposed to 30 nM CPF than in neurons of vehicle-exposed cultures. This in vitro model 

becomes unique for studies aimed at identifying mechanisms that underlie the 

developmental neurotoxicity of CPF. Previous studies reported that i) CPF interacts with 

the cannabinoid receptor type 1 (CB1R) both directly and indirectly, and ii) CB1R plays a 

regulatory role in synaptogenesis. To determine whether CB1Rs contribute to CPF-

induced increase in GABAergic transmission, primary hippocampal cultures were 

exposed to CPF or vehicle with or without the CB1R antagonist AM4113 for 5-6 days.. 

Results presented here reveal that AM4113 mimicked the effect of CPF on GABAergic 

transmission and that there is no synergistic or additive effect between CPF and AM4113. 

These results suggest that CPF affects synaptogenesis by directly or indirectly decreasing 

the tonic activity of CB1Rs.  

 The second part of this study was designed to demonstrate the developmental 

neurotoxicity of MLT in an animal model. Pregnant guinea pigs were exposed to a MLT 

dose regimen that induced no significant brain or blood AChE inhibition (20 mg/kg/day, 

~gestation days 53 to 62). When tested in the Morris water maze, prepubertal male and 

female guinea pigs that had been prenatally exposed to MLT presented learning and 

memory deficits. To our knowledge this is the first demonstration of a cause-effect 

relationship between prenatal MLT exposures and postnatal cognitive deficits. The 

finding that spatial learning and memory deficits following prenatal MLT exposure 



 
 

resemble those following prenatal CPF exposure suggest that a common off-target 

mechanism may underlie the developmental neurotoxicity of both OPs. 
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1. Introduction 

1.1. Organophosphorus Insecticides 

1.1.1. Overview 

Organophosphorus (OP) insecticides have long been some of the most heavily 

used pest-control agents throughout the world. While their overall use in the United 

States of America (US) has declined since 2000 (Atwood and Paisley-Jones 2017), they 

are still prevalent in the US and abroad. In fact, a US Geological Survey (USGS) 

estimated that two of the most commonly used OP compounds, chlorpyrifos (CPF) and 

malathion (MLT), accounted for 6 to 10 million pounds of agriculturally applied 

insecticides as recently as 2016 (US Department of the Interior, 2018a, 2018b). In the 

same year, CPF was also among the top ten insecticides quantified in organic produce 

across the European Union (EU) and had the highest number of exceedances of the acute 

reference dose (ARfD) in tested crops (EFSA 2018). According to Dow Agro Sciences 

LLC, one of the major manufacturers of CPF, the insecticide is currently registered for 

use in 100 countries and is applied worldwide to about 8.5 million crops yearly (Dow 

Chemical 2018).  

In 2016, MLT was an active ingredient in approximately 1 to 1.5 million pounds 

of OP insecticides applied to US agricultural crops (US Department of the Interior 

2018b); however, it was the fourth most commonly applied pesticide in the home and 

garden market sector just four years earlier, with an EPA estimate of up to 3 million 

pounds of MLT used for in-home applications in 2012 (Atwood and Paisley-Jones 2017). 

Additionally, MLT is approved by the US Food and Drug Administration (FDA) for 

medical treatment of pediculosis and scabies. Pediculosis is widespread, and while there 
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is evidence that there are no specific countries in which head lice are especially prevalent, 

areas with poor hygienic environments and overcrowding worldwide do see a higher 

prevalence of cases of lice (Falagas et al. 2008). In these areas, MLT is typically 

employed to combat the infestations despite evidence of MLT resistance in head lice 

across the globe ( Downs et al. 1999; Kristensen et al. 2006; Kasai et al. 2009). 

Continued use of MLT exposes potentially vulnerable populations (especially children) to 

direct contact with the compound. 

OP insecticides are popular due to their ease of application, low cost, and high 

effectiveness against insects. They play an important role in global food production. The 

annual loss of crops due to pests, weeds, and disease is approximately 33% (OECD-FAO 

2012) and would likely be much higher without insecticides generally, and CPF and MLT 

specifically. However, while CPF and MLT are effective in battling pest infestation of 

crops, homes, and bodies, they also pose serious health issues to humans, and their many 

applications offer a wide variety of ways in which individuals can experience OP 

insecticide exposure. In fact, the U.S. Environmental Protection Agency (EPA) banned 

household use of CPF in the US because the exposures to low levels of this insecticide 

have been associated with increased risks of developmental delays and intellectual 

disabilities in children (reviewed in Burke et al., 2017). 

1.1.2. Modes of Exposure 

The three primary modes of exposure to OP insecticides are intentional (or 

suicidal), occupational, and incidental. There are reported cases of individuals attempting 

suicide by intentionally ingesting CPF and other OP insecticides orally. In 2007, there 

were eight fatalities following over-exposure to OP insecticides in the US (Bronstein et 
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al. 2010). Suicides from OP poisoning are, however, much more common in rural areas 

of Asian countries, including Sri Lanka, India, and China (Eddleston and Phillips 2004). 

It is currently estimated that OP insecticide self-poisoning accounts for more than 

100,000 deaths annually (Eddleston 2019).While intentional OP poisonings can result in 

death, they are not as common as occupational exposures.  

Agricultural workers who frequently handle CPF and MLT experience greater 

risk of exposure than the general population. During application, workers absorb the 

compounds dermally or via inhalation (Cruz Márquez et al. 2001; Cattani et al. 2001; 

Machera et al. 2002; Farahat et al. 2010). Worldwide, many cases have been reported of 

farmers becoming ill after applying CPF or MLT to crops (Baker et al. 1978; Van Der 

Hoek and Konradsen 2006; El-Nahhal 2017). Even workers who do not handle the 

compounds themselves are vulnerable to potential exposure. In 2017, for example, 12 

agricultural workers were hospitalized in California following CPF drift from an aerial 

spray on a nearby field (Philpott 2017). Most of the population is more likely to 

experience incidental exposures to CPF and MLT. 

 Despite the attempts to limit CPF exposure by banning its use in homes in the US, 

individuals living in both agricultural and non-agricultural regions are at risk of being 

exposed to this insecticide. This risk also applies to MLT because of its broad-spectrum 

uses. These insecticides can be ingested via dietary intake or absorbed via contact with an 

OP insecticide-contaminated environment. Dietary exposure was explored in a 2008 

study from Lu et al.(Lu et al. 2008). According to that study, CPF and MLT metabolites 

were the most frequently detected insecticide metabolites in a group of children aged 3 to 

11 in the Seattle, Washington area. When those children were restricted to a diet of foods 
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that were never treated with CPF or MLT, the measured metabolites significantly 

decreased in 5 days. It must be noted that both CPF and MLT degrade naturally and these 

metabolite levels may not indicate exclusive exposure to the insecticides, but rather 

exposure to the metabolite or a combination of insecticide and metabolite (ATSDR 2003; 

Morgan et al. 2011). Nevertheless, the sudden drop in metabolite detection is indicative 

of potential reduction of dietary exposure. Additionally, a study in North Carolina using 

the actual parent compound as a biomarker of exposure discovered that dietary ingestion 

is a primary route for childhood exposures to CPF (Morgan et al. 2014). 

Contaminated environments also pose a risk of insecticide exposure. Houses are 

commonly contaminated with both OP agents. In a survey conducted across the United 

States from June 2005 to March 2006, CPF was found in dust and contaminated surfaces 

of 78%, while MLT was detected in approximately 15% of the surveyed homes (Stout et 

al. 2009). It should be noted that in-home MLT application has risen since the survey was 

conducted (Atwood and Paisley-Jones 2017) and that MLT is a common pesticide-of-

choice for fast eradication of invasive insect species, which can lead to contamination 

around the home as applications often occur in residential neighborhoods. Ultra-low-

volume aerial spray of MLT has been used to combat medflies in southern California and 

fruit flies in Florida. It has also been used to fight mosquitoes carrying Rift Valley Fever 

in Saudi Arabia and West Nile Virus in New York (Clayton and Sander 2002). While 

these applications are rare, MLT residue levels in fields immediately following aerial 

spray far exceed permissible values; however, given MLT’s short half-life, those levels 

return to ranges considered non-toxic in as few as four days post-application (Gupta et al. 
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1980). Given the rarity of its use, aerial spray is of lesser concern than home or dietary 

incidental exposures, but precautions should be taken around the time of application. 

 Cause for concern in potential incidental exposures extends to the fetuses of 

pregnant women, particularly those living in areas where these insecticides are frequently 

used. In fact, as alluded to earlier and discussed in Chapter 1.3., developmental 

deficiencies have been associated with low-dose exposures, referred to as subacute 

exposures, to OP insecticides, especially CPF. Fetuses are at risk of exposure because OP 

insecticides are lipophilic and, consequently, can easily cross placental barriers (Salama 

et al.  1993; Akhtar et al. 2006). 

 All of these possible routes of exposure increase the potential for OP insecticide 

poisoning. It is, therefore, important to understand the different clinical signs associated 

with OP exposures and mechanisms leading to OP toxicity. 

1.2 Acute Toxicity of OP Compounds 

Individuals exposed to high doses of OP insecticides can experience a range of 

clinical signs, including salivation, lacrimation, urination, diarrhea, emesis, increased 

bronchosecretions, and skeletal muscle fasciculation, weakness and paralysis, in addition 

to restlessness, dizziness, and seizures (Waseem et al. 2010). These toxic effects are 

primarily caused by the ability of the oxon metabolites of the OP insecticides to 

irreversibly inhibit acetylcholinesterase (AChE), the enzyme responsible for the 

hydrolysis of acetylcholine (ACh) (Dharmani and Jaga 2005; Krstic et al. 2008). 

Chlorpyrifos oxon (CPO) and malaoxon (MLO) can enter the active site of AChE and 

phosphorylate the hydroxyl group of the serine residue in the catalytic triad of the 
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enzyme (Colovic et al. 2013), rendering the enzyme catalytically inactive. Although the 

parent compounds can also inhibit AChE, they are far less potent than their oxon 

metabolites. This inhibition then leads to a buildup of ACh that causes overactivation of 

metabotropic muscarinic acetylcholine receptors (mAChRs) and ionotropic nicotinic 

acetylcholine receptors (nAChRs) in the peripheral and central nervous systems, resulting 

in the aforementioned toxidrome. The cholinergic crisis induced by CPF, MLT, and other 

OP compounds is treated with a conventional antidotal therapy consisting of atropine to 

block mAChRs, an oxime (generally pralidoxime) to reactivate OP-inhibited AChE, and 

a benzodiazepine (diazepam or midazolam), as needed, to halt convulsions (Peter et al. 

2007; Buckley et al. 2011). 

While AChE inhibition is considered the primary mechanism underlying the acute 

toxicity of OP insecticides, AChE-independent mechanisms also contribute to the acute 

toxicity of these insecticides. Operating under the hypothesis that AChE inhibition is the 

sole mechanism of acute OP toxicity, mice with a null mutation in the AChE gene would 

be resistant to the acute toxicity of OP compounds. Instead, these animals experience a 

similar cholinergic crisis at lower doses of OP compounds than wild type mice 

(Lockridge et al. 2005).  

AChE-independent mechanisms are also reported to contribute to the detrimental 

health effects that have been associated with exposure of the developing brain to OP 

insecticide levels that are well below those needed to cause substantial inhibition of 

AChE. 

1.3 Developmental Neurotoxicity Associated with OP Insecticides 
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Evidence has been mounting for a couple of decades now that indicate a correlation 

between OP insecticide exposure during brain development and neurological 

dysfunctions later in life. What started as correlative longitudinal epidemiological studies 

now includes preclinical studies that, in addition to being critical to establish cause-effect 

relationships between developmental exposures to specific OP insecticides and postnatal 

neurobehavioral deficits, are essential for the identification of potential mechanisms that 

underlie the developmental toxicity of these insecticides.  

1.3.1 Epidemiological Studies 

 One of the most widely cited studies investigating significant associations between 

fetal CPF exposure and neurological deficits during childhood was conducted by the 

Columbia University’s Center for Children’s Environmental Health (CCEH). A cohort of 

mothers from urban areas of New York City were recruited to have CPF levels measured 

in their umbilical cord blood. Their children were then followed up throughout 

development and assessed for neurological functions via a battery of examinations. CPF 

exposures resulting in cord blood levels of the compound greater than 6.17 pg/g at the 

time of birth correlated with a number of developmental issues, including reduced birth 

weight and length (Perera et al. 2003), impaired cognition and motor function as well as 

an increased likelihood in attention deficit hyperactive disorder at age 3 (Perera et al. 

2003), working memory deficits and lower full-scale intelligence quotient scores at the 

age of 7 (Rauh et al. 2015), and tremors at age 11 (Rauh et al. 2015). Population studies 

of different cohorts have also reported that prenatal CPF exposures, assessed by 

proximity of mother’s residence to agricultural sites that use this insecticide, are 

associated with poor verbal comprehension and increased risk of autism spectrum 
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disorders in children (Roberts et al. 2007; Shelton et al. 2015; Gunier et al. 2017; Von 

Ehrenstein et al. 2019).  

 In another study from the CCEH, structural abnormalities in discrete brain regions of 

children were correlated with even lower prenatal CPF exposures (Rauh et al. 2012). 

Specifically, cord blood concentrations exceeding 4.39 pg/g correlated with enlargement 

of the mesial surface of the superior frontal gyrus bilaterally, as well as cortical thinning 

in the frontal and parietal cortices. In addition, the full-scale intelligence quotient has 

previously been correlated with surface area of a number of brain regions, primarily the 

superior temporal, inferior frontal, inferior precentral and inferior postcentral gyri 

bilaterally as well as the precuneus of the left hemisphere. In the children experiencing 

exposures resulting in cord blood levels of CPF greater than 4.39 pg/g, these correlations 

were either absent or reversed, particularly among boys. This study indicates that the 

structural integrity of the brains of children exposed in utero to CPF can serve as a 

marker for neurological deficits following prenatal CPF exposures.  

 Some studies have, however, reported limited or no relationship between in utero 

CPF and/or MLT exposure and neurological dysfunctions in children. For instance, 

Phillippat et al (Philippat et al. 2018) found no correlation between prenatal CPF 

exposures, assessed by levels of the CPF metabolite concentration in maternal urine, and 

increased risk of autism spectrum disorder (ASD). The Bayley-Scales of Infant 

Development Second Edition also failed to detect neurodevelopmental deficits in a cohort 

of children living in an agricultural region of California, tested from ages 6 to 24 months, 

despite consistent CPF and MLT metabolite measurements in the urine of both mothers 

and children (Eskenazi et al. 2007). Finally, evaluating ASD incidence in a cohort of 
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children from California found little evidence of increased risk of ASD traits based on 

proximity to agricultural regions (Eskenazi et al. 2007; Sagiv et al. 2018).  

 It has been argued that associations between prenatal subacute CPF exposures and 

developmental disorders in children maybe spurious because: (i) epidemiological and 

clinical studies have not unambiguously established a cause-effect relationship between 

prenatal CPF exposures and health outcomes in children, and (ii) the mechanism(s) 

accounting for the effects of CPF in the developing brain remain unknown (Eaton et al. 

2008; Reiss et al. 2015). However, it is difficult to ignore the notion that gestational CPF 

exposures pose health risks to children because, following the 2001 government-

mandated ban of residential CPF use in the U.S., umbilical cord blood CPF levels in a 

cohort of urban minorities in New York City dropped to levels that no longer associated 

with reduced weight or length at birth (Whyatt et al. 2004). In addition, in that cohort, 

infants born after the ban had significantly better Mental Development Index and 

Psychomotor Development Index scores than those born before the ban (Rauh et al. 

2006). Finally, as discussed below, results from preclinical studies strongly support the 

concept that the developing mammalian brain is very sensitive to low levels of CPF and 

other OP insecticides, although the question of how low-level exposures to these 

insecticides disrupt the functional and structural integrity of the developing brain remains 

unanswered.  

1.3.2 Preclinical Studies 
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 Using different animal models, exposure paradigms, and tests, numerous studies 

have examined the neurobehavioral deficits induced by subacute developmental 

exposures to OP insecticides. As discussed below, most of these studies focused on CPF. 

1.3.2.1 In Vivo 

1.3.2.1.1 Findings from Altricial Species: Rats and Mice 

Most in vivo studies of the effects of OP insecticides on the developing 

mammalian brain have been carried out in rats and mice. Because of the short gestation 

time (~21 days) and large litters of rats and mice, studying the effects of in-utero and/or 

lactational exposures to xenobiotics in the developing brain can be completed in a 

relatively short period of time. Rats and mice are also more widely available than some 

alternative animal models. Additionally, behavioral assays have been validated and 

widely used in many rat and mice strains, allowing for easier comparisons and 

interpretations of the behavioral results across studies. Genomic sequences have also 

been well established in many rat and mouse strains, making genetic manipulation easier 

in those models. Finally, breeding, handling, and maintenance are manageable with rat 

and mouse models. However, these models present some limitations. First, the maternal 

and fetal circulation are separated by a single layer of trophoblasts in humans and by 

three layers of trophoblasts in rats and mice (Mess 2007). Therefore, the fetal 

toxicokinetics of chemicals can be pronouncedly different during gestation in humans vs. 

rats and mice, making it difficult to compare doses of toxicants administered to pregnant 

rats or mice with levels of toxicants in incidental environmental exposures of pregnant 

women. Second, the temporal brain development of rats and mice is not comparable to 

that of humans. Specifically, in humans and other precocial species, the period of fetal 
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brain growth spurt, which is characterized by rapid neurogenesis followed by rapid 

proliferation of glial cells, myelination, synaptogenesis, and dendritic arborization, begins 

in the last third part of pregnancy and peaks either before or around birth (Dobbing and 

Sands 1979). By contrast, in rats and mice, the period of fetal brain growth spurt begins 

at the end of gestation and peaks around the end of the first postnatal week (Dobbing and 

Sands 1979). The brain growth spurt is often referred to as the most vulnerable period of 

brain development, when exposure to malnutrition, stress, and teratogenic agents (e.g. 

alcohol, nicotine) has long-term consequences on neurobehavior (Bonthius and West 

1991; Byrnes et al. 2001; Hansen, Rehfeld, and Nielsen 2000; Kapoor and Matthews 

2008). Thus, many studies carried out in mice and rats focus on exposures that take place 

during the early postnatal days (PND1-4), which include the fast-ascending portion of 

their brain growth spurt. Others focus on exposures that begin at early gestation and end 

around postnatal day 21.  

Exposures of the developing brain to CPF have been shown to cause cognitive 

deficits and locomotor impairments in both mice and rats. The effects are dependent on 

the timing and dosage of exposure, age of the animals at both exposure and testing, as 

well as the species. For example, rats exposed to 1 mg/kg/day (subcutaneous (s.c.)) of 

CPF on postnatal days (PND) 1-4 had decreased locomotor activity in the open field test 

at PND21 and PND30 compared to age- and sex- matched control rats (Dam et al. 2000), 

while rats undergoing the same exposure paradigm presented no dysfunction in their 

locomotion in the figure 8 apparatus on PND35 ( Levin et al. 2001). Alternatively, rats 

exposed neonatally to the same dose of CPF had increased locomotor activity in the 

elevated plus maze at PND52-53 (Aldridge et al. 2005). These locomotion behavioral 
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experiments highlight both the compound’s ability to alter neurological function and the 

dependency of age both at the time of exposure and the time of testing for the negative 

effects of subacute CPF exposure to present themselves. 

Behavioral deficits following CPF exposure are not limited to locomotion. 

Through a variety of learning and memory tasks, it is apparent that fetal and neonatal 

subacute exposures to CPF affect the ability of both mice and rats to learn and remember 

specific tasks. As with the locomotor paradigms, dose regimen, species, time of exposure, 

and testing age all differ across the varied studies; additionally, each experiment found 

sex-specific effects, but the affected sex was not consistent in all tests. For example, 

female mice exposed during gestational day (GD) 17-20 and tested at PND60 in the 

foraging maze had deficits in their spatial learning and memory (Haviland et al.  2010). 

Likewise, female rats exposed to the same dose regimen (1 or 5 mg/kg/day s.c.; GD17-

20) and testing in young adulthood presented spatial learning and memory deficits in the 

16-arm radial maze ( Levin et al. 2002). By contrast, cognitive deficits were detected in 

young adult male rather than female rats that had been exposed to a similar dosing 

regimen (1 mg/kg/day s.c.) at PND1-4 instead of GD17-20 presented cognitive deficits  

(Aldridge et al. 2005). In this study, not only did males experience a decrease in their 

spatial learning and memory compared to their control counterparts, but exposed females 

performed better than age- and sex-matched controls (Aldridge et al. 2005). 

Very little is known about the behavioral deficits following developmental MLT 

exposures, and, based on a number of studies, the developmental neurotoxicity of OP 

insecticides is compound specific (Burke et al. 2017). To date, preclinical  research on 

MLT has been carried out in rats and mice subjected to exposures at adulthood and has 
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focused on carcinogenic (Reuber 1985; Cabello et al. 2001; Błasiak et al. 1999; Moore et 

al. 2010), hepatic (Malik and Summer 1982), hematologic (Kaplan and Glaczenski 1965; 

Kundu and Roychoudhury 2009), and reproductive (Espinoza-Navarro and Bustos-

Obregón 2005; Choudhary et al. 2008; reviewed by Joshi and Sharma 2011) effects. In 

addition, studies that have assessed neurobehavioral outcomes following developmental 

MLT exposures typically examined the effects of exposure levels that resulted in 

significant AChE inhibition. For example, in 2011, Acker et al. reported that rats exposed 

to MLT (200 mg/kg/day, p.o.) from postnatal day (PND) 12 through 14 presented on 

PND15 decreased motor coordination and strength in the rotarod and the forelimb 

support tests. The motor impairments correlated with the degree of AChE inhibition in 

the brains of those rats (Acker et al. 2011). In 2019, Ouardi et al. reported that, following 

exposure to a dose of MLT that neither induced overt signs of acute toxicity nor caused 

significant inhibition of brain AChE activity (15 mg/kg/day, p.o., gestation day 6 through 

PND21), 3-4-week-old mice presented anxiety-related behavior and impaired social 

interactions in open field tests (Ouardi et al. 2019).  

Studies carried out in zebrafish larvae have, however, demonstrated that early 

embryonic exposures to very low MLT concentrations (10 nM-1 µM), which are devoid 

of any significant effect on AChE activity in this species, increased larvae swimming 

speed and suppressed their resting behavior (Richendrfer and Creton 2015). The zebrafish 

is a unique model organism that is increasingly being used in the assessment of 

evolutionary conserved mechanisms of such psychiatric conditions as attention deficit 

and hyperactive disorder (ADHD) (Fontana et al. 2019). The hyperactivity seen in 

zebrafish embryonically exposed to low levels of MLT suggests that developmental 



14 

 

exposures to this insecticide may be causally related to increased risk of ADHD in 

children. 

Some studies have demonstrated that MLT affects certain forms of memory; 

however, these studies, too, have been restricted to exposures of adult animals and, in 

some instances, to doses that significantly inhibit AChE activity. For example, Valvassori 

et al (2007) reported impairments in aversive-memory retention in the inhibitory 

avoidance task in adult rats that were subjected to either a single exposure or repeated 

exposures for 28 consecutive days to MLT (25-150 mg/kg, i.p.). The memory 

impairments detected following the repeated exposures to MLT could be related to the 

AChE inhibition induced by those exposures. However, the impairments observed 1 h 

after a single exposure to MLT could not, because at this time AChE activity in MLT-

exposed animals was comparable to control (Valvassori et al. 2007). Exposure of adult 

mice to MLT also impaired their performance on a spatial memory task. Specifically, 

repeated MLT injections (30 mg/kg/day, s.c., for 16 days) in adult mice decreased the 

time the animals spent in the displaced object area in an object recognition task, 

indicative of spatial memory impairment, while having no significant effect on AChE 

activity in the hippocampi of the exposed animals (dos Santos et al. 2016). While these 

exposures did not occur during neurodevelopment, the resulting effects point to MLT’s 

ability to disrupt the functionality of the neurological pathways responsible for different 

forms of learning and memory. The question remains as to whether MLT exposure during 

neurodevelopment would result in cognitive deficits later in life. 

 Results from studies conducted in altricial species have been instrumental in 

demonstrating that the detrimental effects of different OP insecticides, especially CPF, on 
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the developing brain are heavily dependent upon exposure times, doses, testing model, 

and sex. However, they do not address the question as to whether in-utero exposures to 

OP insecticides equally affects the developing brain in species whose brain growth spurt 

begins at mid-gestation, like in humans. It is in this context that guinea pigs, a precocial 

species whose temporal brain development and placentation closely resemble those of 

humans (see below), emerged as a valuable translational model for assessment of the 

developmental neurotoxicity of OP insecticides. 

1.3.2.1.2 Findings from Precocial Species: Guinea Pigs 

There are three distinct features that make the guinea pig a unique model for 

evaluation of the effects of in-utero OP exposures on the developing brain. First, guinea 

pigs, like humans, are precocial in their neurodevelopment, in that they are born with 

mostly fully formed brains with the brain growth spurt and sex differentiation occurring 

during well-defined gestation stages (Dobbing and Sands 1979). Specifically, in precocial 

mammalian species, including humans and guinea pigs, the first period of sexual 

differentiation of the brain occurs during early fetal life, whereas in altricial species, 

including rats and mice, it takes place during the perinatal and early postnatal life 

(MacLusky and Naftolin 1981; Hines 2011; Lenz et al.  2012). In humans (term 40 

weeks), the initial sexual differentiation of the brain is estimated to occur between 8-24 

weeks of gestation (Hines 2011). In guinea pigs (term ~65 days), this event takes place 

between gestation days 30 and 37 (MacLusky and Naftolin 1981). In rats (term 21 days), 

on the other hand, the event starts around GD18 and continues through PND 10 (Lenz et 

al. 2012). In addition, in humans and guinea pigs, the period of brain growth spurt begins 

mid-gestation, whereas in rats and mice it is predominantly a postnatal event, spanning 



16 

 

from birth into the third postnatal week, with its peak occurring around PND7-10 

(Dobbing and Sands 1979). Therefore, exposing guinea pigs in utero at specific 

pregnancy times can target well-defined prenatal stages in brain maturation that closely 

resemble those in humans. Second, levels of circulating carboxylesterases in guinea pigs 

and humans are markedly lower than those in rats and mice (reviewed in Pereira et al. 

2014). This makes the susceptibility of humans to toxic effects following OP exposure 

more comparable to that of guinea pigs than rats or mice. Finally, like humans, guinea 

pigs have hemomonochorial placenta (Mess 2007), making biological transfer of 

chemicals between mother and fetus more accurately modeled in guinea pigs than in rats 

or mice.  

In studies from our laboratory designed to assess the neurodevelopmental deficits 

following in-utero exposure of guinea pigs to CPF, the dosing regimen was carefully 

considered to mimic environmental and/or occupational exposures to levels of the 

insecticide that do not trigger acute toxicity. Dosing was around 5% of the CPF’s LD50 

(25 mg/kg/day, s.c., in peanut oil for 10 days) to ensure no overt signs of toxicity. 

Injections were given subcutaneously to capture the repetitive and, potentially, sustained 

nature of dermal exposures, which constitute one of the most common forms of exposure 

to insecticides in the environment. Finally, CPF was injected once a day in pregnant dams 

between ~GD53 and 63 to target the period of fetal brain growth spurt and rapid 

myelination (Dobbing and Sands 1970). Within 24 h after birth (generally 1-2 days after 

the last CPF dose or vehicle), red blood cell (RBC) AChE was 75% lower in CPF- than in 

vehicle-exposed dams and offspring (Mamczarz et al. 2016). The degree of RBC AChE 

inhibition detected in the CPF-exposed animals closely approximated the 40-80% 
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inhibition detected in workers occupationally exposed to the insecticide (Ames et al. 

1989; Lakew and Mekonnen 1998; Ohayo-Mitoko et al. 1999; Farahat et al. 2011; 

Singleton et al. 2015). Given that RBCs do not synthesize proteins, as they do not have a 

nucleus, recovery of AChE activity is dependent on RBC replacement in circulation 

which occurs after approximately 120 days (D’Alessandro et al. 2010). This high degree 

of inhibition is, therefore, unsurprising, despite no accompanying overt signs of toxicity, 

and provides a cumulative marker of continued exposure rather than a snapshot of 

immediate exposure effects. On the day of birth (generally within 24 h after the last 

injection), AChE activity in the brains of offspring that had been prenatally exposed to 

CPF was comparable to that of control offspring (Mamczarz et al. 2016). 

 Male and female guinea pigs born to dams that had been exposed to CPF or 

vehicle (peanut oil, 0.5 ml/kg, s.c., GD53-63) were allowed to mature to prepubertal ages 

(PND35-38), when they were trained in the Morris water maze (MWM). Essentially, 

animals were trained to locate and escape onto a hidden platform in a water maze using 

only visual cues surrounding the maze. Animals were trained over five days, undergoing 

four trials a day in which their entrance into the pool was randomized. Using time and 

distance swam to escape onto the platform as measures of spatial learning, control males 

outperformed their female counterparts; however, CPF exposure affected males more 

pronouncedly than females, and the task lost its sexually dimorphic nature (Mamczarz et 

al. 2016). Further studies were conducted in both sexes to try and understand underlying 

effects that may be correlated with the poor MWM performance. 

Brain volume and structural integrity was investigated via in vivo magnetic 

resonance imaging (MRI) (Mullins et al. 2015). The imaging methods were employed to 
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explore brain volume (T2-weighted imaging) as well as anisotropy and diffusivity, both 

of which measures provide important information regarding the structural integrity of the 

brain. Prenatal CPF exposure significantly decreased the anterior forebrain volume of the 

adult guinea pigs. Additionally, there was a strong direct correlation between mean 

escape latency in the MWM (a learning index) and the mean and radial diffusivity in 

three brain regions known to play a critical role in cognitive processing, the striatum 

(reviewed by (Rolls 1994)), amygdala (reviewed by LeDoux 2007) and corpus callosum; 

longer escape latencies (i.e., poor learning performance) were associated with large radial 

diffusivity in all three regions (reviewed by Hinkley et al. 2012). Additionally, a 

significant decrease in fractional anisotropy in these same three regions of exposed 

female guinea pigs was correlated with their poor performance in the MWM. The 

anisotropy and diffusivity results indicate potential deficits in structural integrity of a 

number of microstructures, including cellular membranes, axons, and myelin sheaths. To 

better understand the cause of the structural deficits, a luxol fast blue stain was conducted 

on the tested animals to measure myelination in the areas of interest. A significant 

decrease in the luxol fast blue signal in the lateral amygdala suggested that reduction of 

myelination contributes to the isotropic changes seen in the amygdala of CPF-exposed 

animals. These results align with those reported by Rauh et al (2012), who correlated 

disruption in structural integrity of the brains of children exposed to CPF in utero and 

poor performance in the FSIQ. From this work stems the hypothesis that decreases in 

axonal integrity via demyelination in the striatum, amygdala, and corpus callosum of 

adult female guinea pigs prenatally exposed to CPF is causally related to their impaired 

spatial learning. 
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 To understand what may have caused the learning deficit in male guinea pigs 

prenatally exposed to CPF, their brains were harvested after the end of the behavioral 

testing (when the animals were approximately 60-75-days old) for either 

electrophysiological recordings or immunohistochemical analysis of the functional and 

structural integrity of the hippocampus. The hippocampus is vital for cognitive 

processing, including processing of spatial learning and memory (reviewed by Sutherland 

and Rudy 1989 and further considered below). The CA1 field of the hippocampus 

projects to the entorhinal cortex and is considered to be the main output of the 

hippocampus proper (reviewed by Knierim 2015). Understanding changes in the CA1 

field are important for understanding the mechanism underlying CPF’s disruption of 

spatial learning and memory. 

Whole-cell patch clamp electrophysiology was employed to elucidate changes in 

inhibitory postsynaptic currents (IPSCs) and/or excitatory postsynaptic currents (EPSCs) 

in pyramidal cells of the CA1 region of the hippocampus of CPF-exposed guinea pigs. 

The electrophysiology experiments revealed that neither frequency nor amplitude of 

EPSCs recorded from CA1 pyramidal neurons was affected by the prenatal CPF 

exposure. However, the frequency of both spontaneous inhibitory postsynaptic currents 

(IPSCs) and miniature IPSCs (mIPSCs) were higher in the CA1 pyramidal neurons of 

CPF-exposed male guinea pigs than in neurons of vehicle-exposed animals (Burke 2016). 

The finding that the amplitudes of those signals remained unaffected indicated an 

increase in presynaptic release of the inhibitory neurotransmitter γ-aminobutyric acid 

(GABA). Of major interest, the increased frequency of IPSCs was significantly correlated 

with the poor learning performance of guinea pigs in the Morris water maze (Burke 
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2016). Thus, the increased synaptic inhibitory tone provides a surrogate measure of the 

developmental neurotoxicity resulting from prenatal CPF exposure. While these findings 

provide a foundation for continued studies aimed at elucidating mechanisms likely to 

contribute to the cognitive deficits resulting from developmental exposures to CPF, 

studies are still to be performed to test the hypothesis that MLT is a developmental 

neurotoxicant.  

1.3.2.2 In Vitro studies 

As discussed below, several lines of evidence indicate that both neurogenesis and 

synaptogenesis, which are cellular endpoints that shape the structural and functional 

integrity of the brain, are disrupted by CPF and MLT in vitro. 

Disruption of neurogenesis and synaptogenesis at the early stages of brain 

development can have long-lasting detrimental effects on the mature nervous system. 

Briefly, neurogenesis begins with neural tube formation during which cell proliferation of 

progenitor cells increases (Bayer et al. 1993). Following this increased proliferation of 

progenitor cells, and once the pool of progenitor cells has increased substantially, cellular 

differentiation begins. It is at this stage that cells differentiate into either neurons 

(neurogenesis) or glial cells (gliogenesis). Neurons undergo final changes to reach their 

post-mitotic state and then proceed to migration and integration during which time they 

translocate to their ultimate destinations and begin synaptogenesis. Synaptogenesis is 

necessary for developing and fine-tuning communication between neurons within and 

across brain regions. Differentiated neurons begin synapse formation by extending a 

growth cone from their axons and dendrites. This pre-synaptic growth cone is directed by 

a series of specialized attractor or detractor chemotrophic factors released from post-
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synaptic growth cones. The axonal growth cones of the presynaptic neuron gravitate 

towards their attractor dendritic growth cone via interplay of extracellular matrix 

proteins, cellular adhesion proteins, microtubules and actin. Once in contact with the 

post-synaptic growth cone, aided by cooperation of pre-synaptic transmitter release and 

post-synaptic filopodia (Nimchinsky et al. 2002), the presynaptic growth cone releases 

neurotransmitters that create protein recruitment, inducing postsynaptic organization 

(reviewed by Sanes and Lichtman 2001). This entire process relies on a complex back-

and-forth between a vast array of transmitters, receptors, and proteins of both the pre- and 

post-synaptic membranes (reviewed by Munno and Syed 2003). Disrupting any of these 

processes can have profound consequences for neuronal functioning not only at the time 

of disruption but later in neurodevelopment or even into adulthood. Potential effects of 

OP insecticides on this delicate process have been widely studied via in vitro techniques. 

At concentrations insufficient to significantly inhibit AChE activity, CPF and its 

oxon metabolite inhibit axonal outgrowth in primary cultures from both rat and mouse 

dorsal root ganglion (Sachana et al. 2001; Yang et al. 2008). In addition, CPF 

concentrations that do not inhibit AChE activity have opposing effects on axons versus 

dendrites by inhibiting axonal growth and growth cone extension, while increasing 

dendrite length in rat superior cervical ganglion neurons (Howard et al. 2005). Since 

timing of axonal and dendritic outgrowth is key to the establishment of proper synaptic 

connectivity in the brain (Munno and Syed 2003), these effects of CPF could be 

important determinants of the abnormally elevated GABAergic tone observed in the 

hippocampus of guinea pigs prenatally exposed to this insecticide (Burke 2016). 
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Via unknown AChE-unrelated mechanisms, CPF has also been shown to alter 

stem cell differentiation, specifically increasing differentiation of embryonic neural stem 

cells into neuronal phenotypes while suppressing their differentiation into glial 

phenotypes (Slotkin et al. 2016). Recent work from our laboratory further revealed that 

CPF concentrations that do not inhibit AChE activity affect neurodifferentiation in the 

human neuroblastoma cell line SH-SY5Y. Specifically, a 7-day exposure of SH-SY5Y 

cultures to 3 μM CPF caused an increase in cells expressing the mature neuron marker 

NeuN and a decrease in cells expressing the neuroprogenitor cell marker nestin, 

indicating the insecticide’s ability to increase neuronal differentiation in this system 

(Todd 2017). 

Effects on neurodifferentiation and synaptogenesis following subacute MLT 

exposure are slightly less straightforward. While MLT does not significantly affect 

neurite outgrowth in PC12 cells (Christen et al. 2017), it does inhibit proliferation, 

differentiation, and even viability of 3D neurospheres formed by rat cortical progenitor 

cells (Salama et al. 2015). It must be stated that the neurospheres were exposed to a range 

of MLT concentrations for 14 days, and that every concentration tested resulted in 

significant inhibition of AChE activity. Despite these qualifiers, the results do indicate 

MLT’s potential to disrupt dendrite morphology and, potentially, synaptic connectivity. 

However, as is common with MLT research so far, questions remain around its potential 

to affect these processes at concentrations insufficient to significantly inhibit AChE 

activity. 

Identification of potential molecular mechanisms that underlie the detrimental 

effects of OP insecticides in the immature nervous system is critical to elucidate why the 
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developing brain is so vulnerable to these insecticides. Knowledge of these mechanisms 

can also guide regulatory agencies in a more adequate assessment of health risks posed 

by prenatal OP exposures. Although OP levels associated with neurodevelopmental 

disorders are generally well below the threshold for AChE inhibition, RBC AChE 

inhibition continues to be one of the measures used to derive safety limits of OP 

exposures (Atwood and Paisley-Jones 2017). Finally, a detailed understanding of the 

molecular mechanisms by which CPF disrupts the structural and functional integrity of 

the developing brain is needed for future hypothesis-driven studies aimed at identifying 

prophylactic or therapeutic interventions for childhood disorders associated with these 

exposures. 

1.4 The Endocannabinoid System and the Developmental Neurotoxicity Induced by 

CPF  

As developmental neurotoxicants, OP insecticides cannot be considered as a class 

of chemicals that act through a common mechanism of action because previous studies 

have reported that exposure of developing organisms to different OP insecticides triggers 

distinct effects. For instance, neonatal exposures to CPF (1 mg/kg/day, s.c.; PND1-4) 

cause up-regulation of the serotonin (5HT) receptor subtypes 5HT1 and/or 5HT2 in 

different brain regions of male and female rats, with males being more affected than 

females. On the other hand, similar neonatal exposures to the OP insecticide diazinon 

(0.5 mg/kg/day, s.c.; PND1–4) cause down-regulation of 5HT1 receptors in the brain of 

male adult rats (Slotkin et al. 2008). This section introduces findings supporting the 

hypothesis that the developmental neurotoxicity of CPF may be accounted, at least in 

part, by its actions on the endocannabinoid (eCB) system. 
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Previous studies have reported that CPF can directly interact with and/or modify 

the activity of numerous molecular targets, which include but are not restricted to the 

cannabinoid receptor type I (CB1R) and fatty acid amide hydrolase (FAAH), the enzyme 

that hydrolyzes the endocannabinoid anandamide (AEA) (Jett and Lein 2006; Terry 

2012; Burke 2016). CPF and CPF-oxon have been shown to inhibit FAAH, and, 

consequently, increase eCB levels in the brain ( Quistad et al. 2006; Carr et al. 2011; Carr 

et al. 2013; Liu et al.  2015). In addition, with potencies in the low µM and low nM 

ranges, CPF and CPF-oxon, respectively, have been shown to displace binding of 

cannabinoids to CB1Rs (Huff et al. 1994; Quistad et al. 2002). Because high levels of 

CB1Rs and FAAH are present in the developing brain well before establishment and 

maturation of synaptic connections, actions of CPF and/or CPF-oxon on the eCB system 

could contribute to the sensitivity of the developing nervous system to this OP 

insecticide. 

Independently of its well-known ability to modulate synaptic transmission, the 

eCB system plays a critical role in several aspects of neural development, from 

neuroprogenitor cell proliferation to synaptogenesis.  For instance, CB1R activation has 

been shown to promote neuroprogenitor cell proliferation (Aguado et al. 2005; Berghuis 

et al. 2007; Mulder et al. 2008), and, while long-term exposures to CB1R agonists favor 

the differentiation of neuroprogenitor cells into mature neurons, short-term exposures to 

these agonists drive the differentiation of neuroprogenitor cells into glia (Soltys et al. 

2010). At late stages of fetal brain development, axonal growth cones also express high 

levels of CB1Rs whose activation by eCBs restricts axonal elongation and guides 

postsynaptic target selection (Berghuis et al. 2007). In addition, recent studies have 



25 

 

reported that, in part via stimulating microglia-induced phagocytosis of newborn 

astrocytes in neonatal rats, CB1R and CB2R activation shapes the sexual differentiation of 

the developing amygdala and juvenile play behavior (Argue et al. 2017; VanRyzin et al. 

2019). Thus, sexual dimorphism of eCB signaling in the developing brain could also 

contribute to the sex-biased effects of CPF on neurodevelopment. 

As discussed earlier, a 7-day-exposure of SH-SY5Y cultures to CPF 

concentrations that caused no significant inhibition of AChE and were not cytotoxic (1-3 

µM) promoted the differentiation of neuroprogenitor cells to neurons (Todd 2017). Of 

interest, a maximally effective concentration of the neutral CB1R antagonist AM4113 

(0.1 µM) had no significant effect on neurodifferentiation in SH-SY5Y cultures. 

However, in the presence of AM4113, CPF failed to alter neurodifferentiation in those 

cultures (Todd 2017). This finding strongly suggested that CPF-induced increase in 

neurodifferentiation in SH-SY5Y cultures is mediated at least in part by CB1Rs. This 

same study revealed that immediately after the continuous exposure of the SH-SY5Y 

cultures to CPF, phosphorylation of p38, which is known to be induced following CB1R 

activation (Derkinderen et al. 2001), as well as phosphorylation of one of its downstream 

targets, MSK, were elevated. p38 belongs to the family of mitogen activated protein 

kinases (MAPKs) and MSK is a mitogen- and stress-activated kinase (hence MSK). p38 

plays a primary role in promoting neurodifferentiation during brain development 

(Nebreda and Porras 2000). Thus, it is not surprising that, in the presence of an inhibitor 

of p38 activity, CPF was unable to promote the differentiation of neuroprogenitor cells 

(Todd 2017). 
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Tian et al (2015) reported that subacute exposures of neonatal rats to CPF induce 

interleukin- and cytokine-mediated increases in inflammatory signaling in the amygdala, 

where CB1 and CB2 receptor activation has been shown to induce microglia activation 

(Argue et al. 2017; VanRyzin et al. 2019). Number of microglial cells and levels of the 

cytokine tumor necrosis factor α (TNF-α) were also found to be elevated in the 

hippocampus of adult male guinea pigs that had been prenatally exposed to CPF ( Burke 

2016). Whether the apparently heightened inflammatory tone in the adult hippocampus of 

these animals was a long-lasting response that began prenatally while the brain was 

exposed to CPF and set off the generation of the abnormally elevated inhibitory synaptic 

transmission or was a delayed response secondary to the abnormally elevated inhibitory 

synaptic transmission remains to be determined.  
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2. Objectives 

The present study had two objectives. The first was to test the hypothesis that 

CPF, acting in part via CB1 receptors, causes immature hippocampal cells to mature into 

a system of synaptically connected neurons with abnormally elevated synaptic 

GABAergic tone. This hypothesis was tested using primary hippocampal cultures, which 

offer several advantages for in vitro assessment of the developmental CPF neurotoxicity. 

They start as a system of predominantly undifferentiated cells that within a week 

differentiate into  phenotypically diverse cells (including astrocytes, microglia, and 

synaptically connected neurons whose dendritic trees become more complex with time in 

culture). Consequently, they are more representative of the cellular landscape in the 

developing brain than systems of phenotypically homogeneous, transformed cell lines. 

Primary cultures also allow for quantitative examination of endpoints relevant to the 

developmental neurotoxicity of CPF, specifically synaptic transmission, while enabling: 

(i) control of onset, duration, and levels of CPF exposure, and (ii) use of pharmacological 

manipulations to establish cause-effect relationships between the activity of CB1 

receptors and functional outcomes affected by CPF. The second objective was to 

determine whether prenatal exposure to a low dose regimen of MLT induces spatial 

learning and memory deficits in prepubertal guinea pigs. These objectives were addressed 

in three specific aims. 

1.1 Aim 1: To determine the concentration and time dependence of CPF-induced 

development of mature hippocampal cultures with increased inhibitory 

synaptic tone 
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To address this aim, primary hippocampal cultures were exposed to concentrations of 

CPF determined to be below the threshold for inhibition of AChE. To ensure the 

scientific rigor of the project and achieve robust and unbiased results, 3 culture dishes 

from each of 3 independent cultures were randomly assigned to treatments that were 

coded and concealed until after completion of the data analysis. The exposures began 2 or 

3 days after the cells were plated and lasted for up to 6 days, after which time cultures 

were maintained for 7 additional days in CPF- and vehicle-free medium. Following this 

“washout” period, the whole-cell mode of the patch-clamp technique was used to record 

inhibitory and excitatory postsynaptic currents (IPSCs and EPSCs, respectively) from 

individual neurons. The effects of the different CPF exposures on the frequency and 

amplitude of events were analyzed. Results were grouped by day and normalized by litter 

to avoid any effects observed across those independent variables. Exposure length and 

start time were varied to identify times within which the cultures were most vulnerable to 

the effects of CPF. 

2.2 Aim 2: To establish whether the elevated synaptic GABAergic tone resulting from 

exposure of immature primary hippocampal cultures to CPF is dependent on CB1 

receptor activity and is accompanied by sustained activation of p38 and MSK.. 

To determine whether CB1R and/or p38 activity underlie the synaptic alterations 

induced by exposure of primary hippocampal cultures to CPF, cultures were exposed to 

CPF and/or the CB1R neutral antagonist AM4113. Exposures began 2 days after plating 

the cells and lasted for 6 days, after which time cultures were maintained for 7 additional 

days in chemical-free medium. The whole-cell mode of the patch-clamp technique was, 

then, used to record IPSCs and EPSCs from individual neurons. At the end of the 
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recordings, neurons were collected for Western blot analysis of p38 and Msk expression 

and phosphorylation. 

2.3 Aim 3: To determine whether prenatal exposure to MLT induces spatial learning 

and memory deficits in guinea pigs 

To address this aim, pregnant guinea pigs were exposed to a dose regimen of MLT 

that resulted in no significant inhibition of AChE in the dams or the offspring (20 mg/kg, 

s.c., ~GD53-63) or to vehicle (peanut oil, 0.5 mlg/kg, s.c., GD53-63). Male and female 

offspring were weaned at the age of 20 days and at PND30 were tested in an open-field 

for 10 min on two consecutive days. Total distance traveled was taken as a measure of 

locomotor activity and distance as well as time in the center of the field were taken as 

measures of anxiety-related behavior. Subsequently, offspring underwent training in the 

MWM with five days of training, four trials per day, with each trial lasting a maximum of 

90 s, as in the previous CPF studies. Escape latency, distance traveled, and thigmotaxis 

(time spent in wall zone) were all measured to test for sexually dimorphic effects on 

spatial learning. Following training in the MWM, guinea pigs underwent a probe test in 

which the platform was removed from the water maze. Animals were allowed to free 

swim for 90s. Time spent in the different quadrants as well as number of entries to the 

platform zone were compared across groups to test for sexually dimorphic effects on 

spatial memory. 
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3. Materials and Methods  

3.1 Rat hippocampal primary culture collection, exposure paradigms and 

harvesting 

 Approximately 12h prior to harvesting the hippocampi from fetal rats, 40 35mm 

petri dishes and/or 12 well-plates were coated with collagen (20% v/v in purified water; 

Advanced BioMatrix, Carlsbad CA, Cat. # 5005-100ML) and placed under UV light in 

the sterile hood to dry. Additionally, D-saline and the dissecting solution were prepared 

ahead of collection. D-saline consisted of 16% (w/v) sodium chloride (NaCl, Sigma-

Aldrich, St. Louis MO, S9888-1KG), 0.8% (w/v) potassium chloride (KCl, JT Baker, 

Phillipsburg NJ, CAS 7447-40-7), 0.05% (w/v) disodium phosphate (Na2HPO4, Fisher 

Scientific, Waltham, MA, St374) and monopotassium phosphate (KH2PO4, Sigma-

Aldrich, St. Louis MO, 60220-500G). Dissecting solution contained 5% (v/v) D-Saline 

(above), 0.984% (v/v) 1M HEPES ((4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; 

C8H18N2O4S, Gibco, Gaithersburg, MD, REF 15630-080), 0.3% (w/v) dextrose (C6H12O6, 

JT Baker, Phillipsburg NJ, CAS#50-99-7), 0.75% (w/v) sucrose (C12H22O11, Sigma-

Aldrich, St. Louis MO, S9378-1KG) and was pH adjusted to 7.3-7.4 before sterilization 

by filtration. Both D-saline and the dissecting solution were stored in the refrigerator at 2-

8°C. Other solutions that were prepared ahead of time include the two forms of Minimum 

Essential Medium (MEM). Initially, cells are plated in MEM10/10, which contains 78% 

(v/v) Minimum Essential Medium (MEM, Gibco, Gaithersburg MD, REF A14518-01), 

10% (v/v) heat-inactivated (56°C, 30min) normal horse serum (NHS, Gemini Bio-

Products, West Sacramento CA, Cat# 100-508), 10% (v/v) fetal bovine serum (FBS, 

Gemini Bio-Products, West Sacramento CA, Cat#100-106), 2mM glutamine (C5H10N2O3, 
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Sigma-Aldrich, St. Louis MO, G7513) and 2% (m/v) deoxyribonuclease II (DNase II, 

Sigma-Aldrich, St. Louis MO, D8764-30KU). 24h after initial collection MEM10/10 

solution is replaced with MEM10, which contains 89% (v/v) MEM, 10% (v/v) NHS and 

2mM glutamine. 

 Primary rat hippocampal cultures were collected on approximate e18-20. Pregnant 

dams were euthanized in carbon dioxide (CO2) and then decapitated via guillotine. An 

incision was made along the lower abdominal cavity to access the fetuses. Each fetus was 

decapitated and their heads were placed into 50 mL conical tubes containing cold 

dissecting solution on ice. Brains were removed from the skulls and then hippocampal 

tissue was removed from each hemisphere and placed in fresh dissecting solution in a 

70mm petri dish (polystyrene) on ice. Upon completion of hippocampi isolation from all 

fetuses the tissue was transferred to an empty 70mm Petri dish and physically minced 

with forceps. 10mL of 0.25% trypsin (Gibco, Gaithersburg MD, 15090-046) in room 

temperature dissecting solution was then added to the petri dish and the tissue was 

incubated in a CO2 incubator (35°C, 5% CO2) for 30 min. Following this incubation, 

tissue was removed from the trypsin and placed in 5mL of MEM10/10. After 5 min, a 

glass Pasteur-pipette was fire-treated to narrow the opening and the tissue was passed up 

and down inside the pipette for further dissociation. This dissociated tissue was then 

placed in 2 mL of MEM10/10 and allowed to settle for another 5 min. Once again, a 

narrowed Pasteur-pipette was used to further dissociate the tissue before transfer into 80 

mL of MEM10/10. One litter provided enough tissue to give a concentration of 

approximately 250,000 to 350,000 cells per mL. 40 plates were filled at a time, with 2mL 

of the final cell-containing MEM10/10 transferred to each plate, or in the case of the 12-
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well plates, 1mL of solution was placed in each well.  Approximately 24h after 

collection, the MEM10/10 was replaced with fresh MEM10. Seven days after initial 

collection the media was once again completely replaced with fresh MEM10 and then 

every three to four days after day seven approximately half the media was replaced with 

MEM10 until the cells were ready for testing. 

 Cells that were collected for RT-qPCR and Ellman assays (below) were rinsed 

once with 0.1 M phosphate buffer (PBS, pH=7.4) and then approximately 0.5mL of PBS 

was added to each dish for collection. Cells were physically scraped with a cell scraper 

(25cm, Sarstedt, Newton NC, 83.1830) and then drawn up with a transfer pipette and 

placed into a 1.5mL centrifuge tube. For the Ellman assays, cells harvested from 2 to 5 

plates were placed in each tube for homogenization purposes (discussed below). Tubes 

were then centrifuged for approximately 2 min at approximately 7.5G. The supernatant 

was then drawn off and wicked before storage in the -80°C freezer until they could be 

tested. 

3.2 Ellman assay to test ChE inhibition 

 Frozen cells that had been previously harvested (described above) were thawed 

and homogenized in a high-salt extraction buffer (HSEB, 10mM HEPES pH 7.5, 1M 

NaCl, 5mM EDTA, 5mM EGTA, 1% triton X-100 (v/v)) with anti-proteases (1 tablet per 

10 mL HSEB, cOmplete Mini, EDTA-free protease inhibitor cocktail tablets, Roche 

Diagnostics, Mannheim Germany, 11836170001). 50 μL of solution was used per plate 

collected in each tube and multiple plates were pooled during collection to allow for 

minimal loss during homogenization via the sonicator (1 RMS, Sonic Dismembrator, 

Fisher Scientific, Hampton NH, Model 100). 
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 CPF (Sigma-Aldrich, St. Louis MO, 45395-100MG) samples were diluted to 

100x in DMSO and then brought to 2x in PBS to ensure all CPF samples in the dose-

response curve contained the same concentration of DMSO (0.125% v/v). 25 μL of this 

CPF preparation was added to 25 μL of primary culture sample in a 96-well plate and 

incubated on a rocker at room temperature (RT) for 15 min. 100 μL of Ellman’s Reagent, 

DTNB (5,5-dithio-bis-(2-nitrobenzoic acid), final concentration 10mM) was then added 

to the wells and rocked for another 15 min. Finally, 50 μL of acetylthiocholineiodide 

(ATChI, 100 mM) was added to the wells and then immediately read in a Bio-Rad 

spectrophotometer (Bio-Rad, Hercules CA). UV-vis readings were taken at a wavelength 

(λ) of 412nm in 1 min intervals for 1h using the SoftMax Pro software (Molecular 

Devices, San Jose CA). Total ChE activity was measured as the change in absorption 

over change in time (dA/dt) for the last 30 min of the recording. Activity was reported as 

a percentage of activity of the DMSO control. The IC50 was found using a four-parameter 

slope fit using the SigmaPlot 12 software (Systat Software Inc, San Jose CA). 

 The Ellman assay was also utilized to measure AChE, BChE and ChE activity in 

blood and brain from guinea pigs following subacute in utero exposure. This test 

mirrored the protocol utilized in Mamczarz et al. 2016. Briefly, whole blood and brain 

tissue samples were collected from exposed animals on the day they were born (typically 

within 24 h after the last CPF injection in the dams). Brains were dissected into 

hippocampus, cerebellum, frontal cortex and striatum to test for region-specific enzyme 

activity. The bicinchoninic acid assay (BCA, Pierce Chemical, Rockford IL, described 

below) was used to normalize results from tissue samples. Blood samples were measured 

in the Bio-Rad spectrophotometer at 436 nm λ, while absorbance in brain samples was 
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measured at 412 nm λ. Rates of change of absorbance (dA/dt) were converted to changes 

in substrate (μM/min/mg) using the empirically determined conversion factors of 26 and 

32 nmoles/dA/dt for brain and blood samples, respectively.  

3.3 Exposure paradigm for long-term effects of sub-acute CPF exposure 

 CPF samples were prepared in dimethyl sulfoxide (DMSO, C2H6OS, Fisher 

Scientific, Waltham MA, BP231-100) at concentrations 1x106 greater than final testing 

concentration. Initial samples were, therefore, ranging from 3 to 300 mM for a final 

concentration range of 3 to 300 nM. A vehicle control (DMSO) was also prepared. These 

samples were then blinded into groups (A-F) prior to exposure of the rat primary 

hippocampal cultures. The inhibitors AM4113 (5-(4-Chlorophenyl)-1-(2,4-

dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide, Sigma-Aldrich, St. Louis MO, 

SML 1804) and SB203580 (C12H16FN3OS, Cell Signaling Technology, Danvers MA, 

5633) were also prepared in DMSO, but were not blinded. The CPF and control samples 

continued to be blinded throughout the co-exposure experiments. 

 Primary hippocampal cultures were prepared as described in Chapter 3.1. 

Exposure began on either the second day in vitro (DIV 2) or the third (DIV 3). To ensure 

that growth factors and transmitters necessary for neuronal maturation and viability were 

not removed from the solution too soon, approximately half of the solution was removed, 

to which the blinded CPF samples were added and then placed back into the dish from 

which the media was initially removed. Media replacement then followed the schedule as 

detailed above. 

3.4 Electrophysiology 
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 Electrophysiological recordings were obtained from neurons cultured from 12 to 

15 days (with plates exposed that were exposed on DIV 2-7 being tested on DIV 12-14 

and plates that were exposed on DIV 3-7 being tested on DIV 13-15). Plates were cut 

using a heated wire to allow for the pipettes to enter the bath over the walls of the plate. 

A HEPES-based external solution (containing (in mM): NaCl, 165 [Sigma-Aldrich, 

S9888], KCl, 5 [JT Baker, 3046-01], CaCl2•2H2O, 2 [Mallinckrodt, 4160], HEPES, 5 

[Gibco, 15630-080], dextrose, 10 [JT Baker, 1916-05]; pH adjusted to 7.3) was 

superfused into the bath at 1-2 mL/min. Pipettes were pulled from borosilicate glass 

capillaries (OD 1.2 mm, World Precision Instruments, New Haven CT) using a P-97 

Flaming-Brown Micropipette puller (Sutter Instruments, Novato CA). When filled with 

internal solution, the path pipettes had internal resistances of approximately 3 to 6 MΩ. 

All recordings were performed at room temperature (20-22°C). Pipettes were filed with a 

cesium-methanosulfonate solution that contained (in mM): Cs methanesulfonate, 130; 

CsCl, 10; MgCl2, 2; EGTA, 11; CsOH, 22; HEPES, 10 (pH adjusted to 7.3). This 

allowed for recording of both EPSCs and IPSCs from each neuron.  

 Pipettes were slowly brought to the surface of the target cell with positive 

pressure applied and the EPC7 in search mode. Once the pipette came into contact with 

the cell, typically identified with an increase in the pipette’s resistance, the positive 

pressure was relieved and negative pressure was applied to draw the membrane into the 

pipette. Once the resistance reached at least 1 GΩ the EPC-7 was put into voltage clamp 

mode and fast-capacitances were compensated. Brief pulses of positive pressure were 

applied orally until the membrane ruptured as evidenced by increases in slow capacitance 

which were then also compensated. EPSCs were recorded at a holding potential of -
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60mV and IPSCs were recorded at 0mV. Recordings in which the seal resistance changed 

more than ~20% once settled were discarded. Signal was recorded using an LM-EPC7 

amplifier (List Electronic, Darmstadt, Germany), filtered at 3kHz and digitized with at 20 

kHz with a Digidata 1332A (Molecular Devices Corp., Union City CA). Recordings were 

stored using the Clampex 9.2 software (Molecular Devices Corp., Union City CA). 

 Signal was analyzed using Clampfit 10.6 (Molecular Devices Corp., Union City 

CA) and the template search method. First, baselines were zeroed to ensure consistent 

amplitude measurements. Then, at least four isolated events from each recording were 

averaged to make a template which then automatically detected events throughout the 

recording. ‘Baseline’ was set to the very top of the baseline signal and identified events 

that were not at least 5 pA above the baseline were discounted to account for potential 

false positives. Next, overlapping events, identified with an inter-event interval of ‘Not 

found’ were filtered out to ensure no repeat measurements. In <10% of recordings the 

signal became lost or distorted after a minute or later of recording. In these instances, 

frequency and amplitude measurements were only measured up to those changes in 

recordings. Additionally, only cells in which successful excitatory and inhibitory signals 

were recorded were used in analysis. Signal frequency was reported as number of events 

per second (Hz) and was found using a linear regression model (y = (m*x) + b) in which 

number of events (y) was graphed against time (x) and the slope (m) represented 

frequency (events/sec; Hz). Amplitudes were reported as median amplitude to avoid 

skewing of results by infrequent large events. These analyses were performed in 

Microsoft Excel (Microsoft Corp, Redmond WA). Analysis of decay time constants 

(τdecay) was carried out on >10% of measurable isolated events. Inhibitory events were fit 
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to a single exponential based on the best fit using Clampfit software. Excitatory events 

were fit to a double exponential to account for both fast (AMPA receptor-mediated) and 

slow (NMDA receptor-mediated) components of the decay using the Levenberg-

Marquardt search method with time constants forced to be positive values. Student’s t-

test was used to compare decay constant values between tested groups. 

 All analysis was performed prior to unblinding of the samples. Frequencies were 

normalized to litter and separated by exposure paradigm to control for litter and exposure 

effects. In Aim 1 (Chapter 4), these results were log-transformed and one-way ANOVA 

was used with treatment as the independent variable to understand the concentration-

response relationship for CPF-induced changes on amplitude and frequency of EPSCs 

and IPSCs (above). In Aim 2 (Chapter 5), two-way ANOVAs were employed to analyze 

the effects of the two compounds in the exposure (CPF and AM4113) independently and 

in interaction. 

3.5 Testing protein content via the BCA Assay 

 The BCA Protein Content Assay was used to measure total protein content of all 

samples for accurate Western blot loading. Briefly, 5µL of sample (either unknown or a 

standard sample for the concentration curve), 45 µL of PBS and 50 µL of working 

reagent (Pierce BCA Protein Assay Reagents, Thermo Scientific, Rockford IL, Prod # 

23223) were added to a well of a 96-well plate. Samples were run in triplicate. The 96-

well plates were placed in a 37°C incubator for 1h prior to analysis. Following 

incubation, plates were allowed to cool, and the samples were read at a λ of 516nm using 

a Bio-Rad spectrophotometer. The SoftMax Pro software was used to collect the 

measurements which were then saved to a text file and analyzed in Microsoft Excel. 
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 A standard curve was made by applying a best-fit line to the known 

concentrations ran in the assay to determine a linear regression model (as in 3.3) which 

was then applied to the absorbance reading of the unknown samples (y) to determine their 

protein concentration (x). These concentrations were then used to standardize the loading 

sample size in the Western Blot studies. 

3.6 Immunohistochemistry 

 35mm plates of cultured rat hippocampal cells were rinsed with PBS and then fixed 

in 4% formaldehyde and stored at 4°C until immunohistochemistry experiments were 

performed. Cells were initially rinsed with PBS 3 times for 2min each. Cells were then 

exposed to an ethanol ladder to aid in antigen retrieval (50% EtOH for 10 min, 75% EtOH 

for 30 min and 50% EtOH for another 10min). Cells were once again rinsed in PBS 3 times 

for 2min each and then were incubated in a solution of 2% NHS (Gemini Bio-Products, 

West Sacramento CA, Cat# 100-508) and 0.1% Tween-20 (Sigma-Aldrich, St. Louis MO, 

P7949-500ML) in PBS to simultaneously block non-specific antigens and retrieve target 

antigens. Following this incubation was a final series of 3 PBS rinses each of which were 
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2 min and then cells were exposed to primary antibodies for one hour at RT before being 

placed on a rocker at 4° C for an overnight exposure (16 to 20h).  

 Following overnight incubation, cells were once again rinsed in PBS 3 times for 2 

min and then exposed to fluorescent secondary antibodies (see Table 1) at RT for 1.5h. 

Another set of 3 PBS rinses for 2 min each preceded a final application of approximately 

2mL of PBS being placed in each plate to act as a liquid lens for imaging, to which 

approximately 0.5 mL of DAPI were added for nuclei staining. Images were collected via 

Leica DM6B using a Lecia CTR6 LED lamp. Images were saved in the LASX life sciences 

software (Leica Microsystems, Buffalo Grove IL). 

Host Dilution* Provider Cat #

1° Nestin Mouse 1:250 Santa Cruz Biotechnology sc-23927

1° Nestin Rabbit 1:500 Sigma-Aldrich N5413

1° NeuN Mouse 1:500 Millipore MAB377

1° Iba1 Rabbit 1:1000 Wako 019-19741

1° GFAP Rabbit 1:1000 Protein Tech 16825-1-AP

2° Mouse Goat 1:2000 Invitrogen A11029

2° Rabbit Goat 1:2000 Invitrogen A32740

Host Dilution* Provider Cat #

1° β-actin Mouse 1:5000 Sigma-Aldrich A5316-2ML

1° p-p38 Rabbit 1:2500 Cell Signaling Tech 9211S

1° p-MSK1 Rabbit 1:2500 Cell Signaling Tech 9594S

1° p38 Rabbit 1:5000 Cell Signaling Tech 9212S

1° MSK1 Mouse 1:5000 Santa Cruz Biotechnology sc-130431

2° Rabbit Donkey** 1:20k Jackson Immuno Research 711-165-152

2° Mouse Donkey** 1:20k Jackson Immuno Research 715-065-150

3°

Streptavidin

Peroxidase
- 1:20k Jackson Immuno Research 016-030-084

Table 1. Antibody information

A. Immunocytochemistry

*Primary Abs applied at 1:5000 were applied overnight 

at 4°C,otherwise Abs were applied at RT for 1h

**Biotinylated

Target

B. Western Blots

Target
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3.7 Western blotting 

 Samples were diluted to 4 μg/μL with PBS to ensure 20 μg were loaded in each 

lane on every western (5 μL of sample for each well). 15 μL of the diluted sample was 

prepared with 15 μL of Laemmli Buffer containing 5% (v/v) β-Mercaptoethanol 

(C2H6OS, Sigma-Aldrich, St. Louis MO, M6250-100ML) and placed on a heating block 

to denature at 95°C for 5 min. 10% 12-well MINI-PROTEAN gels (Bio-Rad, Hercules 

CA, Cat# 456-1035) were used for the Western blot experiments. Gels were placed in the 

transfer apparatus followed by filling of both the inner and outer chambers with tris-

glycine SDS running buffer (Novex, Carlsbad, CA, LC2675). After denaturing samples 

were loaded into the wells of the gel and run on ice at 150V for 1.5h. 

 Prior to transfer, PVDF membranes and two pieces of transfer filter paper 

(Invitrogen, Carlsbad CA, LC2002) and the sponges were all soaked in methanol 

(MeOH, CH3OH, JT Baker, Phillipsburg NJ, 9070-05) for 5 min. After this MeOH 

activation, the membrane, filter paper and sponges were transferred to Toubin buffer 

which was composed of 4% tris-glycine transfer buffer (25x, Novex, Carlsbad CA, 

LC3675). The sandwich in Toubin was stored at 4°C for 5 min. Once the gel run finished, 

the gel was removed from the running apparatus and placed into the Toubin buffer with 

the rest of the transfer sandwich pieces. The sandwich was arranged to ensure the gel was 

behind the membrane as having the anode of the transfer electrode to the right would 

bring the transfer back to front. Transfer was performed in 4°C at 20V for 16h with the 

same Toubin buffer in the inner and outer chambers of the transfer apparatus. 
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 Following transfer, the membrane was cut along the desired MWs based on the 

PageRuler prestained protein ladder (Thermo Scientific, Waltham MA, 26616) that was 

loaded on each end of every gel. If staining did not occur immediately then gels were 

stored at 4°C in Ziploc bags with enough Toubin buffer to keep them wet. Otherwise, 

staining occurred right away. 

 Staining started with three 5 min rinses using tris-buffered saline (Quality 

Biological, Gaithersburg MD, 351-086-101) containing 1% (v/v) Tween-20 (Sigma-

Aldrich, St. Louis MO, P7949-500ML) (TBS-T). Membranes were then blocked in TBS-

T containing 5% (v/v) Fraction V bovine serum albumin (BSA, Sigma-Aldrich, St. Louis 

MO,  A7906) (B-TBS-T) for 30 min. Membranes were once again rinsed 3 times for 5 

min in the B-TBS-T before application of 1° Abs at 4°C overnight (16-20h). All primary 

antibodies were diluted in B-TBS-T. Antibody concentrations can be found in Table 2. 

After overnight incubation the membranes were brought back to RT prior to 3 more 

rinses of 5 min each in B-TBS-T. Following this rinse cycle, secondary antibodies were 

applied for 1.5h at RT. Another 3 rinses in B-TBS-T for 5 min each and then 3° Abs with 

streptavidin were applied at RT for 1h. 3 5 min rinses in B-TBS-T and then membranes 

were developed in SuperSignal West Femto Maximum Sensitivity Substrate (Thermo 

Scientific, Rockford IL, 34095) for 5 min prior to image collection. Images were 

collected with the ChemiDoc XRS (Bio-Rad Laboratories Inc, Hercules CA) and the 

Image Lab software (Version 6.0.0, Bio-Rad Laboratories Inc, Hercules CA). Auto-

detection was used to collect maximum signal without oversaturation. In order to 

understand relative phosphorylation of the target markers, Abs against the 

phosphorylated enzymes were applied first. Following imaging, membranes were placed 
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in stripping buffer at 50°C for 30-45min to remove the Abs completely from the 

membrane. Stripping buffer consisted of 6.25% (v/v) 1M tris-HCl (Quality Biological, 

Gaithersburg MD, 351-006-101, pH 7.5), 2% sodium dodecyl sulfate (SDS, Quality 

Biological, Gaithersburg MD, 351-066-101) and 0.7% β-mercaptoethanol in deionized 

water. The entire blotting protocol was then repeated using the pan-antibody. Once 

images for the pan-antibody were collected, membranes were once again stripped as 

before and the entire process was repeated for the house-keeping gene β-actin. 

 Band density was analyzed with ImageJ software (NIH, Bethesda MD). Signal 

was detected with regions of interest (ROIs) just around the bands. Background was 

detected with boxes of the same ROI size taking blank measurements directly above or 

below the bands of interest. Background was subtracted from the density readings and 

bands were normalized to the band of maximum intensity on the individual gels. All 

samples were run in either duplicate or triplicate. Any bands that were of lower average 

intensity than background were discounted (4 of 134 measured bands).  

 Protein expression levels were reported as total protein expression (relative pan-

antibody to β-actin) and relative phosphorylation (phospho-antibody to pan-antibody). A 

two-way ANOVA was then used to test significance of protein expression changes with 

CPF and AM4113 presence being the independent variables. As with the 

electrophysiology experiments, all data collection and analyses were completed prior to 

unblinding of the samples. 

3.8 Reverse transcriptase quantitative-polymerase chain reaction (RT-qPCR) 
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 Cells were harvested after exposure as detailed in Chapter 3.1. In order to isolate 

RNA, collected cells were sonicated in TRIzol (Thermo Scientific, Waltham MA, 

15596026), 1 mL per plate collected. Then, 0.2 mL chloroform (CHCl3) was added to the 

suspension and incubated for 3 min. These samples were then centrifuged at 4°C for 15 

min at 12 kg. The aqueous phase was collected and 0.5 mL isopropanol (C3H8O) was 

added to each collection and incubated for 10 min at RT. These samples were then 

centrifuged at 4°C, 12kg for 10 min. The supernatant was discarded and 1 mL of 75% 

ethanol (EtOH, C2H5OH) was added. This mixture was vortexed to resuspend the pellet 

into the EtOH for a wash and then the samples were centrifuged again at 4°C, 7.5 kg for 

5 min. The supernatant was removed and samples were allowed to air dry for at least 1h.  

 Pellets were then resuspended in 100 µL tris-EDTA (TE, Quality Biological, 

Gaithersburg MD, 351-011-131, pH 8.0) for reverse transcription. 32 µL of sample in TE 

were mixed with 8 µL of SuperScript IV Vilo Master Mix (Thermo Scientific, Waltham 

MA, 11756500). Reverse transcription was carried out in the PCR Sprint Thermal Cycler 

(Thermo Electron Company, Waltham MA). The thermal cycle consisted of 10 min at 

25°C to begin the annealing process, then ramps up to 50°C and remains there for 10 min 

for the reverse transcription to occur. Finally, the cycle ramps up to 85°C for 20 min to 

degrade the RNA. The cDNA templates produced by the reverse transcription were then 

brought up to a final volume of 200 µL via addition of TE. 

 Finally, the templates were used in quantitative polymerase chain reaction 

(qPCR). Briefly, for each sample and for each primer tested, 9µL of templates were 

mixed with 1.5 µL of primer (see Table 2), 0.6 µL of 50 mM magnesium chloride 

(MgCl2), 3.9 µL of RNAase-Free water (Invitrogen, Carlsbad CA, part # 46-6004) and 15 
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µL of Power-Up SYBER Green Master Mix (Applied Biosystems, Austin TX, A25742). 

The SYBER Green contains Rox, which allows for normalization to control for sample 

loading discrepancies. This 30 µL mixture was divided into three separate wells on a 96-

well plate to ensure samples were run in triplicate. These plates were then run in the 

QuantStudio 3 (Applied Biosystems, Thermo Fisher, Waltham MA), the software for 

which is of the same name, QuantStudio (v.1.3.3).  

 PCR cycles consisted of a hold stage and a PCR stage. During the hold stage, 

sample temperatures were increased from 50°C to 95°C at a rate of 1.6°C/s. Samples 

were held at 95°C for 10 min. This allows for denaturing of the template DNA. 

Afterwards, sample temperatures were decreased to 60°C (again at a rate of 1.6°C/s) and 

held at that temperature for an additional minute. This allows for annealing and extension 

of the single-stranded template DNA. Finally, sample temperatures were returned to the 

holding temperature of 50°C for 2 min and the cycle is completed. Complete experiments 

consisted of 40 cycles. The number of cycles needed to pass background threshold (cycle 

threshold, CT) were used to identify relative gene expression for the tested primers. CTs 

of the target gene were normalized to GAPDH CT for each sample. To ensure sample 

integrity, melt curves were assessed to identify the number of amplicons. Samples were 
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discarded if secondary amplicons were more prevalent than the target amplicon or if 

probe fluorescence did not cross background threshold for the sample.  

 

3.9 Behavioral testing 

 Pregnant Hartley guinea pigs (Crl(HA)Br; Charles River Laboratories, 

Wilmington, MA) were delivered to the animal facility in groups of four on presumed 

gestation day (GD) 33–35. Dams were singly housed in stainless steel cages in climate-

controlled rooms (21± 0.5 °C; 12-h light/dark cycle). Food and water were available ad 

libitum. Starting on approximate GD 53–55 and lasting 10 consecutive days, pregnant 

guinea pigs received a daily subcutaneous (s.c.) injection of 25 mg/kg MLT (Sigma-

Aldrich, St. Louis MO, 36143-100MG) dissolved in peanut oil or peanut oil itself. On 

rare occasions, female guinea pigs were not pregnant, or pregnant dams died after 

delivery or during injections, or there was only one sex in a litter; therefore, experimental 

groups had offspring born from different numbers of dams (see Table 1). Offspring were 

Gene
Primer Pair 

(Forward, F; Reverse, R)
Gene Bank Access #: Tm Amplicon

GAPDH
F: AGTGCCAGCCTCGTCTCATA

R: CGTTGATGGCAACAATGTCCA
NM_017008.4

F: 60.68

R: 59.73
123

IL-1β
F: CAGCTTTCGACAGTGAGGAGA

R: TGTCGAGATGCTGCTGTGAG
NM_031512.2

F: 59.73

R: 60.11
138

IL-4
F: GTACCGGGAACGGTATCCAC

R: TGGTGTTCCTTGTTGCCGTA
NM_201270.1

F: 59.9

R: 59.82
138

IL-6
F: TCTCCGCAAGAGACTTCCAG

R: CTGGTCTGTTGTGGGTGGTA
NM_012589.2

F: 59.11

R: 59.24
123

IL-10
F: CGACGCTGTCATCGATTTCTC

R: TGAGTGTCACGTAGGCTTCT
NM_012854.2

F: 59.49

R: 58.38
154

TGF β1
F: GACCGCAACAACGCAATCTA

R: CGTGTTGCTCCACAGTTGAC
NM_021578.2

F: 59.21

R: 59.7
160

TNF-α
F: ATGGGCTCCCTCTCATCAGT

R: GCTTGGTGGTTTGCTACGAC
NM_012675.3

F: 60.03

R: 59.76
106

Table 2: Primers for RT-qPCR
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born around GD 65–67, weaned on PND 20, and, then, housed according to their sexes in 

groups of 2–6 per cage. Body weight of offspring was collected on daily basis since the 

second day after the birth and was continued until the last day of testing. All investigators 

complied with the regulations and standards of the Animal Welfare Act and adhered to 

the principles of the Guide for the Care and Use of Laboratory Animals (National 

Research Council 2011). 

 The open field testing was performed in the same conditions and according to the 

same procedure as described in Mamczarz et al. (2016). Briefly, the apparatus consisted 

of a black, non-glare Starboard plastic box (120 cm x 120 cm x 60 cm) in which the floor 

was covered with the same paper bedding as used for housing. Four incandescent lamps 

distributed an even intensity of light (20 lux) on the floor of the field. Four Conair sounds 

machines were set to generate ‘white noise’ on one side of the field and ‘running stream’ 

on the other. Guinea pigs were placed in the center of apparatus for 10 min on two 

consecutive days and allowed to freely explore the field. The Any-Maze software 

(Stoelting Co., Wood Dale, IL) was used to record and analyze the behavior of the 

animals. For center zone analysis, a virtual center square (160 cm2) was delineated 40 cm 

from each wall.  

 Water maze testing was performed in the same conditions and according to the 

same procedure as described in detail in Mamczarz et al. (2016). Training in the MWM 

started when animals were approximately 38 days old. Briefly, the apparatus consisted of 

a gray galvanized metal circular tank (diameter: 198 cm; height: 60 cm) filled to a depth 

of 40 cm with water that was made opaque with non-toxic black tempera paint. A two-

level, round, black-painted Plexiglas escape platform (diameter: 20 cm) was submerged 
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in the center of one of the quadrants 3–4 cm below the water level. Water temperature 

was progressively decreased over course of training from 30°C to 24°C as previously 

described (Mamczarz et al., 2016). Conair sound machines were again set to play ‘white 

noise’ on one diagonal and ‘running stream’ on the opposite diagonal in each corner 

around the water maze. The Any-Maze software (Stoelting Co., Wood Dale, IL) was used 

to record and analyze the behavior of the animals. Reference memory paradigm 

comprised of 5 consecutive days of training (4 consecutive 90 s trials a day) followed 72 

hours later by a probe test (90 s). Two hours after completing the probe test a subset of 

the animals received two additional days of retraining. This retraining was followed by a 

platform reversal test in which the platform was moved from the original target location 

to a target location in the opposite quadrant. In all training and testing paradigms, animals 

were placed in the water facing the wall. Starting locations were assigned pseud-

randomly to begin each test day, with subsequent trials beginning at different entry points 

so that animals entered the pool from all four starting points (‘N’, ‘S’, ‘E’, ‘W’) for each 

test. Animals that failed to locate the platform were guided to it at the end of their 90 s 

training period. Once on the platform, animals were left for 15 s before removal from the 

pool. 

 Differences between groups were analyzed using a mixed model ANOVA with 

two or three fixed factors and one random factor (mothers which were nested under 

prenatal exposure). Fixed factors included prenatal exposure and animal sex. Time 

intervals and water maze zones were used as repeated measure factors in the analysis of 

learning curves and of the probe test, respectively. The analysis was performed using 

PROC Mixed Procedure of SAS version 9.2, whose outputs include the significance of 
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main effects, simple main effects, and interactions. The Tukey-Kramer post-hoc test was 

used for pairwise comparisons of multiple groups. In addition to analyzing differences 

among groups, preference of the target platform zone (platform area or quadrant) was 

analyzed within each tested group as a distribution of time or distance each animal swam 

in the four virtual quadrants of the water maze. This analysis was performed for the probe 

test using a random effect one-way ANOVA followed by the Dunnett’s post-hoc test. 
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4. Aim 1: To determine the concentration and time dependence of CPF-induced 

development of mature hippocampal cultures with increased inhibitory synaptic 

tone 

4.1. Introduction 

High doses of the organophosphorus insecticide CPF induce a well-defined 

cholinergic syndrome that can be fatal and results primarily from the inhibition of AChE, 

the enzyme that hydrolyzes the neurotransmitter ACh, in the central and peripheral 

nervous systems. The low levels of CPF associated with neurodevelopmental disorders in 

children are, however, well below the threshold for AChE inhibition. Nevertheless, red 

blood cell AChE inhibition remains one of the measures used to derive safety limits of 

CPF exposures (EPA 2016). Thus, identification of mechanisms underlying the 

developmental neurotoxicity induced by low levels of CPF is of major significance 

because a mechanistic framework is critically needed not only for elucidation of why the 

developing brain is so vulnerable to this insecticide, but also to guide regulatory agencies 

in the assessment of health risks posed by prenatal CPF exposures.  

In vitro testing can be instrumental to aid in the identification of mechanisms 

underlying the developmental neurotoxicity of CPF, because it can overcome some of the 

shortcomings of the excessively resource-intensive in vivo evaluation of developmental 

neurotoxicity. However, a suitable in vitro approach requires translation of the behavioral 

outcomes of developmental neurotoxicity into cellular endpoints that can be quantified in 

vitro.  

In our earlier studies, we reported that, at birth, guinea pigs from dams that had 

been exposed to subacute CPF doses (25 mg/kg/day, s.c.) from approximate gestation day 
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(GD) 52 to 62 presented no significant AChE inhibition in the brain (Mamczarz et al. 

2016). However, CPF-exposed prepubertal and young adult guinea pigs exhibited 

significant learning deficits in the hippocampus-dependent MWM task that were more 

pronounced among males than females (Mamczarz et al. 2016). Analysis of synaptic 

transmission in the hippocampus of adult male guinea pigs revealed that the prenatal CPF 

exposure significantly increased inhibitory (GABAergic) transmission in CA1 pyramidal 

neurons, while having no significant effect on excitatory (glutamatergic) transmission 

(Burke 2016). Specifically, the frequency of action potential-dependent inhibitory 

GABAergic postsynaptic currents (IPSCs) and that of miniature IPSCs (mIPSCs) were 

higher in neurons of CPF- than vehicle-exposed guinea pigs; mIPSC amplitudes were 

unaffected suggesting that postsynaptic GABAA receptor activity/expression remained 

unaltered. The increased frequency of IPSCs and mIPSCs could reflect a higher 

probability of release and/or an increase in the number of inhibitory synapses in the 

mature hippocampus.  

The IPSC frequency recorded from CA1 pyramidal neurons was correlated with 

the learning performance of male guinea pigs in the MWM. As the IPSC frequency 

increased, so did the mean escape latency (i.e., learning performance decreased) (Burke 

2016). Other studies have reported that increased inhibitory tone resulting from reduced 

glutamatergic or increased GABAergic activity in the adult hippocampus causes spatial 

learning deficits (McNamara and Skelton 1993; Kaur et al. 2014). Thus, measures of 

synaptic activity, which can be rigorously and reproducibly obtained from primary 

hippocampal cultures, will be used in the present study as a surrogate outcome for the 

neurobehavioral deficits resulting from prenatal exposures to subacute doses of CPF. 
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Primary hippocampal cultures of neurons and glia have been used extensively in 

previous studies of mechanisms that control synaptic activity. These cultures start as a 

system of predominantly undifferentiated cells that within a week differentiate into a 

system of synaptically interconnected neurons (Basarsky et al. 1994). Hippocampal 

neurons in primary cultures develop and maintain synaptic functionality and exhibit both 

spontaneous inhibitory and excitatory postsynaptic currents (IPSCs and EPSCs, 

respectively) (Bi and Poo 1998; Mistry et al. 2002). The primary difference between 

synaptic connections established by neurons in vivo and in primary cultures is that the 

natural three-dimensional organization of the neurons is lost in the cultures. It is because 

primary hippocampal cultures maintain an intact synapse machinery and function that 

they have been employed to study both disease- and insult-driven synaptic alterations.  

As previously discussed in Chapter 1.4, the eCB system may contribute, at least 

in part, to the developmental neurotoxicity of CPF. Thus, it is necessary that this system 

be present and functional in the in vitro model used to identify mechanisms underlying 

the developmental neurotoxicity of CPF. In this regard, it is noteworthy that neurons in 

primary hippocampal cultures not only express cannabinoid receptors but many of the 

effects from cannabinoid receptor activity have been studied and discovered in this in 

vitro system (Shen et al. 1996; Maoxlng Shen and Thayer 1998; Chan et al. 1998; 

Kouznetsova et al. 2002; Tomasini et al. 2002; Ledgerwood et al. 2011). In addition, 

primary hippocampal cultures have also been shown to respond to inhibitors of the 

enzyme that hydrolyzes the eCB AEA, fatty acid amide hydrolase (FAAH; Vilela et al. 

2015), which has been proposed to be a molecular target for CPF. 
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The present study was designed to test the hypothesis that there is a window of 

vulnerability within the first week after plating primary hippocampal cultures during 

which exposure to a concentration of CPF that is insufficient to inhibit AChE activity 

leads to the maturation of cultures with an abnormally elevated synaptically GABAergic 

tone. Results presented here demonstrate that the frequency of inhibitory postsynaptic 

currents (IPSCs) recorded from neurons in primary hippocampal cultures was 

significantly increased following their exposure between day in vitro (DIV) 2 and 6 to 

concentrations of CPF below the threshold for AChE inhibition. The concentration-

response relationship was non-monotonic, with the effect of CPF increasing as its 

concentrations increased from 3 to 30 nM and decreasing as the concentrations further 

increased to 300 nM. These findings demonstrate that the increased GABAergic tone 

observed in the hippocampi of guinea pigs prenatally exposed to CPF can be 

recapitulated in vitro following exposure of immature primary hippocampal cultures to 

non-AChE inhibiting concentrations of CPF. Thus, the primary hippocampal culture 

emerges as a viable model for identification of molecular mechanisms that may 

contribute to the developmental neurotoxicity of CPF. 

4.2. Experimental Design 

The first experiment was designed to establish the concentration-response 

relationship for CPF to inhibit AChE activity in primary hippocampal cultures. Briefly, 

between 13 and 25 DIV, cells were rinsed with PBS and then harvested via mechanical 

scraping and placed on ice. Cells were then resuspended in cold HSEB+AP at a volume 

of 50 μL per plate collected and then sonicated, as previously described (Chapter 3). 

These homogenates were then used in the Ellman Assay. 25 μL of homogenate tissue was 
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used per well in a 96-well plate. These samples were incubated with CPF (10 nM to 1 

mM) for 15 min at RT. 100 μL of DTNB (final concentration: 10 mM) was then added to 

the wells and rocked for another 15 min. Finally, 50 μL of ATChI (final concentration: 

100 mM) were added to the wells and absorption at 462nm was measured for 60 min in 

20 s intervals. Total ChE activity was measured as the change in absorption over change 

in time (dA/dt) for the last 30 min of recording. Activity was reported as a percentage of 

activity of the control (DMSO). The IC50 was found using a four-parameter slope fit and 

the LOEC was determined by significant differences across samples using one-way 

ANOVA.  

The subsequent experiments were designed to determine the time- and 

concentration-dependent effects of long-term exposures of primary hippocampal cultures 

to CPF on functional synaptic connections. To this end, primary cultures were exposed to 

CPF concentrations (3, 10, 30, 100 or 300 nM) or vehicle (DMSO, control) on either day 

2 or day 3 post-plating. Exposures lasted through 7 DIV, meaning treatments lasted either 

6 (exposed on day 2) or 5 (exposed on day 3) days. To ensure the changes measured were 

due to overall synaptic alterations and not direct interactions between CPF and excitatory 

and/or inhibitory receptors, media was completely replaced on day 7. Cells were then 

allowed to mature for additional 5 to 7 days with at least two more washes between CPF 

removal and synaptic measurements. Synaptic activity was measured 12 to 14 days after 

exposure began using the whole-cell mode of the patch clamp technique. Both 

spontaneous EPSCs (holding potential of -60 mV) and spontaneous IPSCs (holding 

potential of 0 mV) were recorded and analyzed using Clampex and Clampfit software as 

described previously (Chapter 3). All exposures, tests, and analysis were done blindly. 
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After completion of analysis, samples were unblinded and results were normalized to 

their litter-matched controls to ensure litter effects did not interfere in the overall 

analysis. Significance in synaptic alterations was determined using ranked one-way 

ANOVA. The decay-time constant (τdecay) of well-defined single synaptic events was also 

analyzed. The test field was made up of >10% of the total isolated events. The decay 

phase of the measured IPSC events was fit to a single exponential, while the EPSC events 

were fit to a double-exponential to account for both the fast (AMPAergic) and slow 

(NMDA-dependent) components (as detailed in Chapter 3). T-tests were employed to 

measure changes in the τdecay between exposed and non-exposed cultures.  

4.3. Results 

4.3.1. IC50 for CPF to inhibit AChE activity in primary hippocampal neurons 

Incubation of cellular extracts of primary hippocampal cultures with CPF resulted 

in a concentration-dependent inhibition of AChE activity (Figure 1). Using a four-

parameter slope fit, the IC50 was found to be 4.58 ± 3.00 μM.  

Figure 1. Concentration-response relationship for 
CPF-induced inhibition of ChE activity in protein 
extracts of primary hippocampal cultures. Enzyme 
activity measured by Elman assay in protein 
extracts incubated with DMSO was taken as 100% 
and used to normalize the activity measured in 
extracts incubated with increasing concentrations 
of CPF. One-way ANOVA indicated a significant 
main effect of CPF on ChE activity [F(6,27) = 39.369, 
p < 0.001]. The concentration-response 
relationship was fit using the Hill equation, and the 
IC50 derived from the fit was 4.58 ± 3.0 (orange-
shaded region). The lowest test concentration of 
CPF that caused significant inhibition of ChE was 1 
μM (*p = 0.046). Data points and error bars 
represent mean and s.e.m. of results obtained from 
4 assays for each test concentration. ***p<0.001 
compared to control. 
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The LOEC is the lowest concentration at which the endpoint that is being 

measured reaches statistical significance when compared to control. Given the objective 

of this study is to understand CPF’s effects at concentrations that do not significantly 

inhibit AChE activity, the LOEC will indicate concentrations that the testing exposures 

cannot exceed if the toxic endpoint of interest is to occur independently of AChE 

inhibition. Using one-way ANOVA with Tukey’s post-hoc test, the LOEC for CPF-

induced AChE inhibition in primary hippocampal neurons was found to be 1 μM (p = 

0.046). All concentrations greater than 1 μM also significantly inhibited ChE activity (p < 

0.001 for all concentrations > 1 μM).  

4.3.2. Functional synaptic connections in primary cultures of the rat 

hippocampus 

On the first day after plating, cells isolated from the fetal rat hippocampus were 

largely undifferentiated and appeared as either single cells with no extensions or cells 

grouped in neurospheres (Figure 2A). By seven days after plating, cells with the 

morphological features of neurons, i.e. with neurites extending from a cell body, as well 

as cells with the morphological features of astrocytes (polygonal or branched large, flat 

cells), and microglia (small, ramified or ameboid cells) could be seen in culture (Figure 

2B). Immunocytochemistry carried out at 7 days after plating confirmed that these 

cultures had mature neurons (identified as NeuN-immunopositive cells), astrocytes 

(identified as GFAP-immunopositive cells), and microglia (identified as Iba-1-

immunopositive cells) (Figure 2C-E). 
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Postsynaptic currents could be recorded from neurons voltage clamped at 0 mV or 

-60 mV in primary cultures as early as 4 days after plating. The frequency of these 

events, however, increased significantly as the neurons matured in culture, and 16 days 

after plating (days in vitro, (DIV)) the frequency of events recorded at 0 mV and -60 mV 

was 5.16 ± 0.48 Hz and 8.35 ± 0.86 Hz, respectively (n = 12 neurons). Postsynaptic 

currents recorded at 0 mV were GABAergic in nature because they were blocked by 

superfusion of the neurons with physiological solution containing the GABAA receptor 

antagonist bicuculline (10 µM) (Figure 3). On the other hand, postsynaptic currents 

recorded at -60 mV, i.e. near the reversal potential of Cl‒ under the present experimental 

A B 

C D E 

Figure 2. Cellular maturation in primary hippocampal cultures. A, B. Representative phase contrast 
photomicrographs obtained from tissue culture dishes on the first and seven days in vitro (DIV 1 – A, and DIV7 – B, 
respectively). On DIV1, round/oval cell bodies appeared in isolation or in groups and lacked the characteristic 
extensive neurite extensions of mature neurons. By DIV7 (B), cultures had a layer of flattened cells that had the 
morphological characteristics of astrocytes was overlaid with large numbers of cells with the morphological 
characteristics of neurons, including long neurite extensions. Immunocytochemical analysis revealed that, by DIV7, 
large numbers of NeuN-immunopositive cells (i.e., mature neurons, C) and GFAP-immunopositive cells (i.e., 
astrocytes, D) were present in the primary cultures. Iba-1-immunopositive cells (i.e., microglia, E) could also be 
detected in the cultures at DIV7. Calibration bars: 100 µm (Magnification in A is the same as in B, and magnification; 
C is the same as in D and E). 
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conditions, were glutamatergic in nature and were mediated by AMPA and NMDA 

receptors because they were blocked by superfusion of the neurons with the AMPA 

receptor antagonist CNQX (10 µM) and the NMDA-specific antagonist D-AP5 (50 μM) 

(Figure 3).  

4.3.3. Long-term exposure of primary hippocampal neurons to CPF 

concentrations below the threshold for AChE inhibition selectively 

increases the frequency of IPSCs 

Primary cultures were exposed to vehicle or a fixed CPF concentration (3, 10, 30, 

100, or 300 nM) from either DIV 2 to 7 or DIV 3 to 7 and subsequently maintained in 

CPF/vehicle-free medium for 7 more days to: (i) allow from complete maturation as 

indicated by the “GABA switch” in which GABA function moves from excitatory to 

inhibitory, a marker of cell maturation (Ganguly et al. 2001), and (ii) allow for 

termination of transient effects that depend on the presence of CPF in the system. After 

complete maturation, synaptic currents were recorded by means of the whole-cell patch-

clamp technique from individual neurons (Figure 4).  

 

 

Figure 3. Functional synapses were 
established in primary hippocampal 
cultures at DIV14. Postsynaptic currents 
recorded from individual neurons at the 
holding potential of 0 mV were inhibited by 
the GABAA receptor antagonist bicuculline 
(10 μM; top). Postsynaptic currents recorded 
from neurons at a holding potential near the 
Cl- reversal potential (-60 mV) were blocked 
by superfusion of the neurons with external 
solution containing the AMPA receptor 
antagonist CNQX (10 μM) and the NMDA-
specific antagonist d-APD (AP5, 50 μM; 
bottom). x-scale: 1 sec; y-scale: 25 pA. 
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Exposure of the primary hippocampal cultures to CPF between DIV 2 and 7 had a 

biphasic effect on the frequency of IPSCs recorded from neurons voltage clamped at 

0 mV. The frequency of IPSCs increased as the concentrations of CPF increased from 3 

to 30 nM and decreased subsequently as the concentrations increased to 300 nM (Figure 

5A-B). A log-transformed one-way ANOVA with Tukey’s post-hoc test found increases 

in the frequency of inhibitory signaling were only significantly greater than control at 30 

nM (p < 0.001). Median IPSC amplitudes were also significantly increased relative to 

control at 100 nM exposure as indicated by a ranked one-way ANOVA with Dunn’s 

Method post-hoc tests (p < 0.05, Figure 5C-D).  Neither the frequency nor the amplitude 

of EPSCs was significantly affected following CPF exposure (Figure 6).  

 

Figure 4. Experimental timeline. Hippocampal cultures were prepared using cells harvested from the hippocampi of fetal 
rats (approximate fetal day 16 to 18). Cells were exposed to either CPF (range of 3 to 300 nM) or vehicle (DMSO, 1x10-6% 
(v/v)) on either DIV 2 or 3. To ensure that vital growth factors and other transmitters necessary for neuronal maturation 
were not diluted by fresh medium, approximately half of the medium was removed from plates. The exposure cocktail 
was then added to that conditioned medium, which was then returned to the plate. On DIV 7 the medium was completely 
replaced with fresh medium and exposure was ended. Every 3rd or 4th day after DIV7, approximately half of the medium 
was replaced with fresh medium. Electrophysiology experiments were conducted 12 to 14 days post-exposure).  
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Results were different when the exposure began on DIV 3. There was still a 

significant main effect of CPF on the frequency of IPSCs (Figure 6). However, a log-

transformed one-way ANOVA with Tukey’s post-hoc test indicated that significant 

differences in IPSC frequencies were only observed between 3 and 300 nM CPF 

exposure (p < 0.05). IPSCs recorded from neurons exposed to the different CPF 

concentrations were not significantly different from those recorded from vehicle-exposed 

neurons (Figure 7A-B). When the exposure started on DIV3, there was also a significant 

Figure 5. Concentration-dependent effect of CPF on the frequency of IPSCs following exposure between DIV2 and 
DIV7. A. Representative sample recordings of IPSCs obtained from neurons voltage clamped at 0 MV in hippocampal 
cultures exposed to vehicle (control) or CPF (30 nM). B. CPF exposure from DIV 2 to 7 had a biphasic effect on the 
frequency of IPSCs. There was a main effect of CPF on the IPSC frequency [F(5,44) = 5.889, p < 0.001]. A pairwise 
multiple comparison Tukey post-hoc test indicated that the IPSC frequency recorded from neurons that had been 
exposed to 30 nM CPF was significantly higher than that recorded from control neurons. C. CPF had a significant main 
effect on the amplitude of IPSCs [H(5) = 20.296, p=0.001). All pairwise multiple comparisons using Dunn’s method 
indicate a significant increase in median IPSC amplitude relative to control following 100 nM CPF exposure from DIV 2 
to 7. (3 litters, n = 5 to 10 cells per treatment group, data points represent mean ± s.e.m; in B&D; control mean ± 
s.e.m are represented by the blacked dashed line and red-rectangle respectively, *p<0.05, ***p<0.001). A: x-scale: 1 
sec, y-scale: 50 pA 
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main effect of CPF on the amplitude of IPSCs, with the IPSC amplitudes recorded from 

neurons that had been exposed to 3 and 100 nM CPF significantly differing from each 

other. (p < 0.05) (Figure 7C-D).  

Figure 6. Exposure of primary hippocampal cultures to CPF between DIV 2 and 7 had no significant effect on the 
frequency or amplitude of EPSCs. A. Representative sample recordings of EPSCs obtained from neurons voltage 
clamped at -60 mV in primary hippocampal cultures exposed to vehicle (control) or CPF (30 nM). B. CPF had no 
main effect on the EPSC frequencies, as indicated by a log-transformed one-way ANOVA (F(5,44) = 1.916, p = 
0.114). The apparent increase of EPSC frequency at 3 nM is due to two outlier cells with frequencies greater than 5 
times the control frequency. C. Median excitatory amplitudes were unaffected following CPF exposure (log-
transformed one-way ANOVA, F(5,44) = 0.574, p = 0.720). (n = 5 to 10 neurons per treatment group, data points 
represent mean ± s.e.m; in B&D; control mean ± s.e.m are represented by the blacked dashed line and red-
rectangle respectively) A: x-scale: 5 sec, y-scale: 50 pA.  
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The sensitivity of the hippocampal cultures to CPF appeared to change as they 

matured from DIV2 to DIV3. This conclusion was drawn in part by the comparison of the 

Figure 7. Effects of CPF exposure of hippocampal cultures from DIV 3 to 7 on IPSCs. A. Representative sample 
recordings of IPSCs obtained from neurons voltage clamped at 0 mV in primary hippocampal cultures exposed to 
vehicle (control) or CPF (30 nM). B. CPF had a significant main effect on the IPSC frequencies, as indicated by a log-
transformed one-way ANOVA [F(5,41) = 3.424, p = 0.012]. The post-hoc test indicated that IPSC frequencies recorded 
from neurons exposed to 300 nM CPF were significantly higher than those recorded from neurons exposed to 3 nM 
CPF (p<0.05). However, IPSC frequencies recorded from neurons exposed to any of the test concentrations of CPF 
were not significantly different from those recorded from control neurons. C. CPF had a significant main effect on the 
amplitude of IPSCs (log-transformed one-way ANOVA: F(5,41)=4.554, p=0.003). However, that difference is only 
significant between 3 and 100 nM CPF exposures as indicated by a pairwise multiple comparison Tukey post-hoc test 
(p < 0.001). (3 litters, n = 5 to 10 per treatment group, data points represent mean ± s.e.m; in B&D; control mean ± 
s.e.m are represented by the blacked dashed line and red-rectangle respectively). A: x-scale: 1 sec, y-scale: 50 pA; C: x-
scale=10 msec, y-scale=50 pA. 

Figure 8. The temporal dependence of CPF’s 
effects on primary rat hippocampal cultures. The 
relative increase in IPSC frequency following 
30nM CPF exposure is significantly greater if the 
exposure starts on DIV2 compared to exposure 
beginning on DIV3. t-test: t(16)=2.763, *p<0.05 
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normalized IPSC frequencies recorded from neurons that had been exposed to 30 nM 

CPF between DIV2 and DIV7 to those recorded from neurons exposed to the same CPF 

concentration between DIV3 and DIV7. As shown in Figure 8, the CPF exposure from 

DIV2 to DIV7 resulted in significantly greater increases in the frequency of IPSCs than 

did the exposure from DIV3 to DIV7. In addition, in contrast to the inverted U-shaped 

concentration-response relationship for CPF-induced changes in IPSCs observed when 

exposure began on DIV 2, the concentration-response curve assumed a sigmoidal shape 

when exposure started on DIV 3. 

Figure 9. Exposure of primary hippocampal cultures to CPF between DIV 3 and 7 had no significant effect on the 
frequency or amplitude of EPSCs. A. Representative sample recordings of EPSCs obtained from neurons voltage 
clamped at -60 mV in primary hippocampal cultures exposed to vehicle (control) or CPF (30 nM). B. CPF had no main 
effect on the EPSC frequencies, as indicated by a log-transformed one-way ANOVA: F(5,41)=1.139, p=0.358. C. 
Median excitatory amplitudes were unaffected following CPF exposure (log-transformed one-way ANOVA: 
F(5,41)=0.776, p=0.574). (3 litters, n = 5 to 9 per treatment group, data points represent mean ± s.e.m; in B&D; 
control mean ± s.e.m are represented by the blacked dashed line and red-rectangle respectively). A: x-scale: 1 sec, y-
scale: 50 pA; C: x-scale=10 msec, y-scale = 50 pA. 
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Like the results obtained from cultures exposed to CPF between DIV 2 and 7, 

however, neither the frequencies nor the amplitudes of EPSCs were affected by CPF 

when the exposures took place between DIV 3 and 7 (Figure 9). 

Alterations in the τdecay of synaptic currents can be indicative of changes in post-

synaptic activity. Thus, the τdecay for IPSCs and both components of EPSCs (AMPA and 

NMDA) were analyzed in neurons that had been exposed to 30 nM from DIV2 to 7 (i.e., 

the exposure paradigm that caused the largest significant effect on GABAergic synaptic 

transmission). Examples of isolated IPSCs and EPSCs from which decay phases were 

measured can be seen in Figure 10A. The τdecay of IPSCs recorded from neurons that had 

been exposed to 30 nM CPF or vehicle did not differ significantly (Control: 59.69 ± 7.22 

ms; CPF: 72.38 ± 9.18 ms; Figure 10B). Likewise, neither the fast nor slow components 

of the excitatory τdecay were affected by the developmental exposure of the cultures to 

CPF (Fast Control: 3.68 ± 0.71 ms; Fast CPF: 4.03 ± 0.84 ms; Slow Control: 51.48 ± 

7.33 ms; Slow CPF: 64.03 ± 12.91 ms; Figure 10B). 

Figure 10. Exposure of the primary 
hippocampal cultures to CPF from 
DIV2 to DIV7 does not affect the 
decay-constant of IPSCs or EPSCs. A. 
Sample recordings illustrating 
representative IPSCs (upper trace) 
and EPSCs (lower trace) from which 
decay-time constants were 
determined (red boxes, A). B. The 
decay-time constants of either IPSCs 
or EPSCs (both fast (AMPA) and slow 
(NMDA) decays) recorded from 
neurons that had been exposed to 30 
nM CPF were comparable to those 
from control neurons (B, t-test: 
p>0.1). (n = 8 control cells and 9 CPF-
exposed cells; n of isolated events 
accounted for >10% of all measurable 
isolated events in each recording , 
data points represent mean ± s.e.m). 
x-scale: 1 sec; y-scale: 50 pA. 
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4.4. Discussion 

The present study characterized the sensitivity of AChE in primary hippocampal 

cultures to inhibition by CPF and demonstrated the concentration- and time-dependent 

effects of CPF on synaptic transmission. Specifically, results presented here demonstrated 

that, with an apparent potency of approximately 5 µM, CPF inhibited AChE in cellular 

extracts of primary hippocampal cultures; the lowest CPF concentration that induced 

significant AChE inhibition was 1 µM. They also revealed that, starting on the second 

day after plating, a 6-day exposure of the primary hippocampal cultures to CPF 

concentrations well below those needed to inhibit AChE induced a significant increase of 

GABAergic synaptic transmission that was detected 6 days after the exposure ended. 

The lowest effective concentration (LOEC) of CPF needed to significantly inhibit 

AChE in primary hippocampal cultures was comparable to that reported to induce 

significant AChE inhibition in primary cultures of the rat cerebral cortex (Gao et al., 

2017). However, both the LOEC and the IC50 for CPF to inhibit AChE in cellular extracts 

from primary hippocampal cultures (1 and 5 µM, respectively) were markedly lower than 

that those needed to inhibit AChE in human neuroblastoma SH-SY5Y cells (~30 and 198 

µM; Todd 2017). These apparent discrepancies can be reconciled when considering that 

the process of immortalizing a cell line can result in proteomic changes that can render 

cell lines more or less susceptible to certain insults. In fact, previous studies have 

reported that the innate AChE activity in SH-SY5Y cells is influenced by procedures 

used to differentiate these cells (reviewed by (Kovalevich and Langford 2013)).  

Prolonged exposure between DIV2 and DIV7 of the primary hippocampal 

cultures to CPF concentrations well below the LOEC for AChE inhibition had a biphasic 
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effect on the frequency of IPSCs recorded from neurons one week after the end of the 

exposures. Specifically, the frequency of IPSCs increased as CPF concentrations 

increased from 3 to 30 nM and decreased subsequently to control levels as CPF 

concentrations increased further to 300 nM. On the other hand, neither the frequency nor 

the amplitude of EPSCs was affected by the exposure of the primary cultures to CPF. 

These findings suggest that exposure of the cultures to CPF selectively affects the 

development of GABAergic synapses. The inverted U-shaped concentration-response 

relationship for CPF to enhance the GABAergic tone in primary hippocampal cultures 

may be accounted for by multiple mechanisms of action of CPF at different concentration 

ranges. While low nM concentrations of CPF appear to trigger mechanisms that lead to 

the development of synaptic networks with heightened GABAergic tone, high nM 

concentrations trigger additional mechanisms that counter this effect.  

While the frequency of IPSCs in CPF-exposed primary hippocampal cultures was 

significantly higher than that recorded from vehicle-exposed cultures, the decay-time 

constants of these currents remained unaltered by the CPF exposure. Taken together these 

findings suggest that the exposure of the primary cultures to CPF had no direct effect on 

the expression/activity of postsynaptic GABAA, NMDA, or AMPA receptors. Analyses 

of mIPSCs and mEPSCs will be instrumental to support the contention that 

expression/activity of postsynaptic GABAergic and glutamatergic receptors is indeed 

unaffected by developmental exposure to CPF.  

Analysis of synaptic transmission in the hippocampus of adult male guinea pigs 

revealed that the prenatal CPF exposure significantly increased inhibitory (GABAergic) 

transmission in CA1 pyramidal neurons, while having no significant effect on excitatory 
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(glutamatergic) transmission. Specifically, the frequency of IPSCs and the frequency of 

miniature IPSCs (mIPSCs) were higher in neurons of CPF- than vehicle-exposed guinea 

pigs (Burke 2016). The increased frequency of IPSCs and mIPSCs recorded from CA1 

pyramidal neurons of guinea pigs prenatally exposed to CPF was not accompanied by 

changes in the amplitude of the events and, therefore, could reflect a higher probability of 

release and/or an increase in the number of inhibitory synapses in the mature 

hippocampus. This finding is of major relevance for the present study because high 

frequency of IPSCs recorded from CA1 pyramidal neurons correlated with the poor 

learning performance of guinea pigs in the MWM ( Burke 2016). While the correlation 

does not establish a cause-effect relationship between the heightened GABAergic tone in 

the hippocampus of CPF-exposed guinea pigs and their poor learning performance, it 

suggests that the increased inhibitory tone of CA1 pyramidal neurons may be part of the 

pathophysiology of the developmental neurotoxicity of CPF. Since this heightened 

GABAergic activity was recapitulated in primary hippocampal cultures exposed to low 

nM concentrations of CPF, this in vitro system emerges as a relevant preparation for 

elucidation of the molecular mechanisms by which CPF affects synaptic development. 

In vivo studies have also reported that there are critical periods of brain 

development that are particularly sensitive to the effects of non-AChE inhibiting doses of 

CPF (Meyer et al. 2004). For instance, adenyl cyclase signaling was found to be 

increased or decreased in different brain regions of adult rats depending on whether they 

were exposed to CPF during the early prenatal phase of neurulation or during the early 

postnatal phase of brain growth spurt (Meyer et al. 2004). Of interest, the IPSC frequency 

recorded from neurons that had been exposed to 30 nM CPF from DIV2 to DIV7 was 
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significantly greater than that recorded from neurons exposed to vehicle during the same 

time. By contrast, the frequency of IPSCs recorded from neurons to exposed to 30 nM 

CPF or vehicle from DIV3 to DIV7 did not differ significantly. This finding suggests that 

critical windows of CPF sensitivity are maintained in this in vitro system and supports the 

relevance of this system for studies aimed at identifying the mechanisms by which time-

specific exposures to CPF disrupts development of synapses. 
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5. Aim 2: To establish whether the elevated synaptic GABAergic tone resulting 

from exposure of immature primary hippocampal cultures to CPF is dependent 

on CB1 receptor activity and is accompanied by sustained activation of p38 and 

MSK 

5.1. Introduction 

An earlier study from our laboratory demonstrated that following prenatal 

exposure to CPF prepubertal guinea pigs present spatial learning deficits in the Morris 

water maze (Mamczarz et al. 2016), a behavioral task that depends on the functional 

integrity of the hippocampus (Chersi and Burgess 2015). At the end of behavioral testing, 

ex vivo analysis of synaptic transmission in the hippocampi of male guinea pigs revealed 

that the prenatal CPF exposure caused a significant increase in the frequency of 

inhibitory (GABAergic) postsynaptic currents (IPSCs) and miniature IPSCs (mIPSCs) in 

CA1 pyramidal neurons (Burke 2016). Of interest, the increased IPSC frequency 

recorded from CA1 pyramidal neurons correlated with poor learning performance of 

male guinea pigs in the MWM (2017). These findings taken together with the fact that 

increasing GABAergic activity in the adult hippocampus has been shown to cause spatial 

learning deficits (McNamara and Skelton 1993) suggest that heightened hippocampal 

inhibitory tone may be an integral part of pathophysiology of the developmental 

neurotoxicity induced by CPF. 

The disruptive effects of the gestational exposure of guinea pigs to low doses of 

CPF on synaptic transmission in the hippocampus could be modeled in vitro (Chapter 4: 

Aim 1). Specifically, one week after a 5-day exposure of primary hippocampal cultures to 

CPF concentrations well below the LOEC for ChE inhibition, the frequency of IPSCs 
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recorded from single neurons was significantly higher than that recorded from neurons 

that had been exposed to vehicle. The effect, which was maximized at 30 nM CPF, was 

significantly reduced when the exposure started on the third instead of the second day 

after plating of the cultures. This finding was also consistent with in vivo studies 

reporting that there are critical periods of development during which different brain 

regions are vulnerable to CPF (Meyer et al. 2004). Thus, the primary hippocampal 

cultures emerged as a valuable in vitro model for identification of potential AChE-

unrelated mechanisms by which developmental CPF exposures lead to the generation of 

synaptic networks with abnormally increased GABAergic synaptic activity. 

Many studies have demonstrated the ability of CPF to alter eCB signaling, which 

is known to play a critical role on synaptogenesis in the developing brain. Specifically, 

CPF and its metabolite, CPO, increase eCB levels in the brain via inhibition of the eCB 

hydrolyzing enzyme, FAAH ( Quistad et al. 2006; Carr, Borazjani, and Ross 2011; Carr 

et al. 2013; Liuet al. 2015). Additionally, with IC50s of 14 nM and 35 μM, respectively, 

CPO and CPF displace binding of cannabinoid ligands from CB1Rs, indicating direct 

interactions between the insecticide and these receptors (Quistad et al. 2002).  

eCB system proteins are highly expressed in the developing brain, particularly in 

the hippocampus (Morozov and Freund 2003). CB1Rs are heavily expressed on axonal 

growth cones during synaptogenesis and are present at the time of synapse formation 

(Morozov and Freund 2003). Activation of these receptors limits axonal growth during its 

migration toward specific postsynaptic targets (Berghuis et al. 2007). Additionally, 

activation of CB1Rs has been shown to decrease synapse formation both in vitro (Mulder 

et al. 2008; Kim and Thayer 2018) and in vivo (Berghuis et al. 2007), indicating a 
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potential role as a negative synaptogenesis regulator (reviewed by Gaffuri et al. 2012). 

Previously discussed studies have also uncovered the role of CB1R agonists in driving 

neuroprogenitor cells to mature into either neurons or glia, depending on the length of 

agonist exposure (Soltys et al. 2010). Thus, it is conceivable that CPF-induced disruption 

of eCB signaling in the developing brain contributes to the generation of the abnormally 

heightened GABAergic tone in the hippocampus. 

While it is still unclear how eCB signaling regulates synaptogenesis in the 

developing brain, it is well-known that CB1R agonists induce activation of the MAP 

kinase p38 (Derkinderen et al. 2001). One of the main downstream effectors of p38 is the 

kinase MSK (reviewed by Ono and Han 2000), which phosphorylates and activates 

transcription factors known to promote neuronal differentiation during brain development 

(Cortés-Mendoza et al. 2013; Landeira et al. 2018). Many studies have shown that p38 

activation promotes neurite outgrowth during neuronal differentiation (Morooka and 

Nishida 1998; Iwasaki et al. 1999; Hansen et al. 2000). The effects of p38 activity on 

synaptogenesis are, however, complex, as evidenced by the finding that constitutive 

activation of the p38 pathway during synaptogenesis in C. elegans causes structural 

synaptic disorganization, including a significant reduction of the number of synaptic 

vesicles in GABAergic synapses (Nakata et al. 2005).  

The present study was designed to test the hypothesis that the abnormally elevated 

inhibitory tone detected in mature primary hippocampal cultures exposed to low 

concentrations of CPF during development depends on CB1R activity and is associated 

with sustained p38 phosphorylation. To this end, cultures were exposed between in vitro 

days 2 and 7 to CPF (30 nM) or to saturating concentrations of the CB1R inhibitor 
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AM4113 or the phospho-p38 inhibitor SB205380 alone or in association with CPF. 

Control cultures were exposed to vehicle (DMSO). Then, one week after the end of the 

exposures, the patch-clamp technique was used to record IPSCs and EPSCs from neurons 

in culture. Results presented here demonstrate that AM4113 mimicked the effect of CPF, 

such that exposure of the developing cultures to either compound resulted in mature 

cultures with increased synaptic GABAergic activity. This result, taken together with the 

finding that the effect of AM4113 was neither additive nor synergistic with that of CPF, 

suggests that CPF-induced generation of synaptic networks with abnormally elevated 

inhibitory tone is a result of reduced eCB signaling during development. The variability 

in measured parameters following SB203580 exposure resulted in inconclusive results. 

Additionally, both overall expression and phosphorylation of the kinases downstream of 

CB1Rs, p38 and MSK1, were unaffected, indicating that sustained changes to this 

pathway are not necessary for the increased GABAergic signaling in the exposed 

cultures. 

5.2. Experimental Design 

The first experiment was designed to test the role of CB1R activation in the CPF-

induced generation of synaptic networks with elevated inhibitory tone in primary 

hippocampal cultures. Primary cultures of cells harvested from the fetal rat hippocampus 

were prepared as previously described (Chapter 3). As illustrated in Figure 4, on DIV 2, 

half the media was removed from the plates to be treated. CPF (for a final concentration 

of 30 nM) or DMSO (for a final concentration of 1x10-6 %) was added to the removed 

media both in the presence and absence of the CB1R neutral antagonist AM4113 (for a 

final concentration of 100 nM; 100 fold the Ki (0.89 nM), Sink et al. 2008). This media 
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with one of four exposures [CPF, DMSO (control), CPF+AM4113, DMSO+AM4113] 

was added to the removed media, which was then added back to the plate. On DIV 7, the 

media was removed and replaced with fresh MEM10. Every 3- or 4-days post-media 

replacement and until use in electrophysiology experiments (DIV 14), half the media was 

removed from each plate and replaced with approximately 1 ml of fresh MEM10. Three 

plates received one of each of the exposures. On DIV 14, plates were taken for 

electrophysiology experiments as before. Using the whole-cell patch-clamp technique as 

in Aim 1, the IPSCs (holding potential: 0 mV) were recorded for 5 mins and analyzed for 

frequency and amplitude. All exposures, recordings and analyses were performed blindly. 

Two-way ANOVA followed by Tukey post-hoc test was used for statistical analysis of 

the effects of the treatments. Following recordings from cultures in the AM4113 co-

exposure, cells were rinsed once with PBS and harvested in fresh PBS via mechanical 

scraping. Cells were then spun down; the supernatant was removed and cells were wicked 

dry before being stored at -80°C for Western blot experiments. 

To test changes in the activation of the pathway downstream of CB1Rs, an 

experiment was designed utilizing western blots to study changes in phosphorylation of 

both p38 and MSK1 on the exposed cultures harvested after electrophysiology. Frozen 

samples were thawed on ice and then homogenized via sonication in 50 µL of 

HSEB+APs per plate. To ensure consistent load volumes in the western blot gels, protein 

content in each homogenized sample was analyzed with a BCA assay. In the BCA assay, 

5 µl of sample were diluted with 45 µl of PBS in 3 separate wells (run in triplicate) to 

which 50 µl of the BCA reagent mixture (50:1 Reagent A:Reagent B) was added. A 

standard curve ranging from 1 to 2500 mg/l was also plated onto the same plate and in 
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triplicate. Plates were then incubated at 37°C for 1 h. After the incubation, plates were set 

to rest at room temperature for ~5 min before being read via UV-vis at 562 nm λ. 

Absorption was plotted against known protein content with the standard curve and a best 

fit line was made via linear regression. The line formula was then used to solve for the 

unknown concentrations, which were used to determine dilutions for the samples to 

ensure 2 μg of protein were loaded per well in all western blot gels. 

Finally, the samples were processed for western blot analysis. To this end, 15 µl 

of sample were added to 15 µl of Laemmli Buffer containing 5% β-mercaptoethanol (v/v) 

and placed on a heating block to denature (95°C for 5 min). 10 µl of this denatured 

sample mixture were then loaded into wells in Bio-Rad MINI-PROTEAN 10% gels. 

Proteins were electrophoretically separated at 100V for 1.5 h in running buffer and then 

transferred to PVDF membranes at 20V for 16 h in the cold room (4°C) in Toubin buffer. 

Following transfer, membranes were cut at the 55 kDa marker on the kaleidoscope 

ladder. The half membrane with higher molecular weight proteins was probed with an 

anti-phospho-MSK antibody while the lower half was probed with an anti-phospho-p38 

antibody as described in Chapter 3. Following incubation with the appropriate secondary 

antibodies, signals were visualized by chemoluminescence as described in Chapter 3. 

After imaging, membranes were stripped using stripping reagent at 50°C for 30 min and 

re-probed with the appropriate pan-antibodies for visualization of total p38 and total 

MSK. After imaging, the membrane with the lower molecular weight proteins was 

stripped as before and probed for β-actin, which was used as the housekeeping protein. 

The ratio of phosphorylated/pan antibody band density was used to determine changes in 

phosphorylation levels of the kinases, while relative total protein band densities were 
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normalized to β-actin for all wells and to determine relative protein expression changes 

across treatment groups. Two-way ANOVA was used for statistical data analysis with 

CPF and AM4113 exposures as the independent variables. All staining, imaging, and data 

analysis were performed blindly. 

5.3. Results 

5.3.1.  CB1R inhibition during exposure of primary hippocampal cultures to CPF 

fails to prevent the CPF-induced increase in synaptic GABAergic 

transmission 

In agreement with previous results (Chapter 4: Aim 1), exposure of primary 

hippocampal cultures to 30 nM CPF from DIV 2 to 7 significantly increased IPSC 

frequency recorded from single neurons one week after the end of the exposure (Figure 

11A-B). CPF-exposed neurons had an IPSC frequency 3.15 ± 0.50 times greater than 

vehicle-exposed neurons. The IPSC frequencies recorded from neurons in cultures 

exposed to CPF-plus-AM4113 or DMSO-plus-AM4113 were more comparable to those 

recorded from CPF-exposed neurons than to those recorded from control cultures 

(CPF+AM4113: 2.33 ± 0.43 times greater than control, n=7; DMSO+AM4113: 2.06 ± 

0.50 times greater than control, n=5; Figure 11A-B).  

There was a significant interaction between exposure and antagonist [F(1,41) = 

4.826, p = 0.034] and no significant main effect of exposure or antagonist on the 

frequency of IPSCs recorded from neurons in cultures subjected to the different 
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treatments. Multi-group comparison using the Tukey post-hoc test revealed that, in the 

absence of the CB1 receptor antagonist, the frequency of IPSCs recorded from neurons in 

cultures that were exposed to CPF was significantly higher than that recorded from 

neurons in vehicle-exposed cultures (p < 0.001). The frequency of IPSCs recorded from 

neurons that were co-exposed to vehicle and the CB1 receptor antagonist was also 

significantly higher than that recorded from neurons exposed to vehicle only (p = 0.027). 

Figure 11. CB1R-inhibition fails to reverse CPF-induced increases in IPSC frequency. A. Sample recordings of IPSCs 
obtained from neurons voltage clamped at 0 mV in cultures that had been exposed to vehicle (control), the CB1R 
antagonist AM4113 (AM, 100 nM), CPF (30 nM), or the admixture of AM4113-plus-CPF between DIV2 and 7. B. Two-
way ANOVA revealed significant interaction effects between CPF and AM4113 (AM) exposure on IPSC frequencies 
(F(1,41) = 4.397, p = 0.043]. Multi-group comparison with Tukey post-hoc test revealed that, in the absence of AM, 
CPF significantly increased the IPSC frequency. Likewise, AM, in the absence of CPF, significantly increased IPSC 
frequency relative to control frequencies. The results obtained from cultures exposed to AM-plus-CPF were not 
significantly different from those obtained in cultures exposed to each chemical individually. C. There were no main 
effects of CPF or AM4113 on the IPSC amplitudes, and no significant interactions between CPF and AM4113, as 
determined by a log-transformed two-way ANOVA [F(1,39)=0.111, p=0.741; AM4113: F(1,39)=2.038, p=0.162]. IPSC 
frequencies were normalized to control based on litter. Due to lack of power for two-way ANOVA, results were 
pooled with previous results from other litters. [n = 5 to 15 per treatment group, data points represent mean ± s.e.m; 
in B&D; control mean ± s.e.m are represented by the blacked dashed line and red-rectangle respectively *, p<0.05, 
***, p<0.001). A: x-scale: 1 sec, y-scale: 50 pA; C: x-scale=10 msec, y-scale=50 pA 
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The frequency of IPSCs recorded from neurons exposed to CPF-plus-AM4113 was not 

significantly different from that recorded from neurons exposed to CPF or to vehicle-

plus-AM4113 (p = 0.467 and 0.617 respectively). 

Neither CPF nor AM4113 exposure resulted in changes to EPSC frequencies 

[CPF: F(1,39)=1.286, p = 0.264; AM4113: F(1,39), p=0.305] or amplitudes [CPF: 

F(1,39)=0.830, p=0.368; AM4113: F(1,39)=2.014, p=0.164] as measured by log-

transformed two-way ANOVA (Figure 12). Additionally, neither CPF nor AM4113 had a 

Figure 12. Exposure of hippocampal cultures to CPF and/or AM4113 had no significant effect on EPSCs. A. Sample 
recordings of EPSCs obtained from neurons voltage clamped at -60 mV in cultures that had been exposed to vehicle 
(control), the CB1R antagonist AM4113 (100 nM), CPF (30 nM), or the admixture of AM4113-plus-CPF between DIV2 
and 7. B. Two-way ANOVA revealed no significant main effects of CPF or AM4113 on the frequency of EPSCs [CPF: 
F(1,39)=1.286, p = 0.264; AM4113: F(1,39), p=0.305], and no significant CPF x AM4113 interaction. C. There were no 
significant main effects of CPF or AM4113 on the median EPSC amplitudes as determined by a log-transformed two-
way ANOVA (CPF: F(1,39)=0.830, p=0.368; AM4113: F(1,39)=2.014, p=0.164), and no significant CPF x AM4113 
interaction. IPSC frequencies were normalized to control based on litter. Due to lack of power for two-way ANOVA, 
results were pooled with previous results from other litters. [n = 5 to 15 per treatment group, data points represent 
mean ± s.e.m; in B&D; control mean ± s.e.m are represented by the blacked dashed line and red-rectangle 
respectively. A: x-scale: 1 sec, y-scale: 50 pA 
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significant main effect on IPSC amplitudes (Figure 11 C-D) [CPF: F(1,39)=0.111, 

p=0.741; AM4113: F(1,39)=2.038, p=0.162].  

5.3.2. p38 and MSK phosphorylation in rat primary hippocampal neurons 

following exposure to CPF and/or AM4113 

Seven days after the 5-day exposure of hippocampal cultures to CPF and/or AM4113, 

levels of phosphorylated p38 and phosphorylated MSK as well as levels of total protein 

were not significantly different from those measured in control cultures. Neither CPF nor 

AM4113 had significant main effects on levels of phosphorylated p38- [CPF: 

Figure 13. Neither expression nor phosphorylation of p38 and MSK1 is altered in primary cultures that had been 
exposed to CPF in the presence or absence of AM4113 between DIV2 and 7. Left panels: representative western blots 
of protein extracts obtained from cultures after the electrophysiological recordings ended on DIV14 (samples were 
exposed to CPF (+) and/or AM4113 (+) or neither (--). Cultures had been exposed to vehicle, CPF (30 nM), AM4113 (20 
µM), or the admixture of CPF-plus-AM4113. There was no significant main effect of CPF or AM4113 on p38 expression 
[CPF: F(1,11) = 0.305, p = 0.596; AM: F(1,11) = 0.145, p = 0.713] or on MSK1 expression [CPF: F(1,11) = 0.311, p = 0.592; 
AM: F(1,11) = 0.0662, p = 0.803], and significant CPF x AM interactions. Additionally, there was no significant main 
effect of CPF or AM4113 on levels of phosphorylated p38 [CPF: F(1,11) = 0.0189, p = 0.894; AM: F(1,11) = 0.215, p = 
0.655) or on levels of phosphorylated MSK1 (CPF: F(1,11) = 0.00, p = 0.987; AM: F(1,11) = 0.868, p =0 .379). (n=3 
cultures/group). Graph and error bars represent mean and s.e.m., respectively. 
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F(1,11)=0.221, p=0.651; AM4113: F(1,11)=0.192, p=0.673] or levels of phosphorylated 

MSK1 [CPF: F(1,11)=1.343, p=0.280; AM4113: F(1,11)=0.187, p=0.187] (Figure 13). 

5.4. Discussion 

The present study revealed that CB1 receptors are tonically active in developing 

primary hippocampal cultures and that his tonic activity regulates the maturation of 

GABAergic synaptic transmission. Specifically, one week after an exposure, lasting from 

DIV2 to DIV7, to a saturating concentration of the CB1R antagonist AM4113, the 

frequency of IPSCs recorded from individual neurons was significantly higher than that 

recorded from neurons in cultures that had been exposed to vehicle. This is in agreement 

with previous reports that CB1Rs are tonically active in the developing rat hippocampus 

and that fine tuning of this tonic activity is essential for the development of mature 

neuronal networks with a physiologically normal degree of neuronal excitability (Bernard 

et al. 2005). In addition, evidence is provided suggesting that the effect of CPF on 

development of GABAergic synapses depends on CB1R activity.  

Previous studies have reported that CPF and its oxon metabolite displace binding 

of cannabinoid ligands from CB1Rs (Quistad et al. 2002); however, it remains unknown 

whether CPF and CPF-oxon act as full agonists, partial agonists, or antagonists at CB1 

receptors. Several studies have also shown that both CPF and CPF-oxon inhibit FAAH, 

the enzyme that inactivates the eCB AEA, which acts as a partial agonist at CB1 

receptors (Quistad et al. 2006; Carr, Borazjani, and Ross 2011; Carr et al. 2013; Liu, 

Parsons, and Pope 2015;). It is unlikely that CPF-oxon accounted for the effect of CPF in 

the primary cultures, because fetal brain tissue lacks the CYP450 isoforms CYP1A2, 

2B6, 2C9, 3A4, 3A5, and 3A7, which catalyze the conversion of CPF to CPF-oxon 
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(Foxenberg et al. 2007; Hersman and Bumpus 2014). In fact, an earlier study reported 

non-detectable levels of CPF-oxon in primary cerebral cortical cultures exposed for 24 h 

to submicromolar concentrations of CPF (Gao et al. 2017). Inhibition of tonically active 

CB1Rs with AM4113 mimicked the effect of CPF in developing primary hippocampal 

cultures. In short, mature hippocampal cultures that had been exposed soon after plating 

to either CPF or AM4113 presented heightened synaptic GABAergic activity, and the 

effects of CPF and the neutral antagonist were not additive or synergistic. It is unlikely 

that CPF acts as a CB1R antagonist because, in SHSY-5Y cells, CPF increased 

neurodifferentiation whereas AM4113 was devoid of any effect (Todd 2017). Instead, it 

is possible that the effects of CPF result from its action as a partial agonist at CB1Rs. 

Alternatively, the results could be accounted for by CPF inhibiting FAAH and increasing 

the levels of AEA, an eCB known to act as a partial agonist at CB1Rs (Mackie et al.  

1993; Burkey et al. 1997). As a partial agonist, AEA has been shown to suppress the 

effectiveness of full CB1 receptor agonists (Mackie et al. 1993). As a partial agonist, 

either CPF or AEA, is likely to reduce the activity of the eCB 2-arachidonoylglycerol (2-

AG), which acts as a full agonist at CB1Rs (Reggio 2010) and is produced in primary 

hippocampal cultures (Zhang and Chen 2008). 

In a previous study from our laboratory, CPF concentrations well below the 

threshold for AChE inhibition in cultures of the neuroblastoma cell line SH-SY5Y caused 

the cells to differentiate into mature neurons (Todd 2017). In that study, the CB1R 

antagonist AM4113 was devoid of any effect on neurodifferentiation, but blocked the 

neurodifferentiation induced by CPF. The apparent discrepancy between these findings 

and those presented here could be reconciled by the fact that in the neuroblastoma cell 
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line there was no apparent tonic CB1R activity. Thus, in the absence of this tonic activity, 

CPF could induce CB1R activation by acting directly as a partial CB1R agonist or by 

indirectly increasing levels of the partial eCB agonist AEA in the transformed cell line.  

Previous studies have reported that inhibition of CB1Rs during synaptogenesis 

results in an increase in inhibitory synaptic formation. CB1Rs act as a negative 

synaptogenesis regulator (reviewed by Gaffuri et al. 2012). CB1R activation by agonists 

decreases synapse formation both in vitro (Kim and Thayer 2018) and in vivo (Berghuis 

et al. 2007).  

In a study by Bernard et al. (2005), rat hippocampi were studied immediately 

following birth and during the period of brain growth spurt. It was observed that CB1Rs 

are expressed in GABAergic synapses at this stage of brain maturation, but no expression 

was observed in the glutamatergic synapses of rat hippocampi. Additionally, in mice, 

glutamatergic axons are CB1R positive until birth, right before the brain growth spurt, 

after which time CB1R-positive cells are primarily GABAergic (reviewed by Wu et al.,  

2011). The periods of brain maturation in which CB1R become primarily expressed in 

GABAergic axons aligns with the period during which the hippocampi were harvested 

for preparation of the primary cultures in the present study (end of gestation, ~GD18-20). 

If inhibition of CB1Rs increases synapse formation and these regulatory receptors are, at 

the time of cell harvesting and in vitro exposure, primarily located in GABAergic 

neurons in the developing hippocampus, it would stand to reason that this increased 

synapse formation would result in an increase in inhibitory synapses relative to excitatory 

synapses. Considering the above evidence for CB1R as a negative regulator of 

synaptogenesis, it is hypothesized that, via reducing the activity of CB1R during 
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development, CPF increases the number of inhibitory synapses. However, at present, we 

cannot rule out the hypothesis that developmental exposure of hippocampal cells to CPF 

affects mechanisms that increase the probability synaptic GABA release from mature 

GABAergic neurons. 

An important role of CB1Rs in the hippocampus is regulation of GABA release 

via depolarization-induced suppression of inhibition (DSI, reviewed by Kreitzer and 

Regehr 2002). DSI is a process by which a neuron that experiences overt depolarization 

silences synapsing inhibitory neurons via retrograde signaling across the synapse. In 

maturing rat hippocampi (PND 16-30), this observed suppression of IPSC amplitudes 

following excitation can be extinguished by the CB1R inhibitors AM251 or SR141716, 

indicating that eCBs are the retrograde messengers that account for DSI. Additionally, 

DSI inhibits mIPSC frequency to a similar degree as the CB1R agonist WIN55313-2 

without affecting the amplitudes of the inhibitory events, indicating a decrease in GABA 

release with CB1R activation (Wilson and Nicoll 2001). Similar depression of IPSCs with 

exposure to the CB1R agonist WIN55212-2 has been seen in rat primary hippocampal 

cultures, an effect that was once again reversed with the application of CB1R antagonists 

(Ohno-Shosaku et al. 2001). The possibility that long-lasting, CPF-induced suppression 

of CB1R-dependent DSI could be responsible for the increased inhibitory tone in the 

CPF-exposed cultures is, however, not supported by the data presented here. Specifically, 

if the initial exposure to CPF led to sustained suppression of CB1R activity, one would 

expect that CB1R signaling would have been suppressed at the time synaptic activity was 

evaluated in the CPF-exposed cultures. By contrast, phosphorylation of p38, a 

downstream CB1R effector, and phosphorylation of MSK, a p38 downstream effector, 
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were comparable between CPF- and vehicle-exposed cultures. Although sustained 

alterations to the p38/MSK pathway do not appear to be necessary to maintain elevated 

GABAergic activity in primary hippocampal cultures that had been exposed to CPF, it is 

possible that p38 signaling during development may contribute to the CPF effect. 

The role of p38 in synaptogenesis is mostly unknown. There is evidence that p38 

plays a role in synaptic organization, as evidenced by a reduction in GABAergic vesicles 

following p38 over-activation in C. elegans (Nakata et al., 2005); however, further 

synaptogenesis effects from alterations to p38 activity are unexplored. These effects are 

complicated by the fact that p38 has a number of downstream targets that can affect a 

number of processes, from cell differentiation to cell growth and cell death (reviewed by 

Ono and Han 2000). While it is possible that CPF-induced changes to synaptic function 

are p38-dependent, much investigation is still needed to realize this connection. Future 

studies will continue to explore this intracellular signaling pathway as a possible 

mechanism through which CPF affects synaptogenesis.  

In summary, the present study indicates that the elevated GABAergic tone in 

mature hippocampal cultures following their developmental exposure to CPF 

concentrations well below the threshold for AChE activity depends on CB1R activity at 

the time of the exposure. The results presented here lend support to the hypothesis that 

CPF, by acting as a partial CB1R agonist or by increasing levels of the endogenous 

partial agonist AEA, reduces the tonic CB1R activity likely maintained by the full eCB 

CB1 agonist 2-AG, and, thereby, prevents the negative regulatory role of CB1Rs on 

synaptogenesis (Figure 14). Based on this hypothesis, we predict that the magnitude of 

the effect of CPF will depend on the degree of tonic CB1R activity maintained by levels 
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of the eCB AEA and 2-AG. The role of p38 and MSK1 in this pathway are unclear and 

need further investigation. These findings lay the groundwork for future studies aimed at 

further elucidating the involvement of the eCB system on CPF-induced disruption of 

synaptic development both in vitro and in vivo. 

Figure 14. A potential pathway for CPF’s induced increase in inhibitory tone in rat primary hippocampal 
neurons. CB1Rs, which during neurodevelopment can be tonically activated by the endogenous agonist 2-AG, 
regulate numerous developmental processes (proliferation, differentiation, circuit integration) through multiple 
pathways (MEK, P13K, p38). The results of the present study lead to the hypothesis that, via CB1Rs, CPF affects 
GABAergic synaptogenesis. CB1Rs, which are primarily located on GABAergic axons at the time of the brain growth 
spurt in rodents, act as negative regulators of synapse formation. In the hypothesized mechanism, CPF, by direct 
partial agonism of CB1Rs or by increasing levels of the endogenous partial agonist AEA, competes with the full 
agonist 2-AG and inhibits 2-AG-induced tonic activity of CB1Rs. This decrease in CB1R activity may reverse the 
negative-regulatory role of CB1Rs and result in an increase in the development of inhibitory synapses. The role of 
p38 and MSK1 in this pathway are unclear and need further investigation. Diagram created with BioRender. 
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6. Aim 3: To determine whether prenatal exposure to MLT results in spatial 

learning and memory deficits in guinea pigs 

6.1. Introduction 

Organophosphorus (OP) insecticides are a family of pest-control agents employed 

worldwide for both agricultural and in-home pest protection. As recently as 2013, it was 

reported that up to 90 OP insecticides were employed globally, the most of any 

insecticide chemotype (reviewed by Casida and Durkin 2013). Although exposures to 

low levels of these insecticides are widespread, they generally go unnoticed as they do 

not trigger the typical cholinergic syndrome that results from the inhibition of 

acetylcholinesterase (AChE), the enzyme that inactivates the neurotransmitter 

acetylcholine (ACh) (Colovic et al. 2013). Many epidemiological studies, however, have 

reported that exposures to low levels of OP insecticides, especially during pregnancy, are 

associated with childhood neurological deficits (reviewed by Pereira et al. 2014 and 

Chapter 1: Introduction). To date, most clinical and preclinical studies have focused on 

the potential developmental neurotoxicity of CPF. Yet, a recent study reported that 

prenatal or early childhood exposures to the OP insecticide MLT are also associated with 

moderately increased risks of autism spectrum disorder with intellectual disability 

comorbidity in children (Von Ehrenstein et al. 2019).  Although these associations do not 

establish a cause-effect relationship between prenatal MLT exposures and neurological 

impairments later in life, they raise concerns because, while overall OP insecticide use 

has declined in all US sectors, MLT remains among the most commonly used pesticides 

in all US market sectors. As recently as 2012, MLT was an active ingredient in 1-3 

million pounds of OP insecticides used in the home and garden market sectors alone, 
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making it the fourth most commonly employed insecticide in non-agricultural settings 

(Atwood and Paisley-Jones 2017).  

Numerous preclinical studies carried out in mice, rats, and guinea pigs have 

supported the concept that CPF, at doses that are below the threshold for brain AChE 

inhibition and do not trigger signs of acute toxicity, is a developmental neurotoxicant 

with a sex bias toward males (discussed in Chapter 1: Introduction). However, to date, 

no study has examined whether at low doses MLT is also a developmental neurotoxicant. 

As previously discussed, (see Chapter 1), the few studies that assessed neurobehavior of 

rodents following developmental MLT exposures focused on MLT doses that caused 

significant AChE inhibition in the brain. One study reported decreases in motor function, 

coordination, and strength in rats exposed to MLT (200 mg/kg/day p.o.) from PND 12 to 

14 (Acker et al. 2011). These motor impairments correlated with the degree of AChE 

inhibition in the brains of those rats, aligning with known roles of the cholinergic system 

in controlling motor skills. The other study reported that adult mice exposed to MLT (15 

mg/kg/day p.o.) between GD 6 and PND 21 presented anxiety-like behavior and impaired 

social interaction in open field tests (Ouardi et al. 2019). These exposures neither resulted 

in overt signs of toxicity nor did they cause significant inhibition of brain AChE. 

The present study was designed to determine whether, at a dose that does not 

trigger overt signs of acute toxicity and does not cause significant inhibition of AChE, 

MLT is a developmental neurotoxicant. To this end, the guinea pig was selected as the 

animal model of choice because of its unique characteristics. First, there are striking 

similarities between human and guinea pig placentation (Grigsby 2016), which impacts 

fetal development by regulating maternal-fetal exchange of nutrients, hormones, and 
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xenobiotics (Nugent and Bale 2015; Pappas et al. 2014). Second, the temporal 

development of the human brain is more closely approximated by that of the guinea pig 

than the rat or mouse brain (Dobbing and Sands 1973; MacLusky and Naftolin 1981). For 

instance, in humans and guinea pigs, the fetal brain growth spurt period starts early in the 

third part of gestation, whereas, in rats and mice, it is mostly a perinatal event that begins 

around birth (Dobbing and Sands 1973). Third, levels of circulating carboxylesterases, 

enzymes that scavenge many OP compounds and, therefore, reduce OP toxicity, are 

higher in mice and rats than in guinea pigs and are almost undetectable in humans 

(reviewed in Pereira et al. 2014). 

   Previous studies from our laboratory demonstrated spatial learning deficits in  

prepubertal guinea pigs exposed in utero during their brain growth spurt (approximate 

GD 53-62) to a dose of CPF insufficient to cause overt toxicity in the pregnant dams or 

cause significant brain AChE inhibition in the dams or offspring (25 mg/kg/day, s.c., 

~0.05xLD50). The learning impairment induced by the prenatal exposure to CPF was 

more pronounced among males than age-matched females (Mamczarz et al. 2016). 

Results presented here demonstrate that a similar dose regimen of MLT (20 

mg/kg/day, s.c., ~0.04xLD50, administered between ~GD53-55 and 63-65) triggered no 

acute toxicity in the dams and caused no significant inhibition of brain AChE in the dams 

or the offspring at birth. However, it caused a sex-dependent impairment of specific 

aspects of spatial learning and memory, with those effects being task dependent. This is 

the first study to demonstrate that prenatal exposures to doses of MLT below the 

threshold for significant inhibition of AChE are causally related to cognitive deficits later 

in life. 
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6.2. Experimental Design 

Starting on approximate GD 53, pregnant dams received a single s.c. injection of 

MLT (20 mg/kg/d) or vehicle (peanut oil; 0.5 ml/kg/d) every 24 h for 10 days. After birth 

(approximate GD 65-67), pups were weaned on PND 20 and then housed according to 

sex and treatment groups. Their body weights were collected daily starting on PND 2. 

Animals started behavioral testing around PND 30. Animals were first subjected to open 

field testing (10 min/day for 2 consecutive days) for assessment of locomotion and 

anxiety-like behavior. Subsequently, spatial learning and memory were assessed in the 

MWM, as briefly described below. 

Training in the MWM started on approximate PND 38. Reference memory 

training consisted of 5 consecutive days in which 4 individual trials were run. For each 

trial, animals were randomly placed in one virtual quadrant (N, S, E, W; see Figure 15), 

with each animal entering each of the four quadrants once per day. Trials lasted no longer 

than 90 s, although if animals escaped onto the platform before the end of the trial 

animals were removed from the maze. These tests occurred in round galvanized tanks 

(diameter of 198 cm, height of 60 cm) that were filled with cold water (decreased from 

30°C to 24°C over the course of testing to increase escape motivation) made opaque by 

black tempera paint, to a height of about 40 cm. A plexiglass escape platform (diameter 

of 20 cm) was submerged in the center of one quadrant 3 to 4 cm below the water level. 

Memory testing occurred via a probe test, in which, 72 h after the completion of 

reference training, the escape platform was removed from the water and animals were 

allowed to free swim for 90 s. Spatial learning was assessed by the distance and time 

required for escape during reference training, while memory retention was assessed 
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during the probe test by time and distance the animals spent swimming in both the target 

zone and quadrant (i.e., the quadrant in which the platform used to be located during the 

reference training). Thigmotaxis, time spent in the wall zone, was used to identify 

strategies animals used to find the hidden platform. Finally, a 2-day re-training period 

with 4 trials per day was conducted after the probe test and was followed by reversal 

training. During the reversal training, the platform was placed in the quadrant opposite to 

that in which the platform was located during the reference training, and animals were 

allowed to swim for 90 s to find the newly positioned platform. The objective of the 

reversal training was to test the animals’ ability to extinguish previously learned 

information in favor of newer information. Escape latency, distance, and thigmotaxis 

were the parameters analyzed. All behavioral tests, including the open-field, were 

recorded with the Any-Maze software. 

A subset of animals was sacrificed on the day they were born (which was 24 to 48 

h after the last injection). Immediately after collecting blood by cardiopuncture, brains 

were harvested. Cerebellum, hippocampus, frontal cortex, and striatum were dissected, 

snap frozen in liquid nitrogen, and stored at -80°C until further processing. AChE activity 

was measured in blood and brain samples using the Ellman assay as described in Chapter 

4. BuChE activity was measured in the presence of the AChE-specific inhibitor 

BW284c51 (final concentration: 10mM), and AChE activity was measured in the 

presence of the BuChE-specific inhibitor iso-OMPA (final concentration: 10mM). 

Absorption of the whole blood samples was measured at 436 nm λ as opposed to the 412 

nm λ of the brain samples for 10 min at 10 s intervals. 
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A mixed model ANOVA with two or three fixed factors and the random factor of 

nested mothers under prenatal exposure was used to study differences between groups. In 

most cases interaction effects were considered. Interaction effects measure combined 

effects of independent variables on the dependent measurement and, with post-hoc 

analysis, can indicate one factor’s dependence on the level of the other factor. Post-hoc 

tests were dependent on the statistical analysis employed (see Chapter 3 Materials and 

Methods). If interaction effects were found to significantly dictate endpoint outcomes, 

simple effect analysis was performed to understand the effects of one of the independent 

variables on the groups of the other interacting variable indicated in the significant pair. 

These interaction effects are represented as variable 1 x variable 2. Statistical 

measurements of the discussed endpoints (F-statistics and p-values) are all available in 

the included table (below). For ChE assays, one-way or ranked one-way ANOVA tests 

were used to identify differences between groups. 

  

Figure 15. Morris Water Maze Map. The morris water 
maze (198cm diameter) is divided into four quadrants 
with the platform placed in the SW quadrant (red 
circle). Virtual annulus-40 locations for search accuracy 
analysis in the probe test were placed in the same 
location in the other quadrants (black circles). 
Thigmotaxis was measured by time spent in the wall 
zone (dashed yellow circle, 20cm inside the wall). 
Animals were pseudo-randomly placed in each of the 
four quadrants during their four trials per test 
(N,E,S,W). 
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6.3. Results 

6.3.1. Pregnancy outcomes and body weights 

To determine whether the MLT exposure (20 mg/kg/d, s.c. for 10 d) affected litter 

size, perinatal deaths, or maternal deaths of guinea pigs, these outcomes were analyzed 

and compared to those obtained from dams exposed to vehicle. As shown in Table 4, 

maternal deaths, miscarriages, and litter sizes were not significantly different between the 

two groups. 

Additionally, to determine potential developmental effects in the exposed pups, 

body weights were measured and compared across ages, sexes, and exposures. ANOVA 

revealed significant main effects of sex and age on body weight gain (Figure 16). There  

were also significant sex x exposure and sex x age interactions. Analysis of the sex x 

exposure interaction revealed that sex effects were significant in both vehicle- and MLT-

exposed animals, with males gaining more weight than females with age. However, 

prenatal exposure did not significantly affect weight gain in either males or females.  The 

simple effect analysis of the sex x age interaction revealed that sex differences in body 

Table 3 Pregnancy Outcomes 
aNumber of pregnant guinea pigs that died during injections/total number of injected guinea pigs. 
bNumber of pregnant guinea pigs that miscarried after beginning of injections/total number of pregnant guinea pigs that 
survived the injections. 
cNumber of litters with offspring that died within 24 h after birth/total number of viable litters. 
dNumber of offspring that died within 24 h after birth/total number of offspring. 
eLitter size is presented as mean ± SEM of total number of offspring per litter per group. 

Effect Peanut Oil Malathion

Maternal deathsa 1/16 0/14

Miscarriagesb 0/15 0/14

Litters with perinatal deathsc 3/15 2/14

Perinatal deathsd 7/77 3/62

Litter sizee Avg: 5.13 ± 0.50

Median 5 (2-9)

Avg: 4.5 ± 0.33

Median 5 (2-6)

Table 3: Pregnancy Outcomes
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weight gain were significant between PND 22 and 39 regardless of whether the animals 

were exposed to MLT or vehicle. In sum, these results indicate that the subacute in utero  

MLT exposure had no significant effect on body weight gain of the guinea pigs, and that 

differences in body weight of male and female guinea pigs increase with age.  

6.3.2.  Cholinesterase activity in brain and blood of offspring and dams 

Total ChE activity as well as AChE and BuChE activities were assayed in blood 

and different brain regions of a subset of guinea pigs on the day dams that had been 

exposed during gestation to MLT or vehicle delivered their offspring (24-48 h after the 

last injection). Data analysis revealed that total ChE, AChE, and BuChE activities 

measured in blood and in different brain regions of the vehicle-exposed dams was 

comparable to those measured in corresponding tissues from MLT-exposed dams (Figure 

17). 

Figure 16. Gestational exposure of 
guinea pigs to malathion (20 mg/kg/day, 
s.c., ~GD53-63) had no effect on 
offspring body weight gain. Body weight 
of offspring was recorded starting on 
PND2 until the beginning of water maze 
training. As described in the text, a 
mixed-design ANOVA indicated 
significant main effect of sex (p < 
0.0001), non-significant main effect of 
prenatal exposure, and significant 
prenatal exposure x sex and prenatal 
exposure x age interactions (p < 0.0001). 
(n = 22-36 animals per group, all animals 
that went through the first training phase 
were included in the body weight 
measurements). Points and error bars 
represent mean and s.e.m. 
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In agreement with our previous study (Mamczarz et al., 2016), AChE and BuChE 

activities measured in blood and different brain regions of vehicle exposed male offspring 

were comparable to those measured in corresponding tissues of vehicle-exposed female 

offspring. There were no significant main effects of sex or exposure on enzyme activity 

in any of the assayed tissues. In addition, there were no significant sex x exposure 

Figure 17. Cholinesterase activity in whole 
blood and in different brain regions of 
guinea pigs was not affected by the 
prenatal exposure to malathion (20 
mg/kg/day, GD53-63). Measurements of 
AChE, BuChE and total ChE activities are 
from whole blood and brain samples from 
offspring on the day they were born 
following prenatal exposure to peanut oil 
(PO) (n=11) or malathion (MLT) (n=14). 
Animals were born within 24 h after the 
last dose of MLT or PO, and tissue was 
harvested immediately after the animals 
were born. Graph and error bars represent 
mean and s.e.m. 
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interactions, indicating that the MLT dose regimen used in this study did not induce 

significant AChE inhibition in the dams or the offspring. 

6.3.3.  Open-field exploration 

Open-field testing was conducted to examine the effects of the prenatal MLT 

exposure on locomotor activity (distance traveled) and anxiety-like behavior (exploration 

of the center zone of open fields).  

There was a significant decrease in total distance animals traveled in the open 

field between the first and second days of testing. However, this habituation behavior was 

not affected by the MLT exposure or the sex of the animals (Figure 18A), as. ANOVA 

revealed no significant main effect of sex or exposure and no significant sex x exposure 

interaction on the total distance the animals traveled. 

Anxiety-like behaviors in the open field are often measured with time and 

distance traveled in the center zone as well as the number of entries to that zone (Prut and 

Belzung, 2003). Animals that exhibit anxiety-like behaviors are less likely to explore the 

center of the open field. Test day significantly impacted center exploration, as both 

traveled distance and number of entries in the zone were significantly decreased in all 

treatment groups between days 1 and 2 of open field testing (Table 4A, Figure 18B&C). 
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Distance in the center zone decreased from day 1 to 2, but so did total distance. Thus, the 

lower exploration of the center zone in day 2 compared to day 1 is likely to reflect 

habituation of the animals to the environment.  

There was no significant main effect of sex on traveled distance, time, and 

number of entries in the center zone. There was also no significant main effect of 

exposure on distance traveled in the center zone. However, there was a significant main 

effect of exposure on number of entries and time spent in the center zone, with MLT-

exposed animals exploring the center of the fields significantly less than vehicle-exposed 

animals as indicated by a decrease in both the time in and number of entries to the center 

Figure 18. Prenatal exposure to 
malathion does not affect locomotor 
activity in guinea pigs. Guinea pigs 
were allowed to explore the open field 
for 10 min on two consecutive days. 
Graphs show the total distance 
traveled (A) and distance traveled in 
the center zone (B). Number of entries 
into the center (C) and time spent in 
the center zone (D) were also 
analyzed. As described in the text, a 
mixed-design ANOVA revealed no 
significant main effect of prenatal 
exposure on the total distance 
traveled, but there was a near to 
significant effect of prenatal exposure 
on the distance traveled in the center 
zone (p=0.0508), and a significant 
effect on the number of entries (p = 
0.0405), and time in the center zone 
(p=0.0180). Main effect of sex was 
non-significant for the total distance 
and time in the center and was near to 
significance for the center distance 
(p=0.0502) and the center entries (p= 
0.0516). Animals habituated their 
response to the apparatus as indicated 
by a significant main effect of testing 
day on the total distance traveled (p < 
0.0001), distance traveled in the center 
(p = 0.0002), and number of entries 
the center zone (p < 0.0001). Graph 
and error bars represent mean and 
s.e.m, respectively, of results obtained 
from 23-36 animals/group. 
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zone (Table 4A, Figure 18B and C). There were no significant sex x exposure 

interactions on any of the measured outcomes (Table 4A). 

6.3.4. Morris water maze 

6.3.4.1. Reference training 

Animals of both sexes were able to effectively learn the spatial task in the MWM, 

as indicated by a significant main effect of training day on the escape latency and 

distance traveled to escape onto the hidden platform (Table 4B, Figure 19). Prenatal 

exposures had a main effect on escape latency, with MLT causing a significant increase 

in the time the animals swam to escape onto the hidden platform. Although there was no 

main effect of exposure on the distance swam to escape onto the platform, there was a 

significant exposure x training day interaction (p = 0.0051). Analysis of the simple main 

effect of each factor revealed that training day had a significant effect on the distance to 

find and escape onto the platform; the distance decreasing significantly from day 1 to day 

5 for both vehicle- and CPF-exposed animals, indicating that animals were able to learn 

the task (p < 0.0001 for both). However, exposure significantly altered distance swam on 

the first (p<0.0001) and fifth (p = 0.0346) training days, with MLT-exposed animals 

swimming longer distances than vehicle-exposed animals to find and escape onto the 

platform. These results indicate that, although animals were able to effectively learn the 

location of the platform, the subacute MLT exposure impaired their learning ability 

slightly, with increased escape latency in exposed animals on the last day of training. 

There was no significant main effect of sex and no significant sex x exposure interaction, 

indicating a non-sexually dimorphic effect. 
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To determine whether exposure to MLT affected the strategy the animals used to 

find and escape onto the hidden platform, we analyzed the time and distance the animals 

swam close to the wall in a zone defined by a virtual 20-cm ring around the inside of the 

wall of the pool. As in a previous study from our laboratory (Mamczarz et al., 2006), the 

percent of time and distance the animals swum close in the wall zone decreased from day 

1 to day 5 of training (Figure 20). There were significant main effects of training day and 

sex on the percent of time and distance in the wall zone (Table 4C) (Figure 20).  Prenatal 

exposure also had a significant main effect on the percent of time spent in the wall zone, 

in addition to a nearly significant main effect on the percent of distance swam in the wall 

zone (Table 4C).  Interpretation of the main effects were, however, complicated by the 

significant interactions among the factors (training day, sex, and exposure). 

Figure 19. Effect of prenatal exposure to malathion on the acquisition phase of the Morris water maze task. 
Prepubertal guinea pigs that had been prenatally exposed to MLT or PO received five days (four trials/day) of 
reference memory training to the hidden platform position. Graphs show (A) average escape latency and (B) 
average distance traveled per each training day.  As described in the text, a mixed-design ANOVA indicated a 
significant main effect of prenatal exposure to MLT p < 0.05) for escape latency, and a significant prenatal exposure 
x training day interaction (p < 0.05) for distance. Graph and error bars represent mean and s.e.m, respectively, of 
results obtained from 23-36 animals/group. 
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There were significant sex x exposure and training day x sex interactions on ratio 

of time in the wall zone (Table 4C). Simple main effect analysis of these interactions 

revealed that effects of sex were only significant in the MLT-exposed guinea pigs (p < 

0.0001), with MLT-exposed females spending longer time close to the wall than MLT-

exposed males (Figure 20A). It also revealed that effects of exposure were only 

significant in females, with MLT-exposed females swimming close to wall longer than 

the vehicle-exposed females (p < 0.0001).  Analysis of the simple main effect of the 

significant training day x sex interactions revealed that time spent on the wall zone was 

longer for female than male guinea pigs on the fourth (p = 0.0012) and fifth (p = 0.0006) 

training days.  

Figure 20. Effect of prenatal exposure to Malathion on thigmotactic behavior during the acquisition phase of the 
Morris water maze. Thigmotactic behavior was defined by the ratio of time (A) and ratio of distance (B) that animals 
swam within a 20 cm-wide zone around the tank wall. As described in the text, a mixed-design ANOVA indicated 
significant main effect of sex for both time (p < 0.0001) and distance (p = 0.0028), while prenatal exposure to 
malathion had a significant main effect on % of time (p = 0.0058), but not  % distance (p = 0.0771). The thigmotactic 
behavior of male and female offspring prenatally exposed to malathion differed significantly for % of time as indicated 
by a significant sex x prenatal exposure x training day interaction (p = 0.0354). Graph and error bars represent mean 
and s.e.m, respectively, of results obtained from the same animals as in Figure 18. According to the Tukey-Kramer 
post-hoc test for pairwise comparisons: *, p < 0.05 PO females vs. Malathion females. 
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There was also a significant interaction effect of all three variables (sex, exposure 

and training day) on the ratio of time but not distance swam in the wall zone. Analysis of 

the simple main effects revealed that on the second (p = 0.0265), third (p = 0.0081), 

fourth (p = 0.0002) and fifth (p<0.0001) days of training MLT-exposed females spent 

more time in the wall zone than vehicle-exposed females. There were no significant 

differences in the exposed males across any of the training days. Finally, Tukey-Kramer 

post-hoc testing confirmed significant increases in thigmotaxis of the MLT-exposed 

females on the fourth and fifth training days (p<0.05 for both) compared to the vehicle-

exposed females. These results indicate that MLT exposed females were more likely to 

continue to use thigmotaxic strategies during their escape attempts compared to their sex-

matched controls, while MLT exposure did not affect thigmotaxic approaches in male 

guinea pigs. This indicates a sexually dimorphic endpoint of swim strategy following 

MLT exposure. 

6.3.4.2. Memory retention 

To determine whether in utero exposure to the subacute doses of MLT affected 

memory retention, a probe test was performed 72 h after the fifth day of training in the 

MWM. During the probe test, the platform was removed from the water maze and 

animals were allowed to swim freely for 90 s. By analyzing time and distance swam in 

both the quadrant where the platform was and a circle of 40 cm diameter around the 

center of where the platform was (annulus-40), the animal’s ability to recall the location 

of the platform can be assessed. Quadrants were labeled in reference to the quadrant 

where the platform was located (‘Target’, SW) as adjacent quadrants (‘Adj Right’ NW 

and ‘Adj Left’ SE) and the quadrant opposite of the ‘Target’ quadrant (‘Opposite’ NE). 
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There were no significant main effects of sex or exposure and no significant sex x 

exposure interactions on the total distance and time traveled during the probe test, 

indicating that the overall locomotor activity of the animals was not affected by the 

prenatal exposure to MLT. 

The mixed-design ANOVA revealed a significant main effect of quadrant and no 

significant main effect of exposure or sex on both time and distance traveled in the 

different quadrants (Table 4D, Figure 21A&B). There were also significant sex x 

Figure 21. Effects on memory retention in prepubertal guinea pigs following in utero MLT exposure as measured by a 
probe test. Graphs show the time (A) and distance (B) the animals swum in the virtual quadrants of the MWM. As 
described in the text, the mixed-design ANOVA revealed a significant main effect of quadrant, but not sex or exposure, on 
time and distance traveled in the quadrants. A one-way mixed ANOVA with Dunnett’s post-hoc test showed that only 
control males spent a significantly greater amount of time and swam longer distance in the target quadrant (*p<0.05). 
Control females had significant preference for both the target and adjacent left quadrants (*p<0.05). Additionally, 
accuracy of recall analyzed based on the time (C) and distance (D) the animals swum in the 40-cm area around the 
platform location (the annulus-40 area) and on the number of crossings of an area equivalent to the platform area in each 
of the virtual quadrants of the maze (E). Both the annulus-40 location and sex had significant main effects on time and 
distance the animals swum in the annulus-40 areas, as measured by mixed-design ANOVA. A one-way mixed ANOVA with 
Dunnett’s post-hoc test showed that control males swam longer and for greater distance in the target annulus-40s and 
also crossed the target platform area more frequently than the other animals tested (*p<0.05). Data points represent 
mean ± s.e.m, results were obtained from the same animals as in Figure 18. 
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quadrant and quadrant x exposure interactions. Simple main effect analysis of each factor 

in the quadrant x exposure interaction revealed that the effect of specific quadrant was 

significant in vehicle-exposed animals (p<0.0001 for both time and distance) but not in 

MLT-exposed animals. The effect of exposure was significant for the target quadrant (p = 

0.0279), and a one-way mixed ANOVA with Dunnett’s post-hoc test to compare within-

subject results showed that only control males spent significantly more time and swam 

longer distances in the target quadrant compared to the opposite and adjacent quadrants 

(p < 0.05). The same statistical test showed control females had significant preferences 

for both the target and adj left quadrants (p < 0.05). By contrast, MLT-exposed male and 

female offspring showed no preference to any of the quadrants (Figure 21A, B). These 

results show that the prenatal exposure to MLT impairs the ability of both males and 

females to recall spatial location of the escape platform.  

Time and distance in the annulus-40 areas, as well as the number of platform area 

crossings are measures that indicate accuracy of the platform search during probe tests 

(Figure 21C-E). The mixed-design ANOVA revealed that both annulus-40 location (by 

quadrant) and sex had significant main effects on both the time and distance swam in the 

annulus-40s (Table 4E). There was also a quadrant x exposure interaction effect on time 

in the annulus-40s. Analysis of the simple main effect of each factor revealed that 

vehicle-exposed guinea pigs spent more time and swam longer distances in the target 

annulus-40 than in the other annulus-40s (p<0.001 for both parameters). A within-subject 

comparison using a one-way mixed-design ANOVA followed by the Dunnett's post-hoc 

test indicated that vehicle-exposed, but not MLT-exposed males spent significantly more 

time and swam longer distances in the annulus-40 of the target quadrant than in the 
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annulus-40 of the other quadrants. Likewise, vehicle-exposed, but not MLT-exposed 

females had significant preference to the target annulus-40 (p < 0.05). 

A three-way mixed-design ANOVA revealed significant main effects of quadrant 

and sex, but not exposure on the platform crossings (Table 4E). Post-hoc analysis showed 

that vehicle-exposed males crossed the platform more often than did vehicle-exposed 

females (p = 0.0122). A within-subject comparison using a one-way mixed-design 

ANOVA with Dunnett’s post-hoc test showed that only control males crossed the target 

platform significantly more than the similar areas in other quadrants (p<0.05). This is a 

marker of search accuracy that is sexually dimorphic, as males performed better than 

their female counterparts; however, following MLT exposure, neither males nor females 

had preference to the target platform area, indicating a cancellation of that sexually 

dimorphic behavior following MLT exposure. 

6.3.4.3. Post-probe training 

Following completion of the probe test, a randomly selected subset of the tested 

animals was subjected to two additional days of training in the MWM. During this 

training, animals were trained to find and escape onto a platform hidden in the same 

location as that of the pre-probe training sections (Table 4F, Figure 22). Data analysis 

revealed significant main effects of training day, sex, and exposure on both escape 

latency and distance swum to find and escape onto the hidden platform. There was also a 

significant sex x exposure interaction on escape latency. This interaction approached 

significance when distance was the variable analyzed. The simple main effect of each 

factor in this interaction revealed that the effects of sex on both escape latency (p = 

0.0016) and distance (p = 0.0017) were significant among vehicle-exposed, but not MLT- 
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exposed animals. Exposure had a significant effect on males (escape latency: p = 0.0034; 

distance: p = 0.0045), but not females (escape latency: p = 0.8649; distance: p = 0.7747).  

 

6.3.4.4. Reversal training 

Following the additional training, guinea pigs underwent a platform reversal test 

during which the escape platform was moved to the opposite quadrant to that where it 

was located in the previous training section. A mixed-design ANOVA revealed a 

significant main effect of trial on distance swam, but not on escape latency, and a 

significant main effect of exposure on both escape latency and distance (Table 4G, Figure 

23). There were no significant main effect of sex and no significant interactions on either 

Figure 22. Effect of prenatal exposure to MLT on performance of guinea pigs in the post-probe reference memory 
training. Two hours after completing the probe test, guinea pigs were subjected to two additional days of reference 
memory training. Graphs show the escape latency (A) and distance traveled (B) in each training day. As described in the 
text, a mixed-design ANOVA revealed a significant main effect of training day for escape latency (p=0.0034) and distance 
(p=0.0087), a significant main effect of sex for escape latency (p = 0.0028) and distance (p = 0.0020), and a significant 
effect of prenatal exposure for escape latency (p = 0.0365) and distance (p = 0.0.035). There was also a significant sex x 
exposure interaction on escape latency. Simple main effect analysis revealed that exposure significantly affected males 
(escape latency p=0.0034; distance p=0.0045) but not females (escape latency p=0.8649; distance p=0.7757), indicating 
a sexually dimorphic effect of MLT on this spatial learning task. Graph and error bars represent mean and s.e.m, 
respectively, of results obtained from 13-24 animals/group. 
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variable. Post-hoc tests revealed no significance difference between groups, although 

differences in the distance swum by females exposed to peanut oil and MLT approached 

significance (p = 0.0534).  

Figure 23. Effect of prenatal exposure to malathion on performance of guinea pigs trained in reversal tests. After the 
second acquisition phase of the MWM, animals were given four trials interspaced by 1h inter-trial interval to find and 
escape onto the relocated platform. Graphs show escape latency (A) and distance traveled (B) per each training trial. 
As described in the text, a mixed-design ANOVA revealed significant effect of prenatal exposure for escape latency 
(p=0.0033) and distance traveled to find a platform (p=0.0039), and a non-significant effect of sex. Effect of training 
trials was significant for distance (p=0.0233) but not for escape latency (p=0.0776). There was not significant 
interaction. Graph and error bars represent mean and s.e.m, respectively, of results obtained from the same animals 
as in Figure 21. 
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Table 4: Behavioral statistics 

Independent

Variable

Center 

Distance

(F, p )

Entries to 

Zone

(F, p )

Time in Zone

(F, p )

Test day 14.02, 0.0002 17.12, <0.0001 NS

Sex 3.88, 0.052 3.83, 0.0516 NS

Exposure 4.19, 0.0508 4.65, 0.0405 6.38, 0.0180

Independent

Variable

Escape 

Latency

(F, p )

Distance 

Swam

(F, p ) Interaction Variable

Escape Latency

(F, p )

Distance 

Swam

(F, p )

x Sex 1.32, 0.2596 1.16, 0.3257

x Exposure 1.81, 0.1256 3.47, 0.0051

Sex 0.37, 0.5452 2.05, 0.1525 x Exposure 0.41, 0.5228 0.39, 0.5310

Exposure 6.30, 0.0186 0.04, 0.8433

Independent

Variable

Ratio of Time 

in Wall Zone

(F, p )

Ratio of 

Distance in 

Wall Zone

(F, p ) Interaction Variable

Ratio of Time in 

Wall Zone

(F, p )

Ratio of 

Distance in 

Wall Zone

(F, p )

Training Day 151.55, <0.0001197.31, <0.0001 x Sex 2.45, 0.0453

Sex 15.84, <0.0001 9.00, 0.0028 x Exposure 8.96, 0.0029

Exposure 9.05, 0.0058 3.39, 0.0771 x Sex x Training Day 2.60, 0.0354 2.04, 0.087

Independent

Variable

Time in 

Quadrants

(F, p )

Distance in 

Quadrants

(F, p) Interaction Variable

Time in Quadrants

(F, p )

Distance in 

Quadrants

(F, p)

x Sex 2.36, 0.0713 2.38, 0.0691

x Exposure 3.59, 0.0138 3.81, 0.0102

Sex 0.00, 0.9952 0.00, 0.9688

Exposure 0.00, 0.9987 0.00, 0.3846

Independent

Variable

Time in Target

(F, p )

Distance in 

Target

(F, p )

Target Crossings

(F, p ) Interaction Variable

Time in 

Target

(F, p )

Distance in 

Target

(F, p )

Target 

Crossings

(F, p )

Quadrant 11.32, 0.0002 11.6, <0.0001 6.53, 0.0003 x Exposure 2.67, 0.0470 2.38, 0.0689 NS

Sex 13.96, 0.0002 12.92, 0.0004 13.39, 0.0003

Exposure 0.91, 0.3486 1.18, 0.2876 0.87, 0.3600

Independent

Variable

Escape 

Latency

(F, p )

Distance 

Swam

(F, p ) Interaction Variable

Escape Latency

(F, p )

Distance 

Swam

(F, p )

Sex 9.36, 0.0028 9.97, 0.0020 x Exposure 4.19, 0.0430 3.59, 0.0606

Training Day 8.92, 0.0034 7.12, 0.0087

Exposure 5.21, 0.0365 5.25, 0.0358

Independent

Variable

Escape 

Latency

(F, p )

Distance 

Swam

(F, p )

Independent

Variable

Ratio of 

Time in 

Wall Zone

(F, p )

Ratio of 

Distance in 

Wall Zone

(F, p )

Trial # 2.30, 0.0776 3.29, 0.0233 Sex 5.89, 0.0173 5.01, 0.0277

Sex 1.28, 0.2597 1.66, 0.1982 Exposure 5.01, 0.017 1.55, 0.2241

Exposure 11.88, 0.0033 11.39, 0.0039

Main Effect Interaction Effect

178.4, <0.0001 91.80, <0.0001

B. Reference Training

C. Reference Training Thigmotaxis

D. Memory Retention

Main Effect Interaction Effect

Main Effect Interaction Effect

G. Reversal Training

E. Search Accuracy

F. Continued Reference Training

H. Probe Test Thigmotaxis

Main Effect Interaction Effect

Main Effect Interaction Effect

Training Day

Quadrant 11.96, <0.0001 13.13, <0.0001

A. Open-Field Center Exploration
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6.4 Discussion 

This is the first study to provide direct evidence of a cause-effect relationship 

between subacute in-utero exposures to a dose regimen of MLT that does not cause 

significant AChE inhibition in the brain or the blood and cognitive deficits in a precocial 

species. As discussed below, while prenatal exposure of prepubertal guinea pigs to MLT 

had no significant effect on locomotor activity or habituation, a form of non-associative 

learning, it significantly impaired spatial learning and memory retention in the MWM. 

In the present study, pregnant guinea pigs received a daily s.c. injection of MLT 

(20 mg/kg) or vehicle (0.5 ml/kg) for 10 consecutive days starting on approximate GD53-

55. On the day of delivery (typically 24-48 h after the last injection), AChE and BuChE 

activities in blood and in different regions of the brain of MLT-exposed offspring and 

dams were comparable to those measured in corresponding tissue of vehicle-exposed 

animals. This finding, which indicates that the MLT dose regimen administered to the 

guinea pigs was below the threshold for significant inhibition of AChE, contrasts the 

previous finding that blood AChE activity and brain AChE and BuChE activities were 

significantly inhibited on the day of birth of guinea pigs that had been exposed, via the 

same route and during the same gestational time, to 25 mg/kg CPF. This apparent 

discrepancy can be explained, at least in part, by the fact that MLT is a less potent 

cholinesterase inhibitor than CPF (Printes and Callaghan 2004). The differential potency 

with which MLT and CPF inhibit AChE is also reflected in the higher oral doses of MLT 

needed to induce acute toxicity in guinea pigs; the oral LD50s of MLT and CPF are 

approximately 570 mg/kg and 500 mg/kg, respectively, in guinea pigs (von Dozent J, 

Klimmer OR 1955; McCollister et al. 1974).  
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Previous studies have shown that the effects of developmental exposures of 

rodents to CPF on locomotor activity depend on timing of exposure, dose, time of testing, 

type of test, and rodent species (Dam, Seidler, and Slotkin 2000; Carrr et al. 2001; E. D. 

Levin et al. 2001; Ricceri et al. 2003; Aldridge et al. 2005; Venerosi, Calamandrei, and 

Ricceri 2006; Mamczarz et al. 2016). A gestational exposure of guinea pigs to a CPF 

dose regimen that targeted the same period of fetal brain development as that targeted by 

MLT in the present study and did not cause significant AChE inhibition in the brain of 

offspring was shown to have no significant effect on locomotor activity or habituation in 

open fields (Mamczarz et al. 2016). Following the prenatal exposure to the MLT dose 

regimen used here, locomotion (assessed by total distance travelled in open fields) and 

habituation (assessed as the decline in total distance travelled in open fields in two 

consecutive days) also remained unaltered. Previous studies have reported that 

cholinergic activity in the hippocampus plays a critical role in controlling locomotor 

activity and habituation in open fields. In fact, microinfusion of muscarinic agonists and 

AChE inhibitors in the hippocampus increase locomotor activity and habituation in open 

fields. Conversely, microinfusion of muscarinic antagonists in the hippocampus reduce 

locomotor activity and habituation (Zheng et al. 1983; Izquierdo et al. 1993). Thus, it is 

conceivable that the MLT dose regimen administered to the pregnant guinea pigs did not 

trigger significant alterations in hippocampal cholinergic activity in the offspring. 

During the first acquisition phase of the MWM, guinea pigs that had been 

prenatally exposed to MLT or vehicle successfully learned the MWM task, as indicated 

by the significant main effect of training day on both escape latency and distance the 

animals swum to escape onto the hidden platform regardless of the exposure. However, 
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there was also a significant main effect of exposure on escape latency with MLT-exposed 

animals taking longer time to find the platform across the training days in addition to a 

significant training day x exposure interaction on distance traveled to find the platform, 

with MLT-exposed animals traveling longer distance than vehicle-exposed animals on 

both the first and fifth days of training before reaching the escape platform. The findings 

that the prenatal MLT exposure had no significant effect on the locomotor activity of the 

guinea pigs in open fields and on their swimming speed in the MWM support the 

contention that the longer distance and time travelled by MLT-exposed guinea pigs to 

find and escape onto the hidden platform reflect deficits in spatial learning. The lack of 

significant main effects of sex and sex x exposure interactions suggested that the prenatal 

exposure to MLT impaired the learning performance of the guinea pigs and that the effect 

was not sex dependent.  

It was noteworthy that, during the first five days of training in the MWM, spatial 

learning of vehicle-exposed guinea pigs was not sexually dimorphic. This contrasts our 

earlier report that prepubertal male guinea pigs outperform their female counterparts in 

the conventional non-cued version of the MWM (Mamczarz et al. 2016). This apparent 

discrepancy could be reconciled by the fact that guinea pigs in the present study were 

weighed daily since birth, whereas guinea pigs in our previous study were weighed daily 

starting only at the time they were subjected to behavioral tests, i.e., approximately 

PND30. In fact, neonatal handling and other forms of enrichment have been reported to 

improve cognition during infancy, adulthood, and aging of rodents (Meaney et al. 1988; 

Tang 2001; Kosten et al. 2012). In addition, environmental enrichment has been shown to 

suppress spatial learning and memory impairments induced by prenatal exposures of 
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rodents to different stressors including ethanol (Hannigan et al. 1993; Wainwright et al. 

1993; Tipyasang et al. 2014).  

In the current study, the sex dimorphism of spatial learning in the MWM task 

emerged with continued training of the vehicle-exposed guinea pigs after the probe test. 

During the post-probe test training in the MWM, vehicle-exposed male offspring learned 

the task more effectively than did their female counterparts. In addition, with continuing 

training after the probe test, it became apparent that spatial learning deficits were more 

pronounced in male than female offspring that had been prenatally exposed to MLT such 

that the sex dimorphism of the task dissipated. Probe trials are known to serve as 

extinction trials that can slow down the rate of learning, because lack of reinforcement of 

spatial information can result in spatial memory extinction (Rossato et al. 2006; Vorhees 

and Williams 2006). Thus, the present results suggest that, after the probe test, recovery 

of spatial memory needed for successful performance in the post-probe test training trials 

was selectively impaired in vehicle-exposed female offspring and MLT-exposed male 

offspring.  

The prenatal exposure to MLT also affected the strategy female, but not male 

guinea pigs used to find and escape onto the hidden platform. Specifically, MLT-exposed 

female offspring presented significantly more thigmotaxic behavior than vehicle-exposed 

female offspring. Thigmotaxis refers to the tendency of animals to search the wall of the 

pool for an escape during MWM training and is a behavior suppressed to a great extent 

after the first day, once animals learn it is an unsuccessful strategy to reach the hidden 

platform in the center of a quadrant (Dam et al. 2000). Increased thigmotaxis can inhibit 

the ability of animals to acquire contextual cues to aid in spatial recognition (Acheson et 
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al. 2011); however, thigmotaxis can also be indicative of increased stress or anxiety-like 

behavior (Treit and Fundytus 1988; Huang et al. 2012) or even damage to brain regions 

responsible for regulating spatial search strategies (Cain and Boon 2003). The effect of 

prenatal exposure of guinea pigs to MLT on thigmotaxis contrasts that observed 

following prenatal exposure to CPF. As reported earlier (Mamczarz et al. 2016), only 

prepubertal male guinea pigs that had been prenatally exposed to CPF (25 mg/kg/d, 10 

days starting on ~GD53) presented significantly increased thigmotaxic behavior during 

the spatial learning training in the MWM. The differences may be accounted for by CPF 

and MLT interacting with distinct molecular targets and triggering distinct effects in the 

developing brain. However, we cannot rule out the possibility that neuroadaptations 

induced by the daily neonatal manipulations of the animals in the present study 

influenced the search strategy of the animals during the first five days of training in the 

MWM. In fact, this alternative explanation is supported at least in part by the finding that 

the sex bias and the effect MLT on thigmotaxic behavior during the probe test resembled 

those seen in the study of guinea pigs prenatally exposed to CPF, with vehicle-exposed 

male guinea pigs presenting less thigmotaxic behavior than OP-exposed males and 

vehicle- or OP-exposed females. 

Results from the probe test supported the previously reported male bias of spatial 

memory retention in control guinea pigs in the MWM (Mamczarz et al. 2016). 

Specifically, during the probe test, both male and female offspring that had been 

prenatally exposed to vehicle retained memory of the general place where the platform 

was located as they showed preference for the training quadrant and the 40-cm area 

surrounding the platform in the target quadrant. However, vehicle-exposed male guinea 
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pigs crossed significantly more times the platform-equivalent area in the training 

quadrant than did vehicle-exposed female offspring. Number of platform crossings is 

generally taken as a measure of searching accuracy and is considered a very sensitive 

measure of memory of the platform location (Benoit et al. 2015). The probe test also 

revealed that prenatal exposure to MLT induced memory deficits in both male and female 

guinea pigs, as MLT-exposed offspring swum aimlessly in the pool, spending equal 

amount of time in all four quadrants or in the annulus-40 of all four quadrants.  

Results from the platform-reversal test revealed that vehicle-exposed male and 

female offspring could extinguish the originally learned location of the platform in favor 

of a new one. However, MLT-exposed offspring could not. These results, which resemble 

those observed in guinea pigs prenatally exposed to CPF (Mamczarz et al. 2016), indicate 

that episodic-like memory is impaired in guinea pigs prenatally exposed to MLT. 

The results presented here constitute the first demonstration of a cause-effect 

relationship between an environmentally relevant prenatal exposure to MLT and 

cognitive impairments, a finding that aligns with the recently reported association 

between prenatal MLT exposures and increased risk of autism spectrum disorders with 

intellectual disability morbidities in children (Von Ehrenstein et al. 2019). However, 

continued studies are warranted to demonstrate the time and dose dependence of the 

developmental neurotoxicity of MLT and to identify the mechanism(s) by which MLT 

affects the developing brain. Given the many similarities between the cognitive deficits 

observed in guinea pigs prenatally exposed to CPF and MLT, it is possible that the 

developmental neurotoxicity of both OP insecticides results from their interaction with a 

common molecular target in the developing brain. Given our finding that the eCB system 
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contributes to the effects of low concentrations of CPF on developing primary 

hippocampal cultures (Chapter 5), it is noteworthy that malaoxon has been reported to 

inhibit FAAH (Alexander et al. 2006). It is conceivable that the developmental 

neurotoxicity of MLT could be accounted for by interactions of this OP insecticide with 

the eCB system in the developing brain. Identification of mechanisms underlying the 

developmental neurotoxicity induced by low levels of OP insecticides, including MLT, is 

of major significance because a mechanistic framework is critically needed for 

elucidation of why the developing brain is so vulnerable to some of these insecticides. 

Knowledge of these mechanisms can also guide regulatory agencies in the assessment of 

health risks posed by prenatal MLT exposures and is needed for future hypothesis-driven 

studies aimed at identifying therapeutic interventions for childhood disorders associated 

with these exposures. 
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7. Discussion & Future Directions 

The results presented in this work support the hypothesis that primary 

hippocampal cultures are an adequate model for studying the effects of developmental 

exposures to CPF on GABAergic synaptic transmission in hippocampal neurons. As 

shown here, the frequency of IPSCs recorded from control neurons was significantly 

lower than that recorded from neurons one week after a 5-day exposure of the cultures at 

an early stage of in vitro development to concentrations of CPF that were insufficient to 

inhibit ChE activity. This CPF-induced increased frequency of IPSCs in the primary 

cultures resembled that detected in an earlier study in CA1 pyramidal neurons of adult 

guinea pigs prenatally exposed to a dose of CPF that caused no significant inhibition of 

AChE in the hippocampal of the developing animals. It is important to note that, in vitro 

or in vivo, the effect of CPF on the inhibitory synaptic tone in the hippocampus is 

detected long after CPF has been cleared from the systems. Thus, the effect could be 

interpreted as CPF triggering mechanisms that lead to the development of mature 

GABAergic synapses that release GABA with a higher probability and/or to the 

development of mature systems that have more functional GABAergic synapses/neurons. 

Evidence is also provided that exposure of the primary hippocampal cultures at an early 

in vitro stage of development to a neutral CB1 receptor antagonist caused a similar 

increase in the frequency of IPSCs as that observed following exposure of the cultures to 

CPF. The lack of additivity or synergism between the CB1 receptor antagonist and CPF 

strongly supports the concept that the effects of CPF depend on CB1R signaling. 

Questions still remain around the role of p38 in this mechanistic pathway. Finally, results 

from the behavioral study presented here demonstrate for the first time that prenatal 
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exposure of the developing brain of guinea pigs to doses of the OP insecticide MLT that 

are insufficient to trigger significant inhibition of AChE causes spatial learning and 

memory deficits that closely resemble those induced by CPF in the same precocial animal 

species. These findings lead to the hypothesis that, as developmental neurotoxicants, 

MLT and CPF share a common AChE-unrelated mechanism of action. 

7.1. Primary hippocampal cultures as a model for the effects of developmental 

exposures to CPF on inhibitory synaptic transmission  

In order to establish the rat primary hippocampal culture as an appropriate model 

for investigating CPF-induced increases in IPSC frequency, the sensitivity of AChE in 

these cultures to inhibition by CPF was first investigated. In protein extracts obtained 

from primary hippocampal cultures, CPF causes a concentration-dependent inhibition of 

AChE. Analysis of the concentration-response relationship indicated that CPF inhibited 

AChE with an apparent potency of 4.58 ± 3.00 μM. The LOEC was found to be 1 μM 

and was used as a benchmark for investigating the effects of long-term exposures of 

primary hippocampal cultures to CPF concentrations that do not significantly inhibit 

AChE activity. 

Although many laboratories use serum-free medium to maintain primary 

hippocampal cultures, in the present study primary hippocampal cultures were plated and 

maintained in serum-containing medium. The composition of serum-free media is 

generally well defined, and, consequently, minimizes potential variability associated with 

the undefined nature of serum-containing medium. In addition, the composition of the 

serum-free medium is not conducive to glial growth and, consequently, enriches primary 

hippocampal cultures in neurons, providing an ideal platform for studies focused 
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exclusively on neuronal cells in the absence of glial cells (Brewer et al. 1993). However, 

it has been reported that CPF has important effects in both neuronal and glial cells (Roy 

et al.  2004). Thus, it was important to use a tissue culture system whose cellular 

landscape closely resembled that in the developing brain. The culture conditions used 

here allowed for the establishment of a mature in vitro system that contained astrocytes 

(identified with an anti-GFAP antibody), microglia (identified with an anti-Iba1 

antibody), and mature neurons (identified with an anti-NeuN antibody) with branched 

neurites and functional synapses. 

Neurons in primary hippocampal cultures exposed to low nanomolar CPF 

concentrations from DIV 2 to 7 presented one week later significantly higher frequency 

of IPSCs than neurons in cultures that had been exposed to vehicle. The concentration 

dependence of the effect was not monotonic. Increasing CPF concentrations from 3 to 30 

nM resulted in progressively significant increases in the IPSC frequencies, with the effect 

becoming statistically significant at 30 nM, at which point the frequencies began to 

decline back to control. Median IPSC amplitudes were also increased following CPF 

exposures, with the effect becoming statistically significant at a concentration higher than 

that needed to maximally increase the IPSC frequency (100 nM vs. 30 nM). The CPF (30 

nM)-induced increase in the frequency of IPSCs was not accompanied by changes in 

either the frequency or median amplitudes of the EPSCs. Additionally, the decay-time 

constants for both inhibitory and excitatory currents were not significantly different 

between CPF- and vehicle-exposed neurons. The finding that the EPSC and IPSC τdecays 

were comparable between exposed and control neurons suggests that post-synaptic 

activity may not be affected. 
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The increased GABAergic activity observed following in vitro exposure of 

developing primary hippocampal cultures to CPF concentrations below the threshold for 

AChE inhibition resembles that observed in CA1 pyramidal neurons of adult male guinea 

pigs prenatally exposed to low doses of CPF (Burke 2016). This increase was observed in 

both action-potential dependent spontaneous and miniature IPSCs. There were no effects 

on the amplitudes of the mIPSCs, indicating increases in either (i) the frequency of 

GABA release from the presynaptic inhibitory neurons or (ii) the number of inhibitory 

synapses. As in the in vitro results presented here, the EPSCs were unaffected.  

In agreement with previous results from in vivo studies, there was also a clear 

time-dependence on the observed effects following exposure of the primary hippocampal 

cultures to CPF. The increased IPSC frequencies in rat hippocampal cultures following 

exposure to 30 nM CPF from DIV 2 to 7 were not seen in exposures to the same 

concentration from DIV 3 to 7. These results align with the previously established notion 

of critical periods during in vivo development in which different brain regions are 

especially sensitive to the off-target effects of CPF exposure (Meyer et al. 2004). This is 

the first study to demonstrate that the in vivo effect of developmental exposures to low 

levels of CPF on synaptic transmission can be modeled in vitro using primary cultures 

from the fetal rat hippocampus. This is of major translational relevance because, as 

reported earlier: (i) abnormally elevated IPSC frequencies recorded from CA1 pyramidal 

neurons of adult male guinea pigs were associated with poor spatial learning in the 

MWM (Burke, 2016), and (ii) intrahippocampal administration of drugs that increase 

GABAergic activity is known to induce spatial learning deficits (McNamara and Skelton 

1993). 
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One potential pathway that could play a role in the CPF-induced increase in 

inhibitory tone in the primary hippocampal cultures is the eCB system. CPF has been 

shown to interact with the eCB system both via direct binding to CB1Rs (Quistad et al. 

2002) and via decreased degradation of the eCB partial agonist AEA by inhibition of 

FAAH and MAG (Quistad et al. 2006). Additionally, CPF has been shown to affect SH-

SY5Y neurodifferentiation via CB1R-dependent pathways (Todd 2017). Finally, the eCB 

system is known to be tonically active during rat hippocampal development and is 

involved in guiding development of GABAergic synapses (Bernard et al. 2005).  

7.2. The role of the eCB system in the developmental effect of CPF on GABAergic 

transmission 

Results presented here strongly indicate that the increased GABAergic synaptic 

activity seen in mature cultures developmentally exposed to concentrations of CPF below 

the threshold for AChE inhibition depend on eCB signaling during early development. 

Specifically, exposure of the developing primary hippocampal cultures to either the 

neutral CB1 receptor antagonist AM4113 or low concentrations of CPF led to the 

generation of mature systems with increased GABAergic synaptic activity, with the 

magnitude of the effect of AM4113 being comparable to that of CPF. In addition, the 

effects of CPF and AM4113 were neither additive nor synergistic. Thus, the increase in 

GABAergic synaptic transmission observed in mature cultures following their 

developmental exposure to CPF may be a result of CPF-induced suppression of the tonic 

activity of CB1Rs during development. 

In the present study, hippocampal tissue was harvested from fetal rats that were 

entering a period of neurodevelopment in which CB1Rs are primarily localized on 
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GABAergic axons. Previous studies have reported that CB1Rs in glutamatergic neurons 

and in GABAergic synapses are downregulated and upregulated, respectively, right 

before birth in rodents (Bernard et al. 2005; Wu et al 2011). The finding that GABAergic 

activity was significantly increased in mature cultures that had been developmentally 

exposed to AM4113 supports the concept that CB1Rs are tonically active during 

development and that inhibition of this tonic activity results in the maturation of cultures 

with heightened GABAergic activity. These findings agree with earlier reports that 

CB1Rs are tonically active during GABAergic synaptic formation in the developing rat 

hippocampus (Bernard et al. 2005) and that CB1Rs act as negative regulators of 

synaptogenesis, as CB1R agonists decrease synapse formation both in vitro (Kim and 

Thayer 2018) and in vivo (Berghuis et al. 2007).  

During in vitro development of the primary hippocampal cultures, CPF-induced 

suppression of the tonic activity of CB1Rs could have been a result of direct interactions 

of CPF with CB1Rs. One possibility is that, like AM4113, CPF acted as a neutral CB1R 

antagonist. In fact, it has been reported that CPF can displace ligand binding from CB1 

receptors (Quistad et al. 2002). This is unlikely, however, because a previous study from 

our laboratory reported that the ability of CPF to induce neurogenesis in SH-SY5Y 

cultures is blocked by AM4113 (Todd 2017), a finding that appears to be inconsistent 

with the present report that CPF-induced generation of mature primary hippocampal 

cultures with heightened GABAergic activity is mimicked by AM4113. These apparently 

contradictory results can be reconciled considering the basal level of CB1R activity in the 

primary hippocampal cultures and in the SH-SY5Y cultures. While, as alluded to above, 

CB1Rs are tonically active in the developing hippocampus, both in vivo and in vitro, the 
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finding that AM4113 was devoid of any effect on neurogenesis in SH-SY5Y cultures 

indicated that CB1Rs are not tonically active in these transformed cell cultures (Todd 

2017). Tonic CB1R activity can arise from continuous availability of eCBs or from 

constitutively active CB1Rs, which signal even in the absence of an endogenous ligand 

(Pertwee 2005). Of interest, basal levels of the eCB 2-arachidonoylglycerol, which acts 

as a full agonist at CB1Rs, have been shown to account for persistent CB1R activity in 

neurons of primary hippocampal cultures (Ladarre et al. 2015). Thus, CPF may act 

directly or indirectly as a partial CB1 receptor agonist because, while partial agonists 

would increase the activity of CB1Rs in a system in which the receptors are not tonically 

active, they would reduce the activity of tonically active receptors. CPF could act as a 

partial agonist by directly binding to CB1Rs or could indirectly, via FAAH inhibition 

(Quistad et al. 2002), increase levels of the eCB AEA, which, acting as a partial agonist 

at CB1Rs, has been shown to suppress the effectiveness of CB1R full agonists (Mackie et 

al. 1993).  

CB1Rs located on presynaptic GABAergic neurons are also known to regulate 

GABA release via DSI (discussed further in Chapter 5.4, reviewed by Kreitzer and 

Regehr 2002). Briefly, presynaptic CB1Rs activated by eCB released from overly-excited 

neurons inhibit GABA release. This suppression of GABA release has been shown to be 

mimicked with the CB1R agonist WIN55313-2 and reversed with CB1R antagonists such 

as AM251 and SR141716 (Wilson and Nicoll 2001). One could, therefore, hypothesize 

that the direct and/or indirect interactions of CPF with CB1Rs during development results 

in sustained CB1R desensitization and/or internalization. Should the early CPF exposure 

cause sustained reduction of CB1R activity, the eCB-dependent depolarization-induced 
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suppression of inhibition would no longer be present, and GABA release would increase, 

resulting in the observed increased inhibitory tone in CPF-exposed cultures.  

A well-known downstream effector of CB1Rs is the p38 kinase, which is activated 

by CB1R agonists (Derkinderen et al. 2001). Thus, if CB1R signaling were continuously 

suppressed by the developmental exposure of the cultures to CPF, levels of 

phosphorylated p38 would be lower in mature cultures that had been exposed to CPF than 

in control cultures. However, levels of phosphorylated p38 and MSK1 (a well-known 

downstream effector of p38) in mature hippocampal cultures that had been 

developmentally exposed to CPF were comparable to those measured in control cultures. 

These results indicate that a long-lasting suppression of CB1R activity cannot explain the 

increased GABAergic activity detected in cultures that had been developmentally 

exposed to CPF. The relationship between p38 activity at the time of exposure still has to 

be understood. Unfortunately, our preliminary studies resulted in wide variabilities, 

rendering them inconclusive. Studies moving forward, however, will continue to explore 

the relationship between p38 activity at the time of CPF exposure and the sustained 

increases in inhibitory tone that accompany the insult. 

7.3. Future directions for studying the mechanistic pathways responsible for CPF-

induced increases in inhibitory tone: the eCB system and inflammation 

The results of the present study raise numerous questions regarding the role of 

CB1Rs in the pathophysiology of the developmental neurotoxicity of CPF. First, the exact 

mechanism by which eCB signaling contributes to the effects of CPF in the developing 

hippocampal cultures is still not fully understood. A more comprehensive 

pharmacological study should examine GABAergic synaptic transmission in mature 
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hippocampal cultures developmentally exposed to CPF and/or: (i) the CB1R agonist WIN 

55,212-2 (Németh et al. 2008), (ii) a FAAH inhibitor such as SSR411298 to increase 

levels of AEA (Griebel et al. 2018), and (iii) an inhibitor of monoacylglycerol lipase 

(MAG lipase), the enzyme that hydrolyzes the eCB 2-arachidonoylglycerol, such as 

ABD-1970 (Clapper et al. 2018). Experiments in which primary hippocampal cultures are 

exposed to CPF and/or peroxynitrite, a nitric oxide donor that increases AEA transport 

into cells 4-fold faster than physiological transport (Maccarrone et al. 2000), could also 

indicate whether changes in the levels of this eCB contributes to the developmental 

effects of CPF in the primary hippocampal cultures. This pharmacological approach 

should be complemented with a genetic approach such as CRISPR-Cas9 to selectively 

knockout or knockdown the main components of the eCB system (CB1R, MAG lipase, 

and/or FAAH) in the developing cultures. A potential pitfall of this genetic approach is 

whether effective knockdown/knockout of the different genes can be achieved within 24 

h of plating of the cells, given that the effect of CPF appears to be confined to a very 

narrow window of exposure. 

Another important set of experiments involves the investigation of signaling 

mechanisms likely to contribute to the effects of CPF in developing cultures. A previous 

study from our lab reported that levels of phosphorylated p38 and MSK1 are significantly 

increased immediately after the exposure of neuroblastoma cell cultures to CPF and that 

inhibition of p38 activity blocks CPF-induced neurogenesis in these cultures (Todd 

2017). Changes in the activation of this pathway are not necessary to maintain the 

increases in inhibitory tone in mature hippocampal cultures developmentally exposed to 

CPF, but it is still unclear if p38 activity during developmental CPF exposure is altered in 
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any way. Additionally, it is unclear if other CB1R-dependent signaling mechanisms, 

including Erk and PI3 kinase, are important determinants of the developmental effects of 

CPF on synaptic transmission. 

Neuroinflammation could also play a role in the long-lasting increase in inhibitory 

tone in hippocampal networks following CPF exposure. Many studies have reported that 

CPF induces inflammation in the brain in vivo and in vitro (Mense et al. 2006; Monnet-

Tschudi et al. 2007; Banks and Lein 2012; Lee et al. 2014; Tian et al. 2015). 

Additionally, increased levels of the inflammatory cytokine TNF-α and increased total 

number of microglia were detected in the hippocampi of the adult male guinea pigs 

prenatally exposed to subacute levels of CPF (Burke, 2016). Thus, in a preliminary 

experiment, inflammatory markers were measured by means quantitative polymerase 

chain reaction studies (RT-qPCR) in primary hippocampal cultures that had been 

developmentally exposed to CPF or vehicle between DIV2 and 7 and subjected to 

electrophysiological recordings on DIV14. In short, RNA was isolated from cells 

harvested after the end of the recordings and was transcribed to complementary DNA 

(cDNA) libraries for use as a template in qPCR. In total, six markers were studied, pro- 

(interleukin (IL)-1β, IL-6, TNF-α) and anti-inflammatory (IL-4, IL-10, TGF-β1). Results 

indicated that CPF concentrations necessary to increase inhibitory tone in the primary 

hippocampal cultures did not significantly alter expression of the inflammatory markers 

that could be reliably measured (Figure 24).  
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It is important to note the difference in time scale between the in vivo results from 

Burke (2016) and this preliminary study. The increase in TNF-α and total microglia was 

observed more than two months after exposure had ended (PND 70 following in utero 

exposure), while the cells collected for PCR in this study were harvested only 7 days after 

exposure (DIV14 after exposure DIV2-7). It is possible that the inflammatory response 

observed in the hippocampus of adult male guinea pigs prenatally exposed to CPF was 

mounted by the long-lasting abnormally elevated GABAergic synaptic tone. Additional 

studies are needed to determine whether an inflammatory response develops in vitro 

following a longer withdrawal of CPF from the culture medium and, if so, whether this 

response further modifies synaptic activity in vitro. 

The question also remains as to whether CB1R-dependent increase in 

neurogenesis observed following exposure of neuroblastoma cultures to CPF 

concentrations below the threshold for AChE inhibition occurs in the primary 

hippocampal cultures developmentally exposed to CPF. Experiments should be 

performed to determine whether the developmental exposure of the cultures to CPF 

Figure 24. Expression of cytokines in primary hippocampal cultures that had been exposed to CPF from DIV2 to 7 is 
not significantly different from control. At the end of the electrophysiological recordings performed in Aim 1, 
cultures that had been exposed to CPF (3, 30, 100, or 300 nM) or to vehicle between DIV2 and 7 were harvested and 
processed for quantitative RT-PCR analysis of expression of the genes encoding IL6, TGF-β1, and TNF-α. There was no 
main effect of CPF on the expression of these cytokines. Data points and error bars represent mean and s.e.m, 
respectively, control error represented by red box, results obtained from 3 cultures/treatment. 
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increases the differentiation of neurprogenitor cells into mature GABAergic neurons and 

whether such effect is also dependent on CB1R activity. 

7.4. Spatial learning and memory deficits following subacute in-utero exposure of 

guinea pigs to MLT and CPF 

Although the developmental neurotoxicity of CPF has been demonstrated in rats, 

mice, and guinea pigs, to our knowledge this is the first study to demonstrate that, like 

CPF, MLT acts as a developmental neurotoxicant. Specifically, following subacute in-

utero exposures to 20 mg/kg/d of MLT (s.c., from ~GD53-62), guinea pigs presented 

significant, sexually dimorphic deficits in spatial learning and memory, as measured in 

the hippocampus-dependent MWM task (Chersi and Burgess 2015). These effects were 

observed in the absence of inhibition of AChE in the blood or brains of the exposed 

animals. In addition, they were not accompanied by any significant alteration in the 

locomotor ability of the animals, as measured by open field exploration. 

Guinea pigs prenatally exposed to MLT or vehicle successfully learned to find 

and escape onto the hidden platform during the reference memory training in the MWM. 

Despite learning the task, however, MLT-exposed animals traveled significantly longer 

distances than their control counterparts to reach the escape platform. During the first 

week of training, spatial learning did not present the male bias observed in an earlier 

study from our laboratory (Mamczarz et al. 2016). However, while the animals in the 

present study were weighed daily starting at birth, guinea pigs in our previous study were 

not weighed until testing. Neonatal handling has been shown to improve cognitive 

function and performance throughout maturation (Meaney et al. 1988; Tang 2001; 

Kosten, Kim, and Lee 2012) and could explain this apparent discrepancy. The sexually 
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dimorphic difference in spatial learning did emerge following the second phase of 

training that started after completion of the probe test. Specifically, during the second 

week training, which started after completion of the probe test, control male guinea pigs 

outperformed the control females. In addition, during the second phase of training in the 

MWM, performance of the male guinea pigs that had been prenatally exposed to MLT 

was significantly worse than that of control males, whereas the performance of MLT- and 

vehicle-exposed females was comparable. This male-biased effect of MLT on spatial 

learning resembles that observed in guinea pigs prenatally exposed to CPF (Mamczarz et 

al. 2016). 

Thigmotaxis, a strategy in which animals search the wall for an escape, was also 

affected by the prenatal MLT exposure. Following the prenatal MLT exposure, female 

offspring were more likely to exhibit thigmotaxic behavior than their unexposed 

counterparts, an effect not observed in males during the first week of training. Following 

CPF-exposure, this behavior is observed more in exposed males than females or vehicle-

exposed males (Mamczarz et al. 2016). While it is possible that this difference is due to 

different molecular targets of MLT versus CPF, the neonatal handling of the animals in 

the present study could also account for the differences. Thigmotaxis can be indicative of 

increased stress or anxiety-like behaviors (Treit and Fundytus 1988; Huang, Zhou, and 

Zhang 2012) and neonatal handling has been shown to decrease corticosterone and 

ACTH response in adult male rats, indicating a decrease in their stress response. Neonatal 

manipulated females, on the other hand, had increased levels of both stress hormones, 

indicating an elevated stress response (Park et al. 2003). This result still needs further 

consideration. 
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During the probe test, control males and females presented bias toward the target 

quadrant, indicating their ability to remember the location where the platform used to be 

located during the training phase of the test. On the other hand, MLT-exposed males and 

females explored the maze aimlessly during the probe test and presented no preference to 

any of the virtual quadrants of the maze. These results indicate that prenatal exposure to 

MLT impairs the ability of both males and females to recall the location of the escape 

platform. These effects were further investigated with annulus-40 crossings, in which 

control males crossed the annulus-40 region around the platform to a much greater degree 

compared to the annulus-40s in the other quadrants. This behavior was not seen in the 

CPF-exposed males or females and on control females. This result indicates that search 

accuracy in the probe test is significantly better among control males than females and is 

impaired among CPF-exposed male guinea pigs.  

Animals were also subjected to a platform-reversal test, which is performed to 

evaluate the ability of animals to extinguish one learned behavior in favor of another 

when presented with new information. The ability to learn this new location was 

significantly impaired by prenatal exposure of male and female guinea pigs to MLT. This 

result suggested that subacute in utero exposure to MLT disrupts the ability of animals to 

extinguish old, learned behavior in favor of new behavior based on new information. 

This study is the first to indicate a cause-effect relationship between prenatal 

exposure to doses of MLT that cause no significant AChE inhibition and impaired spatial 

learning and memory. Prenatal exposure of guinea pigs to either OP insecticide induced 

sexually-dimorphic deficits in spatial learning during the acquisition phase of the MWM 

task. Likewise, prenatal exposures to either MLT or CPF impaired episodic-like memory 
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in guinea pigs (Mamczarz et al. 2016). Despite some differences, these similar deficits on 

spatial learning and recall in the MWM following either subacute CPF- or subacute 

MLT-exposure in utero indicate a potential shared AChE-unrelated mechanism of action 

by which the OP insecticides affect brain development. 

7.5. Future directions for studying the mechanistic underpinnings responsible for 

spatial learning and memory deficits following subacute in utero MLT exposure 

To better understand whether a common AChE-independent mechanism of action 

accounts for the developmental neurotoxicity of CPF and MLT, similar studies would 

need to be carried out as previously done following CPF exposure. First, changes in 

excitatory or inhibitory signaling would need to be investigated. While in vivo studies 

would be very informative and allow for a more accurate model, the in vitro protocol 

established in Chapter 4: Aim 1 can be employed to test for a concentration-dependent 

response effect of MLT on synaptic signaling. It would be hypothesized that MLT would 

increase inhibitory tone as CPF does. 

Additionally, investigations currently ongoing to better understand the role of the 

eCB system in the CPF-induced increases in inhibitory tone in primary hippocampal 

cultures should also include MLT exposures as a separate treatment group. A recent study 

showed that MLT, much like CPF, can inhibit FAAH activity in rat liver and brain 

preparations (Alexander et al. 2006), indicating a potential role for the eCB system in 

MLT’s off-target effects as well.  

Finally, tissue was collected from the animals in the MLT study. This vital 

material can provide many opportunities for further study. Immunohistochemical studies 
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can be used to investigate markers of MLT toxicity. For example, CPF was shown to 

induce increased markers of neuroinflammation (TNF-α and total microglia, Burke 2016) 

and this tissue could be used for similar investigations in the MLT-exposed animals. 

Additionally, given the potential for CPF to increase the number of inhibitory synapses 

(Chapter 5: Aim 2), antibodies that recognize proteins expressed in GABAergic (such as 

the inhibitory receptor anchor gephyrin) or in glutamatergic synapses (such as the 

vesicular glutamate transporter (VGLUT)) could be used to determine whether the 

number of inhibitory and excitatory synapses in the hippocampus of MLT- and vehicle-

exposed guinea pigs differ. 
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8. Conclusions 

This is the first study to show that i) primary hippocampal cultures can serve as a 

model for the AChE inhibition-independent increases of inhibitory signaling observed in 

vivo following subacute in utero CPF exposure, ii) this increase in inhibition is likely due 

to dampening of tonic CB1R activity during network maturation or synaptogenesis, and 

iii) prenatal exposures to MLT doses below the threshold for significant AChE inhibition 

cause spatial learning deficits later in life. 

Currently, AChE activity in RBCs remains the primary measure to estimate safe 

levels of OP exposures (EPA 2016). Many studies, including those presented here, have, 

however, shown that  developmental exposures to CPF and MLT levels well below those 

that induce significant AChE inhibition induce behavioral deficits and affect synaptic 

function. Identifying the AChE-unrelated mechanisms by which OP insecticides affect 

the developing brain is a step necessary for the discovery of biomarkers of effect for 

more accurate determinations of safe levels of exposures. While many questions remain 

surrounding the mechanism(s) by which these OP compounds affect neurodevelopment, 

the present study also lays the foundation for future hypothesis-driven, mechanism-based 

studies aimed at identifying potential therapeutic interventions for childhood disorders 

associated with gestational exposures to OP insecticides. 
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