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Abstract

For over three-quarters of a century, organophosphorus (OP) insecticides have been ubiquitously 

used in agricultural, residential, and commercial settings and in public health programs to mitigate 

insect borne diseases. Their broad-spectrum insecticidal effectiveness is accounted for by the 

irreversible inhibition of acetylcholinesterase (AChE), the enzyme that catalyzes acetylcholine 

(ACh) hydrolysis, in the nervous system of insects. However, because AChE is evolutionarily 

conserved, OP insecticides are also toxic to mammals, including humans, and acute OP 

intoxication remains a major public health concern in countries where OP insecticide usage is 

poorly regulated. Environmental exposures to OP levels that are generally too low to cause marked 

inhibition of AChE and to trigger acute signs of intoxication, on the other hand, represent an 

insidious public health issue worldwide. Gestational exposures to OP insecticides are particularly 

concerning because of the exquisite sensitivity of the developing brain to these insecticides. The 

present article overviews and discusses: (i) the health effects and therapeutic management of acute 

OP poisoning during pregnancy, (ii) epidemiological studies examining associations between 

environmental OP exposures during gestation and health outcomes of offspring, (iii) preclinical 

evidence that OP insecticides are developmental neurotoxicants, and (iv) potential mechanisms 

underlying the developmental neurotoxicity of OP insecticides. Understanding how gestational 

exposures to different levels of OP insecticides affect pregnancy and childhood development is 

critical to guiding implementation of preventive measures and direct research aimed at identifying 

effective therapeutic interventions that can limit the negative impact of these exposures on public 

health.
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1. Introduction

The discovery in the mid-1930’s of the potent insecticidal properties of organophosphorus 

(OP) compounds by Gerhard Schrader, a German chemist working in a research program for 

the discovery of new insecticides, represented a critical breakthrough to overcome the severe 

food shortage at the time (Costa, 2018; Petroianu, 2009). Being biodegradable, inexpensive, 

easy to use, and highly effective against a broad spectrum of insects, OP insecticides 

emerged as a viable alternative to the non-biodegradable organochlorines, whose toxicity 

and negative impact on the environment were already recognized in the 1940’s (Rosner and 

Markowitz, 2013). Unfortunately, Gerhard Schrader is best known for his accidental 

discovery of one of the most toxic man-made chemicals, ethyl N, N'-

dimethylphosphoramido cyanidate (also known as tabun), which became the prototype of a 

class of chemical weapons of mass destruction referred to as nerve agents (Sidell and Borak, 

1992).

The insecticidal effectiveness of OP compounds results from the ability of these chemicals 

or their oxon metabolites to irreversibly inhibit acetylcholinesterase (AChE), the enzyme 

that hydrolyzes the neurotransmitter acetylcholine (ACh) in the nervous system of insects 

(Casida and Durkin, 2013). However, because AChE is an evolutionarily conserved enzyme 

(Wiesner et al., 2007), OP insecticides have undesired effects in mammals. In fact, the 

lethality and morbidity resulting from occupational, intentional, or accidental poisoning of 

humans to high doses of these insecticides are well documented (Naughton and Terry, 2018). 

Equally concerning, though, are the detrimental health effects that have been associated with 

the more common exposures to environmentally relevant levels of OP insecticides, which 

are too low to markedly inhibit AChE and trigger clinical signs of acute toxicity.

According to a market estimate published in 2017 by the U.S. Environmental Protection 

Agency, the use of OP insecticides in the U.S. decreased from nearly 70 million pounds in 

2000 to a plateau of 20-23 million pounds per year between 2009 and 2012 (reviewed in 

Atwood and Paisley-Jones, 2017; Hertz-Picciotto et al., 2018). This decline has been 

attributed to: (i) the introduction of strict regulations that have either limited or banned the 

use of some OP insecticides, and (ii) the development of newer generations of insecticides 

believed to be less toxic (Stone et al., 2009). Yet, according to data from the National Health 

and Nutrition Examination Survey, the incremental decline in use of OP insecticides 

between 2001 and 2010 has not been accompanied by a corresponding reduction of 

population exposure, as assessed by measurements of urine levels of OP metabolites; 

instead, an initial reduction in exposure between 2001 and 2003 was followed by a 

subsequent increase between 2003 and 2010 (Gaylord et al., 2020).

Exposures to OP insecticides during pregnancy represent a major public health concern 

because the developing fetus is highly vulnerable to chemical insults (reviewed in Rock and 
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Patisaul, 2018), and, like most lipophilic chemicals, these insecticides easily cross 

membrane barriers, including the placenta and the blood brain barrier (Akhtar et al., 2006; 

Jajoo et al., 2010). A recent study estimated that, between 2001 and 2016, prenatal 

exposures to environmentally relevant levels of OP insecticides in the U.S. were associated 

with the cumulative loss of millions of intelligence quotient (IQ) points that cost hundreds of 

billions of dollars in decreased productivity (Gaylord et al., 2020). This staggering 

neurodevelopmental disability burden surpassed that associated with environmental 

exposures to mercury during the same period (Gaylord et al., 2020).

The objectives of the present article are: (i) to discuss the health effects and therapeutic 

management of acute (intentional, occupational, or accidental) OP exposures during 

gestation, (ii) to overview epidemiological studies examining associations between prenatal 

exposures to environmentally relevant levels of OP insecticides and health outcomes of 

offspring, (iii) to review preclinical evidence of the cause-effect relationship between 

developmental exposures to low levels of OP insecticides and neurobehavioral deficits and 

neurochemical alterations later in life, and (iv) to discuss potential mechanisms underlying 

the impact of environmentally relevant OP exposures on the developing brain.

2. Acute OP Poisoning During Gestation: A Medical Challenge

In the U.S. and other countries, measures that regulate and restrict the use of OP insecticides 

have markedly reduced the number of cases of acute poisoning throughout the years (Stone 

et al., 2009). By contrast, in many countries where OP insecticide usage is not as well-

regulated, high numbers of cases of acute OP poisoning are still reported to date, many of 

which are accounted for by the intentional use of OP insecticides in suicides and suicidal 

attempts, including among pregnant women (Licata et al., 2019; Zangeneh, 2014).

The acute toxicity triggered by acute exposures to high levels of OP compounds results 

primarily from overstimulation of muscarinic and nicotinic receptors (mAChRs and 

nAChRs, respectively) by acetylcholine (ACh) that accumulates in the peripheral and central 

nervous systems as those compounds, or their oxon metabolites, irreversibly inhibit AChE. 

The cholinergic toxidrome is typically characterized by miosis, profuse secretions, diarrhea, 

bronchoconstriction, muscle fasciculation, tremors, and seizures (reviewed in Pereira et al., 

2014; Taylor, 2017), with clinical presentation varying depending on the OP insecticide 

(reviewed in Eddleston et al., 2005).

Conventional antidotes used to treat acute OP poisoning include atropine to block mAChR 

overactivation, oximes (generally pralidoxime, also known as 2-PAM) to reactivate OP-

inhibited AChE that is not aged, and a benzodiazepine, as needed, to halt OP-induced 

convulsions (reviewed in Pereira et al., 2014). However, therapeutic management of acute 

OP poisoning during gestation is not standardized and presents a serious medical challenge 

in part because, compared to the adult organism, the developing fetus is more sensitive to the 

acute toxicity of OP compounds. For instance, the LD50s of the OP insecticides chlorpyrifos, 

malathion, parathion, and methyl parathion are approximately 5-17 times lower in rats at 

postnatal days (PND) 1-7, which developmentally correspond to human fetuses in the third 

trimester of gestation, than in adult rats (Vidair, 2004). Likewise, the LD50s of the OP nerve 
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agents soman and sarin are age dependent in rats (Shih et al., 1990; Wright et al. 2015), with 

both agents being more toxic at perinatal (PND7) than pubertal (PND28) and adult (PND70) 

ages (Wright et al., 2015). Of interest, pubertal rats (PND28-30) are more resistant to the 

toxicity of soman and sarin than adult rats (PND70-240) (Shih et al., 1990; Wright et al. 

2015), and, at least for soman, the age dependence of the LD50s between PND30 and 

PND240 does not correlate with age-related differences in AChE activity in blood or brain 

(Shih et al., 1990).

The differential sensitivity of the adult and the fetal organisms to the toxic effects of OP 

compounds may explain, at least in part, the greater lethal potency of these toxicants in 

pregnant animals compared to adult non-pregnant females. For instance, an earlier study 

from our laboratory reported that, in adult non-pregnant female guinea pigs, the LD50s (s.c., 

24-h lethality) of the OP nerve agents soman and sarin are 27.0 μg/kg (95% confidence 

interval: 25.2-29.7 μg/kg) and 39.6 μg/kg (95% confidence interval: 34.6-46.5 μg/kg), 

respectively (Fawcett et al., 2009). By contrast, in pregnant guinea pigs at approximate 

gestation day 50, the LD50s of soman and sarin have been estimated to be 12.2 μg/kg (95% 

confidence interval: 11.6-12.9 μg/kg) and 18.0 μg/kg (95% confidence interval: 16.7-19.4 

μg/kg), respectively (personal communication). Based on experiments carried out in our 

laboratory, the oral LD50 of chlorpyrifos in pregnant guinea pigs at approximate 50-day-

gestation is estimated to be 300 mg/kg (95% confidence interval: 187.3-480.4 mg/kg, 

personal communication). It remains to be determined whether, like soman and sarin, 

chlorpyrifos is more toxic to pregnant than non-pregnant females; the oral LD50 of this 

insecticide has only been reported for adult male guinea pigs (504 mg/kg with 95% 

confidence intervals: 299-850 mg/kg; McCollister et al., 1974). Additional factors that can 

potentially contribute to the greater toxicity of OP compounds in pregnant than non-pregnant 

females include: (i) a reduced capacity to detoxify these chemicals during gestation 

(Weitman et al., 1983), and/or (ii) differences in sex hormone levels, given that the estrous 

cycle and estradiol have been shown to modulate the acute toxicity of the nerve agent sarin 

and the insecticide parathion, respectively, in rats (Agarwal et al., 1982; Smith et al., 2015).

Although some cases of acute OP poisoning during pregnancy have been successfully 

managed with conventional antidotes, others have not (Table 1). In addition, limited reports 

of clinical follow-up of mothers and children who survive an acute OP exposure make it 

difficult to conclude what impact, if any, conventional antidotes have in preventing 

neurological complications in children born to mothers intoxicated with OP compounds, 

insecticides and nerve agents alike, during pregnancy. Complications ranging from recurrent 

seizures to cognitive deficits and cerebral edema have been observed among children who 

survived prenatal intoxication with the OP insecticide diazinon (Dahlgren et al., 2004) or the 

OP nerve agent sarin (Hakeem and Jabri, 2015).

The mortality and miscarriages reported in cases of gestational OP poisoning treated with 

conventional antidotes may be due, at least in part, to the fact that those antidotes do not 

target mechanisms that are disrupted by the insecticides and are critical for healthy 

progression of pregnancy. For instance, atropine blocks mAChRs, but, at therapeutically 

relevant doses, it is unlikely to inhibit nAChRs. Yet, overactivation of both mAChRs and 

nAChRs during OP poisoning can contribute to: (i) increased myometrium contractility 
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(Luckas et al., 1999; Nas et al., 2007), a well-known cause of premature labor and 

miscarriages (reviewed in Bygdeman and Swahn, 1990), (ii) an imbalance between a pro- 

and an anti-inflammatory environment in the placenta that can be detrimental to fetal growth 

(Paparini et al., 2015; also reviewed in Satyanarayana, 1986), and (iii) fetal neurotoxicity 

(reviewed in Mactutus, 1989; Slotkin et al., 1997).

Non-selective inhibition of all mAChR subtypes (M1-M5) by atropine may also be 

detrimental for the treatment of gestational acute OP intoxication, because presynaptic M2 

autoreceptors provide an important negative feedback mechanism in which ACh inhibits its 

own release from cholinergic neurons (Kilbinger and Wessler, 1980; Slutsky et al., 2001). 

For instance, activation of presynaptic M2 receptors has been shown to suppress vagally 

induced bronchoconstriction and bronchorrhea (Bowerfind et al., 2002; Lee, 2001). Thus, 

during acute OP poisoning, the ability of a non-selective mAChR antagonist to suppress the 

bronchorrhea and bronchoconstriction caused by ACh-induced overactivation of M3 

receptors in the airways may be limited by the inhibitory effect of the antagonist on 

presynaptic M2 receptors. Increased bronchial secretions and bronchoconstriction are main 

determinants of hypoxia, which, during pregnancy, has been associated with miscarriages, 

fetal growth retardation, and postnatal neurological complications (reviewed in Hsiao and 

Patterson, 2012; Hutter et al., 2010).

Cholinolytic drugs that show some degree of selectivity towards mAChRs other than the M2 

receptors and inhibit nAChRs are promising candidates for treatment of acute OP 

intoxication during pregnancy. An example of such drug is (R,S)-trihexyphenidyl, which is 

approved for treatment of Parkinson’s disease and has been safely used to treat pregnant 

women suffering from dystonia (Gao et al., 2017; Robottom and Reich, 2011). (R,S)-

trihexyphenidyl binds with high, intermediate, and low affinities to M1/M4, M3, and M2/M5 

mAChRs, respectively (Dörje et al., 1991). It also inhibits M1 and M3 more selectively than 

M2 mAChRs (Giachetti et al., 1986; Richards, 1990).

The different muscarinic receptor subtypes are known to signal through different G-protein-

coupled mechanisms (reviewed in Moran et al., 2019). Specifically, M1, M3, and M5 

receptors couple with Gq to activate phospholipase C, which catalyzes the hydrolysis of 

phospholipids of membrane into inositol 1,4,5-trisphosphate and 1,2-diacylglycerol – second 

messengers that increase intracellular Ca2+ signaling. On the other hand, M2 and M4 

receptors couple with Gi/o to inhibit adenylyl cyclase and suppress the activity of voltage-

gated ion channels. While activation of M1, M3, and M5 receptors increases neuronal 

excitability, activation of M2 and M4 receptors reduces it (reviewed in Moran et al., 2019). 

The mean IC50s for (R,S)-trihexyphenidyl to block ACh-induced inositol monophosphate 

generation in hippocampal slices (M1 responses), ACh-induced contraction of left atrium 

(M2 responses), and ACh-induced contraction of ileum (M3 responses) are 9.77 nM, 123.03 

nM, and 3.55 nM, respectively (Richards, 1990). By comparison, the mean IC50s for 

atropine to block the same M1-, M2-, and M3-mediated responses are 1.45 nM, 0.77 nM, 

and 2.95 nM, respectively (Richards, 1990). A more recent study using mice with null 

mutations of the genes that encode M1, M2, and M4 receptors supports the M2-sparing 

property of (R,S)-trihexyphenidyl (Joseph and Thomsen, 2017).
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(R,S)-trihexyphenidyl also inhibits, via a use-dependent mechanism, as-of-yet unidentified 

subtypes of neuronal nAChRs (Gao et al., 1998; Strøm, 2006). This is particularly relevant 

in the context of acute OP poisoning, because increasing ACh levels, which can favor the 

use-dependent block of nAChRs by (R,S)-trihexyphenidyl, correlate with increased severity 

of clinical signs of acute toxicity (Shih and McDonough, 1997). Finally, in contrast to 

atropine, (R,S)-trihexyphenidyl crosses the blood brain barrier well (Ishizaki et al., 1998).

According to previous studies, (R,S)-trihexyphenidyl is more potent and more effective than 

atropine in halting seizures induced by OP nerve agents in adult male guinea pigs 

(McDonough et al., 2000; Shih et al., 2003). For instance, when administered to male guinea 

pigs 5 min after onset of seizures induced by the nerve agent soman, sarin, or VX, (R,S)-

trihexyphenidyl is more potent than atropine in terminating seizure activity (McDonough et 

al., 2000; Shih et al., 2003). In addition, when delivered 40 min post-seizure onset, (R,S)-

trihexyphenidyl, but not atropine, suppresses soman-induced seizures (McDonough et al., 

2000). The ability of (R,S)-trihexyphenidyl to not only inhibit M1/M3 receptors more 

selectively than M2 receptors (Richards, 1999) but also block neuronal nAChRs in addition 

to N-methyl-D-aspartate type of glutamate receptors (Strøm, 2006) may contribute to its 

greater potency and effectiveness to treat OP poisoning. It is important to note, however, that 

the safety and effectiveness of drugs used to treat males are not easily translated to pregnant 

females, in part because the developing fetus is exquisitely sensitive to the toxic effects of 

xenobiotics. Thus, research is still needed to optimize therapeutic interventions for treatment 

of acute OP poisoning during pregnancy.

In summary, as discussed in this section, acute OP poisoning during pregnancy is a major 

medical problem in part because of the differential sensitivity of the developing and the adult 

organisms to the acute toxicity of OP compounds. Clinical reports also suggest that 

treatment of gestational OP intoxication needs to be optimized. Specifically, while there are 

reports of cases of gestational OP poisoning that have responded to treatment with the non-

selective mAChR antagonist atropine and/or the AChE reactivator 2-PAM, there are also 

reports of cases that have not (see Table 1 and references therein). The discovery of safe and 

effective medical countermeasures to treat acute OP poisoning during pregnancy will lend 

support to the initiative launched in 2006 by the World Health Organization to address the 

issue of acute OP insecticide intoxication, which continues to be very insidious in many low-

to-middle income countries (McNab, 2006).

3. Gestational Exposures to Environmentally Relevant Levels of OP 

Insecticides and Increased Risks of Neurodevelopmental Disorders: A 

Universal Public Health Issue

Prenatal exposures to environmentally relevant OP insecticide levels, which are too low to 

cause marked AChE inhibition and trigger overt signs of acute intoxication, have been 

associated with increased risks of developmental disorders in children. As such, these 

exposures have become a major public health concern worldwide.
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Using different biomarkers of exposure (see Table 2), epidemiological studies have traced 

significant associations between prenatal exposures to low levels of OP insecticides and: (i) 

reduced weight and length at birth (Jaacks et al., 2019; Perera et al., 2003; Rauch et al., 

2012), (ii) abnormal reflexes in neonates (Engel et al., 2007; Young et al., 2005), (iii) 

cognitive and motor deficits at 5 months of age (Kongtip et al., 2017), (iv) working memory 

deficits and reduced full-scale IQ (FSIQ) between the ages of 6 and 9 (Furlong et al., 2006; 

Horton et al., 2012; Rauh et al., 2011; Rowe et al., 2016), (v) increased risk of attention 

deficits and hyperactivity between the ages of 2 and 10 (Bouchard et al., 2011; Eskenazi et 

al., 2007; Rauh et al., 2006; Schmidt et al., 2017; Shelton et al., 2014), and (vi) tremors at 

the age of 11 (Rauh et al., 2015). Most of the studies that included sex as a factor in the 

statistical analyses reported that the associations are generally stronger among boys than 

girls (e.g., Fortenberry et al., 2014; Marks et al., 2010; Rauh et al., 2015).

Studies of children from a birth cohort living in the agricultural Salinas Valley in California, 

referred to as the of Center for Health Assessment of Mothers and Children of Salinas 

(CHAMACOS) cohort, have also examined the relationship between prenatal OP exposures 

and risks of pervasive mental conditions, including autism spectrum disorders (ASD) (Table 

2). In 2-year-old children (Eskenazi et al., 2007) and 14-year-old adolescents (Sagiv et al., 

2018), maternal urine concentrations of the nonspecific OP metabolites dialkylphosphates 

(DAPs) during gestation were found to be directly associated with increased odds of ASD-

related traits, reported in rating questionnaires completed by parents and/or teachers.

Studies of children from a different cohort – the Childhood Autism Risks from Genetics and 

Environment (CHARGE) cohort – also revealed that pregnant mothers living near sites of 

OP insecticide usage were at increased risk of having 2-5-year-old children with clinically 

confirmed ASD (Table 2) (Schmidt et al., 2017; Shelton et al., 2014). When stratified by 

timing of exposure, the risk for clinically diagnosed ASD was highest among children born 

from mothers likely to have been exposed to OP insecticides during the third pregnant 

trimester and more specifically to chlorpyrifos during the second pregnancy trimester 

(Shelton et al., 2014). It is noteworthy, however, that Sagiv et al. (2018) found no significant 

associations between residential proximity of pregnant women to OP use sites and parent-

reported ASD-related traits in children from the CHAMACOS cohort. It has been proposed 

that the discrepancies between the two cohorts could be due to the distinct outcomes 

assessed (ASD traits reported by parents in standardized scales vs. clinically diagnosed 

ASD) and/or the distinct characteristics of the populations, with the CHAMACOS cohort 

having an average higher exposure to OP insecticides than the CHARGE cohort.

Associations between prenatal OP exposures and increased risk for ASD are not unique to 

the CHAMACOS and CHARGE cohorts. A study of a different cohort, the Markers of 

Autism Risk in Babies - Learning Early Signs (MARBLES) cohort, also reported significant 

relationships between levels of OP metabolites measured in maternal urine sampled at 

multiple times during pregnancy and increased risk of clinically diagnosed ASD among 3-

year-old children (Philippat et al., 2018).

An earlier magnetic resonance imaging study was the first to report significant associations 

between prenatal exposures to an OP insecticide and disruption of the structural integrity of 
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the brain of children (Rauh et al., 2012). Specifically, in a cohort of 6-11-year-old children 

from low-income urban communities in New York City, umbilical blood cord levels of 

chlorpyrifos correlated with significant thinning of the frontal and parietal cortices and 

enlargement of the surface area of brain regions involved in processing attention (e.g., 

posterior temporal lobe), social recognition (e.g., superior frontal and temporal gyri), and 

reward (e.g., orbitofrontal areas) (Rauh et al., 2012). According to the same study, the 

normal direct correlations between FSIQ and the surface area of the different brain regions 

were either absent or reversed among children, particularly boys, who experienced the 

higher prenatal chlorpyrifos exposures, represented by umbilical cord blood levels ≥ 4.39 

pg/g (Rauh et al., 2012).

More recently, functional near-infrared spectroscopy (fNIRS) was used to examine the 

relationship between prenatal exposure of adolescents to OP insecticides and activation of 

specific cerebral cortical regions during tasks of executive function, attention, social 

cognition, and language comprehension (Sagiv et al., 2019). In this study, the prenatal OP 

exposure of adolescents was estimated based on the proximity of the residence of their 

mothers during pregnancy to agricultural sites in California’s Salinas Valley where OP 

insecticides were used. Prenatal proximity to agricultural sites employing OP insecticides 

was associated with: (i) reduced activation in the inferior frontal poles of the prefrontal 

cortex and other regions of the frontal, temporal, and parietal lobes during complex tests of 

cognitive flexibility and visuospatial working memory, and (ii) increased activation in the 

left parietal lobule and right temporal/parietal regions during a straightforward test of letter-

retrieval working memory (Sagiv et al., 2019). The authors suggested that reduced cortical 

activation could be due to the prenatal OP exposures leading to development of 

dysfunctional synaptic connections that are hyporesponsive to the demands of complex 

cognitive tasks. On the other hand, they interpreted the increased activation of different 

cortical regions during simple cognitive tasks as a compensatory mechanism to overcome 

impairments in task-related networks. Such compensatory mechanisms have been detected 

in young adults overcoming fatigue-induced impairment of cognitive functions (Wang et al., 

2016). Sagiv et al. (2019) reported that their findings must be considered with caution 

because of the small sample size, multiple comparisons, and lack of methods to properly 

account for innate differences in test performance in a cohort whose performance can be 

affected by the environmental OP exposures. Nevertheless, based on the patterns of 

associations between prenatal OP exposures and hyper- or hypoactivation in cerebral cortical 

regions of adolescents during different cognitive tasks, fNIRS emerges as a cost-effective, 

non-invasive, and portable tool for continued epidemiological evaluation poised to identify 

associations between prenatal OP exposures and dysfunctions of specific cortical systems 

responding to well-defined behavioral tasks.

Despite the ever-growing body of evidence supporting that early life exposures to 

environmentally relevant levels of OP insecticides are associated with increased risks of 

neurodevelopmental disorders in children, there are still arguments that these associations 

could be spurious (Burns et al., 2013; Eaton et al., 2008; Reiss et al., 2012). The skepticism 

arises in part because epidemiological and clinical studies have not unambiguously 

established a cause-effect relationship between prenatal OP exposures and increased risk of 

neurodevelopmental disorders in children. In addition, due to the lack of ideal biomarkers of 
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exposure, these studies have relied on surrogate measures of exposure (Table 2) that are 

known to have limitations. For instance, residential proximity to OP use sites does not 

provide information regarding the types of insecticides a resident is exposed to or the timing 

and duration of the exposure. Umbilical cord levels of OP insecticides provide a snapshot of 

a recent exposure and are not informative of the total burden of exposure. Likewise, because 

DAP, diethylphosphate, diethylthiophosphate, and/or dimethylphosphate metabolites of OP 

insecticides and the parent compounds do not accumulate in the body (Garfitt et al., 2002; 

Timchalk, 2002), measuring their levels in urine only a few times during pregnancy or at 

birth can largely underestimate the burden of exposure. In addition, most of those OP 

metabolites are non-specific, as they do not identify the OP insecticide to which individuals 

are exposed. Finally, some OP insecticides can be abiotically converted to DAP metabolites, 

making these metabolites less-than-ideal markers of true exposure to the parent OP 

compounds (Zhang et al., 2008).

Several lines of evidence, however, make it difficult to ignore the notion that gestational 

exposures to OP insecticides pose health risks to children. First, based on systematic reviews 

of the literature (González-Alzaga et al., 2014; Muñoz-Quezada et al., 2013; Sapbamrer and 

Hongsibsong, 2019) and the works reviewed here, associations between prenatal exposures 

to OP insecticides and poor health outcomes at birth, childhood, and/or adolescence have 

been reported by independent research groups working with different population cohorts, 

biomarkers of exposures, and diagnostic tools. Second, soon after the 2001 government-

mandated ban of residential use of chlorpyrifos in the U.S., umbilical cord blood 

concentrations of this insecticide 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., 

2005). Third, 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). Fourth, in a cohort study, urine DAP levels were found to be higher 

among pregnant women with low activity of blood paraoxonase 1 (PON1), an enzyme that 

detoxifies OP insecticides, than among those with high enzyme activity (Naksen et al., 

2015). This and other studies also reported that low maternal PON1 activity strengthens the 

associations between maternal urine DAP levels and poor neonatal outcomes (Marsillach et 

al., 2016). Thus, although DAPs are not ideal biomarkers of exposure because they can be 

generated abiotically in the environment, urinary DAP levels can correctly indicate exposure 

to OP insecticides.

In summary, epidemiological studies have provided evidence that prenatal exposures to 

environmentally relevant levels of OP insecticides, which are generally below the levels 

needed to cause pronounced AChE inhibition and trigger clinical signs of acute toxicity, are 

associated with disrupted functional and structural integrity of the brain of children. 

However, these studies are not poised to establish cause-effect relationships between 

prenatal OP exposures and neurobehavioral deficits or neuroanatomical alterations later in 

life. It is in this context that preclinical studies have become essential to demonstrate the 

developmental neurotoxicity induced by low levels of OP insecticides.
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4. Preclinical Evidence of the Developmental Neurotoxicity of OP 

Insecticides

As extensively discussed in recent reviews (Abreu-Villaça and Levin, 2017; Burke et al., 

2017), preclinical studies from independent research groups have provided evidence to 

support the notion that OP insecticides are developmental neurotoxicants. Specifically, 

following pre- and/or perinatal exposures to low levels of these insecticides, rodents exhibit 

neurobehavioral deficits, including learning and memory impairments, that are accompanied 

by neurochemical alterations in different brain regions. However, as outlined below, effects 

resulting from developmental exposures to OP insecticides vary with the timing of exposure, 

are often sexually dimorphic, and differ among compounds (Tables 3 and 4).

Key events underlying brain development, including cell proliferation, migration, and 

differentiation into neurons and glia, in addition to synaptogenesis, myelination, and 

integration of neurons and non-neuronal cells into functional networks, are well conserved 

among different mammalian species; however, their timing is species specific (Reemst et al., 

2016; Semple et al., 2013). Researchers have investigated the developmental neurotoxicity 

resulting from exposures to OP insecticides during three periods of fetal/perinatal brain 

development that have been identified as uniquely vulnerable to xenobiotics – neurulation, 

sexual differentiation of the brain, and brain growth spurt (Rice and Barone, 2000).

Neurulation, i.e. the generation of the neural tube, is an early-gestation event in precocial 

species (e.g. humans, non-human primates, and guinea pigs) and a mid-gestation event in 

altricial species (e.g. rats and mice). For instance, in guinea pigs (gestation term: 65 days), 

this event takes place during gestation days (GD) 13.5-16.5 (Monie, 1976). By contrast, in 

rats and mice (gestation term: 21 days), neurulation occurs during GD9-9.5 and GD10.5-11, 

respectively (Greene and Copp, 2009).

Sexual differentiation of the fetal brain in precocial species precedes the period of brain 

growth spurt, which is characterized by a major increase of the brain weight due to the rapid 

proliferation of astroglial and oligodendroglial cells, neurogenesis, synaptogenesis, and 

dendritic arborization (Dobbing and Sands, 1973; Guerri, 1998). By contrast, the two 

periods largely overlap in altricial species, beginning close to the time of birth and extending 

during the first 2-3 postnatal weeks. For example, in guinea pigs, the initial sexual 

differentiation of the brain takes place during GD30-37, whereas the brain growth spurt is a 

prenatal event that begins around GD 45 and ends before birth (Byrnes et al., 2003; Dobbing 

and Sands, 1970; MacLusky and Naftolin, 1981). On the other hand, in rats, the initial 

sexual differentiation of the fetal brain takes place during GD18-PND10, thereby 

overlapping the brain growth spurt period, which starts around GD20, peaks during 

PND7-10, and ends by the third postnatal week (Dobbing and Sands, 1979).

Preclinical studies have reported that spatial learning and memory deficits are typically 

observed at adolescence or young adult ages in rodents exposed pre- and/or perinatally to 

doses of chlorpyrifos that induce no clinical signs of acute toxicity and cause minimal to no 

inhibition of brain AChE activity (reviewed in Abreu-Villaça and Levin, 2017; Burke et al., 

2017). However, the sexual dimorphism of the effects depends on the time of the 
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developmental exposure to chlorpyrifos. For example, following prenatal exposure to 

chlorpyrifos (5 mg/kg/day, s.c.) during the neurulation period (GD 9 to GD12), adult rats 

present reference and working memory deficits in the 16-arm radial maze, with males and 

females being equally affected (Icenogle, 2004). Following prenatal exposure to chlorpyrifos 

(1 or 5 mg/kg/day, s.c.) during the start of the initial sexual differentiation of the brain 

(GD17-20), adult mice and rats also present reference and working memory deficits in a 

foraging maze; however, females are more affected than males (Haviland et al., 2010; Levin 

et al., 2002). On the other hand, when the exposure to chlorpyrifos takes place during 

PND1-4, a time of ongoing brain growth spurt and sexual differentiation of the brain, adult 

male rats present more pronounced working and reference memory deficits than adult 

female rats (Aldridge et al., 2005; Levin et al., 2001). Likewise, male-biased spatial learning 

and working memory deficits are apparent in prepubertal guinea pigs prenatally exposed to 

chlorpyrifos (25 mg/kg/day, s.c.) between GD52 and 62, a time during which the fetal brain 

growth spurt period is ongoing in this species (Mamczarz et al., 2016; Mullins et al., 2015).

The effects of developmental exposures to chlorpyrifos in mice and rats are not limited to 

cognitive deficits, and the timing of exposure appears to be an important determinant of the 

neurobehavioral outcomes. For instance, pregnant C57Bl6/J mice orally exposed to low 

doses of chlorpyrifos between GD12 and GD15 had offspring that presented delayed 

development of neonatal reflexes at early postnatal ages and autistic-like behaviors, 

including repetitive behaviors, reduced social interaction, and limited exploration of novel 

objects, at young adult ages (Lan et al., 2017). However, rats or mice presented no autistic-

like behaviors after being exposed to chlorpyrifos during GD6-PND10, PND1-4, PND11-14, 

or for 3 days prenatally starting on or after GD13.5 (reviewed in Williams and DeSesso, 

2014). The sensitivity of the developmental window of the brain to timed chemical insult is 

not limited to OP toxicants. For instance, a single dose of valproic acid (400 mg/kg, i.p.) 

delivered to pregnant mice at GD12.5 induces autistic-like behaviors in the offspring (Arndt 

et al., 2005; Kataoka et al., 2013). However, this same dose of valproic acid delivered at 

GD9 or GD14.5 induces neural tube defects (Shafique and Winn, 2020) or no behavioral 

outcomes (Kataoka et al., 2013), respectively.

The neurobehavioral deficits induced by developmental exposures of rodents to OP 

insecticides are not always the same for different compounds. For instance, targeting the 

brain growth spurt in rats with doses of diazinon or parathion that trigger no clinical signs of 

acute toxicity and cause ≤25% inhibition of brain AChE activity results in neurobehavioral 

outcomes that differ from those induced by chlorpyrifos. Specifically, young adult rats 

exposed during PND1-4 to chlorpyrifos (1 mg/kg/day, s.c.) present both working and 

reference memory deficits in the radial arm maze (Levin et al., 2001). By contrast, young 

adult rats exposed during PND1-4 to diazinon (0.5 mg/kg/day, s.c.) present only working 

memory deficits and those exposed during the same neonatal ages to parathion (0.1 or 0.2 

mg/kg, s.c.) exhibit neither reference nor working memory impairments (Timofeeva et al., 

2008a, 2008b). In addition, while the working memory deficit resulting from the neonatal 

exposure to chlorpyrifos is sex dependent (Levin et al., 2001), that caused by the neonatal 

exposure to diazinon is not (Timofeeva et al., 2008a). As it will be discussed later, distinct 

mechanisms of action may explain the findings that behavioral deficits resulting from 

developmental exposures to different OP compounds are compound specific.
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Neonatal exposures to chlorpyrifos, diazinon, and parathion also affect anxiety- and 

depression-related behaviors in a compound-specific manner. For example, compared to 

young adult rats developmentally exposed to vehicle, age-matched rats exposed neonatally 

to chlorpyrifos (1 mg/kg/day, s.c., PND1-4) present increased anxiety-related behavior in the 

elevated-plus-maze and anhedonia in a chocolate milk-preference task, with males being 

more affected than females (Aldridge et al., 2005). By contrast, in the same behavioral tests, 

both young adult male and female rats neonatally exposed to parathion (0.1 or 0.2 mg/kg/

day, s.c., PND1-4) present increased anxiety-related behavior when compared to their 

control counterparts, but exhibit no anhedonia (Timofeeva et al., 2008b). Finally, young 

adult rats neonatally exposed to diazinon (0.5 mg/kg/day, s.c., PND1-4) exhibit suppressed 

anxiety-related behavior, with males being more affected than females, and anhedonia, with 

males and females being equally affected (Roegge et al., 2008).

The effects of neonatal exposures to chlorpyrifos, diazinon, and parathion on cognitive and 

non-cognitive behaviors are accompanied by compound-specific neurochemical alterations 

in the serotoninergic system in various regions of the adult rat brain. These findings are of 

major significance because serotoninergic pathways play a critical role in spatial navigation, 

working memory, reversal learning, decision-making, anxiety, and depression (Albert et al., 

2019; Bacqué-Cazenave et al., 2020; Clark et al., 2004; Homberg, 2012). Thus, following 

the early neonatal exposures to chlorpyrifos referred to above, young adult rats present male-

biased upregulation of cerebral cortical serotonin type 1A (5HT1A) receptors and female-

biased downregulation of cerebral cortical 5HT transporters (5HTT) (Aldridge et al., 2004). 

By contrast, the early neonatal exposures to parathion induce sex-independent 5HT1A 

receptor upregulation in the frontal/parietal cortex and downregulation in the hippocampus 

at PND30 and PND60 (Slotkin et al., 2009), and the early neonatal exposures to diazinon 

induce male-biased downregulation of cerebral cortical 5HT1A receptors and female-biased 

upregulation of cerebral cortical 5HTT (Slotkin et al., 2008).

The neurobehavioral deficits and neurochemical alterations observed long after 

developmental exposures to OP insecticides may result from disruption of such processes as 

cellular proliferation and differentiation into neurons and glia, myelination, and 

synaptogenesis during the critical phases of brain development. In this regard, 

developmental exposures of rats to chlorpyrifos, parathion, and diazinon have been shown to 

alter the expression of protein markers associated with glia and neuronal differentiation in 

the brain.

Late gestational exposures of rats to chlorpyrifos (5 mg/kg/d, s.c., GD17-20) have been 

reported to upregulate the expression of the following proteins in the fetal forebrain and 

midbrain/brain stem at GD21: (i) myelin-binding protein (MBP, a marker of 

oligodendrocytes), (ii) neurofilament 68 (NF68, a neuronal marker), and (iii) glial fibrillary 

acidic protein (GFAP, a marker of astrocytes) (Garcia et al., 2005, 2003). At PND30, 

however, expression of MBP, NF68, and neurofilament 200 (NF200, a marker of developing 

axons) is downregulated in the forebrain and midbrain/brain stem of female but not male rats 

(Garcia et al., 2003). These findings would suggest that the late gestational exposure of rats 

to low levels of chlorpyrifos causes an immediate increase in differentiation of progenitor 

cells into astrocytes, oligodendrocytes, and neurons, which is followed by reduced numbers 
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of these cells at adolescent ages. However, in the absence of an analysis of density of 

different cell types at various ages after the exposure, the possibility that chlorpyrifos 

dysregulates protein expression but has no effect on cell density cannot be ruled out.

Following a late postnatal (PND11-14) exposure of rats to chlorpyrifos, an initial 

downregulation of MBP and GFAP expression at PND15 is followed by a more pronounced 

downregulation of MBP in addition to downregulation of NF68 and NF200 and upregulation 

of GFAP at PND30, with the effects being observed among males but not females (Garcia et 

al., 2003). The sex dependence of the effects of the gestational and late neonatal chlorpyrifos 

exposures on the expression of glial, neuronal, and axonal markers in the brain parallels the 

sex dependence of the detrimental effects of those same exposures on neurobehavior in adult 

rats. Thus, dysregulated neuronal and glia differentiation and/or dysregulated expression of 

neuron- and glia-associated proteins may be related to the neurological deficits that emerge 

following exposures of the developing brain to chlorpyrifos.

The effects of developmental exposures to chlorpyrifos and diazinon on the expression of 

glial and neuronal markers are also compound specific. Following an early neonatal 

exposure chlorpyrifos (1 mg/kg/day, s.c., PND1-4), 5-day-old rats present in different brain 

regions: (i) no significant change in expression of NF68 or NF200, (ii) downregulation of 

GFAP expression, (iii) upregulation of the gene that encodes growth associated protein 43 

(GAP-43), a protein expressed at high levels in axonal growth cones, and (iv) 

downregulation of the expression of the oligodendrocyte-specific genes mobp and mpz 
(Garcia et al., 2003, 2002; Slotkin and Seidler, 2007). By contrast, following neonatal 

exposure of rats to diazinon (1 or 2 mg/kg/day, s.c., PND1-4), expression of the 

oligodendrocyte-specific genes myef and myt is strongly upregulated at PND5 (Slotkin and 

Seidler, 2007).

In summary, data reviewed in this section support the notion that developmental exposures 

to low levels of different OP insecticides are causally related to neurobehavioral deficits and 

neurochemical alterations in the brain later in life. The findings that neurodevelopmental 

effects of chlorpyrifos, diazinon, and parathion are compound specific strongly suggest that, 

as developmental neurotoxicants, OP insecticides cannot be grouped in a single class of 

chemicals that act via a shared mechanism of action. The next section provides an overview 

of AChE-unrelated mechanisms that may contribute to the developmental neurotoxicity of 

OP insecticides.

5. Potential Molecular Mechanisms Underlying the Developmental 

Neurotoxicity of OP Insecticides

In vitro studies have been instrumental in providing direct evidence demonstrating that 

AChE-unrelated mechanisms are important determinants of the neurotoxic effects of OP 

insecticides. For instance, 24-h exposure of primary cultures from the cerebral cortex of fetal 

mice (GD15-16) to 10 μM and 30-100 μM chlorpyrifos inhibits AChE activity by ~50% and 

80-90%, respectively, and comparable exposure to 1-100 μM chlorpyrifos-oxon inhibits 

AChE activity by nearly 100% (Rush et al., 2010). However, 24-h exposure of the cultures to 

100 μM chlorpyrifos reduces cell viability by 50%, and similar exposure to 10-100 μM 

Todd et al. Page 13

Neuropharmacology. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



chlorpyrifos-oxon reduces cell viability by no more than 10%. Similar results were obtained 

with diazinon and diazoxon. In addition, the mAChR antagonist atropine and the nAChR 

antagonist mecamylamine had no effect on the cytotoxic effects of chlorpyrifos and 

diazinon. Altogether these results revealed that AChE inhibition and cholinergic 

overactivation do not underlie the cytotoxic effects of these OP insecticides. In fact, 

numerous findings suggested that a common mechanism of action cannot account for the 

cytotoxic effects of diazinon and chlorpyrifos in the primary cortical cultures.

Chlorpyrifos-induced cytotoxicity in the primary cortical cultures was characterized by the 

typical non-specific DNA breakdown of necrotic cell death, accompanied by a robust 

increase in extracellular glutamate concentrations, suppressed by ionotropic glutamate 

receptor antagonists, and exacerbated by the caspase inhibitor Z-ValAla-Asp-

fluoromethylketone (ZVAD) (Rush et al., 2010). On the other hand, diazinon-induced 

cytotoxicity was characterized by the typical DNA fragmentation of apoptosis, was not 

accompanied by significant changes in glutamate concentrations, was unaffected by 

ionotropic glutamate receptor antagonists, and was suppressed by the caspase inhibitor 

ZVAD (Rush et al., 2010). Thus, while in this system chlorpyrifos-induced cytotoxicity 

could be accounted primarily for by glutamate-mediated excitotoxicity, diazinon-induced 

cytotoxicity was likely a result of apoptosis (Rush et al., 2010). An earlier study also 

reported that exposure of PC12 cells to chlorpyrifos induces a more robust and longer-

lasting increase in ionotropic glutamate receptor gene expression than does exposure to 

diazinon (Slotkin and Seidler, 2009). It is, however, unknown whether increased cell death is 

part of the pathway of the developmental neurotoxicity triggered by environmentally 

relevant levels of these insecticides.

At concentrations that induce no change in cell viability and have no significant effect on the 

catalytic activity of AChE, diazinon and its oxon metabolite can inhibit neurite outgrowth in 

primary hippocampal cultures (Pizzurro et al., 2014) and in cultures of neuroblastoma N2a 

cells (Flaskos et al., 2007). In N2a cell cultures, diazoxon-induced inhibition of neurite 

outgrowth is accompanied by decreased expression (or integrity) of GAP-43 and reduced 

phosphorylation of the neurofilament heavy chain (Sidiropoulou et al., 2009). It has been 

hypothesized that oxidative stress contributes to diazinon- and diazoxon-induced inhibition 

of neurite extension because: (i) inhibition of neurite extension could be prevented by 

antioxidants, and (ii) both diazinon and diazoxon had been shown to increase the production 

of reactive oxidative species (Giordano et al., 2007; Pizzurro et al., 2014).

Similar to diazinon and diazoxon, chlorpyrifos and chlorpyrifos-oxon inhibit neurite 

outgrowth in N2a cell cultures (Sachana et al., 2005) and in PC12 cell cultures (Das and 

Barone, 1999). In N2a cell cultures, suppression of neurite extension by chlorpyrifos and its 

oxon metabolite is also accompanied by reduced expression (or integrity) of GAP-43 and α-

tubulin (Sachana et al., 2005). In contrast to diazoxon, however, chlorpyrifos-oxon does not 

affect phosphorylation of the neurofilament heavy chain in N2a cell cultures (Flaskos et al., 

2011), a finding that suggests distinct mechanisms are likely to underlie the effects of 

diazoxon and chlorpyrifos-oxon on neurite outgrowth.
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It has been reported that, axonal growth in primary cultures of superior cervical ganglion 

neurons is significantly inhibited by low nanomolar concentrations of chlorpyrifos or 

chlorpyrifos-oxon, which are devoid of significant effect on the catalytic activity of AChE 

(Howard et al., 2005). Experiments carried out in primary cultures of rat dorsal ganglion 

neurons from mice with a null mutation in the AChE-encoding gene indicated that the 

morphogenic, but not the catalytic property of AChE contributes to the inhibitory effects of 

chlorpyrifos on axonal growth (Yang et al., 2008). In addition, there is mounting evidence 

that chlorpyrifos and its oxon metabolite can interact with and disrupt the integrity of 

structural proteins that are essential not only for neurite outgrowth but also axonal transport.

Axonal transport, which is required for both establishment of specialized structures during 

neuronal development and maintenance of functional synaptic connections in the mature 

brain (Bury and Sabo, 2016), is reduced by some, but not all OP insecticides. For instance, 

fast anterograde axonal transport in a rat optic nerve preparation is reportedly insensitive to 

parathion (Reichert and Abou-Donia, 1980). By contrast, repeated exposure of adult rats to 

low doses of chlorpyrifos causes significant impairment of both fast anterograde and 

retrograde axonal transport of vesicles in sciatic nerves, with the effects lasting at least 14 

days after the last dose (Terry et al., 2007, 2003). In primary cultures of the fetal rat cerebral 

cortex, axonal transport of membrane-bound organelles is also inhibited by concentrations of 

chlorpyrifos and chlorpyrifos-oxon that are devoid of effects on cell viability or AChE 

catalytic activity (Gao et al., 2017; Middlemore-Risher et al., 2011).

It has been proposed that inhibition of axonal transport by chlorpyrifos and its oxon 

metabolite, an effect found to be insensitive to mAChR or nAChR antagonists (Gao et al., 

2017), can be due, at least in part, to the ability of these compounds to directly interact with 

and inhibit tubulin polymerization (Prendergast et al., 2007). The impaired anterograde 

axonal transport induced by chlorpyrifos and chlorpyrifos-oxon may also be a result of their 

direct interactions with kinesin (Gearhart et al., 2007). It remains to be determined whether 

inhibition of neurite outgrowth and disruption of axonal transport takes place in the 

developing brain exposed to environmentally relevant levels of these insecticides and 

contributes to the neurologic deficits that emerge later in life.

Earlier studies have reported that some OP insecticides and their oxon metabolites can 

modulate the activity of the endocannabinoid (eCB) system, which plays a critical role in 

several aspects of neural development, from neuroprogenitor cell proliferation to 

synaptogenesis. For instance, chlorpyrifos-oxon, paraoxon, and diazoxon reportedly displace 

binding of the cannabinoid type 1 receptor (CB1R)-selective ligand [3H]CP 55,940 from 

mouse brain membranes with IC50s of 14 nM, 1.2 μM, and 2 μM, respectively. Likewise, 

chlorpyrifos, parathion, and diazinon displace [3H]CP 55,940 binding with IC50s of 35 μM, 

43 μM, and >100 μM, respectively (Quistad et al., 2002). In vitro and in vivo studies further 

revealed that chlorpyrifos, parathion, malaoxon, and diazinon inhibit fatty acid amide 

hydrolase (FAAH) and monoacylglycerol lipase (MAGL), the enzymes that hydrolyze and 

inactivate the eCBs anandamide (AEA) and 2-arachidonylglycerol (2-AG), respectively 

(Alexander et al., 2016; Quistad et al., 2006, 2002, 2001).
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Exposure of the developing mammalian brain to doses of chlorpyrifos that are too low to 

inhibit AChE results in significant inhibition of FAAH activity. Specifically, FAAH activity 

was found to be approximately 20% lower in the brain of 17-day-old rats orally exposed to 

chlorpyrifos (0.5 or 0.75 mg/kg/day) during PND10-16 than in the brain of vehicle-exposed, 

age-matched rats (Buntyn et al., 2017; Carr et al., 2014, 2020). By contrast, neither MAGL 

nor AChE activity in the brain was affected by the chlorpyrifos exposure (Buntyn et al., 

2017; Carr et al., 2020, 2014). This is of major significance in the context of the 

developmental neurotoxicity of chlorpyrifos, and, possibly other OP insecticides, because 

activation of CB1Rs and CB2Rs is known to promote neuroprogenitor cell proliferation and 

affect neural differentiation (Aguado et al., 2005; Berghuis et al., 2007; Trazzi et al., 2010). 

While long-term exposures to CB1R agonists favor the differentiation of neuroprogenitor 

cells into mature neurons (Compagnucci et al., 2013; Jiang, 2005; Soltys et al., 2010), short-

term exposures drive neuroprogenitor cell differentiation into glial cells (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). Thus, by altering eCB signaling during development, OP 

insecticides can disrupt processes that shape the nervous system structurally and functionally 

from embryogenesis through adulthood.

A recent study from our laboratory tested the hypothesis that, at concentrations below the 

threshold for AChE inhibition, chlorpyrifos, acting via CB1R signaling, disrupts 

neurodifferentiation. This hypothesis was tested using the SHSY-5Y cell line, which is a 

subclone of the SK-SN-SH line originally isolated from a bone marrow biopsy of a 4-year-

old female neuroblastoma patient and has the capacity to differentiate into mature neuron 

populations (Adem et al., 1987; Shipley et al., 2016; Tosetti et al., 1998). SHSY-5Y cells 

have been used as an in vitro model of OP-induced neurotoxicity (e.g., Raszewski et al., 

2015), because they express: (i) cholinergic proteins, including AChE, nicotinic receptor 

subunits, muscarinic receptors, and the vesicular acetylcholine transporter (Kovalevich and 

Langford, 2013), and (ii) non-cholinergic targets of OP insecticides, including CB1Rs, 

FAAH, and MAGL (Marini et al., 2009; Pasquariello et al., 2009).

In SHSY-5Y cell extracts, chlorpyrifos concentration dependently inhibited the catalytic 

activity of AChE (Todd et al., 2018), with the lowest effective concentration (LoEC) and 

IC50 being 30 μM and 181 μM, respectively. Following 24-h exposure of SHSY-5Y cultures 

to chlorpyrifos (1 μM-1 mM dissolved in DMSO; final concentration of DMSO in medium 

containing 1% fetal bovine serum was 0.01%), there was also a concentration-dependent 

reduction of cell viability, which was assessed by means of the MTT (3-(4,5-

dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assay. The LoEC and the IC50 for 

chlorpyrifos to reduce cell viability were 30 μM and 135 μM, respectively. Using the same 

assays, an earlier study reported that the IC50 for chlorpyrifos to suppress cell viability in 

SHSY-5Y cultures was 313 μM (Raszewski et al., 2015). The differences in the IC50s can be 

accounted for by the fact that in our study, cultures were incubated with chlorpyrifos in 

medium containing 1% serum to reduce non-specific binding of chlorpyrifos to proteins in 

serum, whereas, in the earlier study, chlorpyrifos was added to medium containing 15% 

serum (Raszewski et al., 2015).
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To examine whether neurodifferentiation is altered by chlorpyrifos concentrations that affect 

neither cell viability nor AChE activity, SHSY-5Y cultures were incubated for 7 days with 

chlorpyrifos (0.3-3μM)-containing medium, and, on the 8th day, cells were: (i) harvested for 

Western blot analysis of expression of nestin, a marker of neuroprogenitor cells, and NeuN, 

a marker of post-mitotic neurons that is not expressed in actively proliferating cells 

(Gilyarov, 2008; Gusel’nikova and Korzhevskiy, 2015; Lucassen et al., 2010), or (ii) 

processed immunocytochemically for analysis of number of nestin- and NeuN-

immunopositive cells.

Following the 7-day exposure of SHSY-5Y cells to 0.3 μM chlorpyrifos, there was a 

significant increase in nestin expression that was not accompanied by changes in NeuN 

expression. As the concentration of chlorpyrifos increased to 3 μM, expression of nestin was 

significantly downregulated, while expression of NeuN was significantly upregulated (Todd 

et al., 2018). While a similar 7-day exposure of SHSY-5Y cultures to the neutral CB1R 

antagonist AM4113 alone had no significant effect on NeuN or nestin expression, 

chlorpyrifos (3 μM) in the presence of AM4113 was devoid of effect on the expression of 

NeuN or nestin (Todd et al., 2018). Exposure of the cultures to chlorpyrifos (3 μM) also 

resulted in increased phosphorylation of p38 and extracellular signal-regulated kinases 1/2 

(Todd et al., 2018), which are downstream signaling pathways known to be activated by 

CB1R agonists (reviewed in Howlett et al., 2010). These results suggest that: (i) chlorpyrifos 

does not act as a CB1R antagonist, and (ii) chlorpyrifos-induced effects on NeuN and nestin 

expression are, at least in part, mediated by CB1R signaling.

The immunocytochemical analysis suggested that the effects of chlorpyrifos on nestin and 

NeuN expression were due to changes in cellular differentiation. In SHSY-5Y cultures, four 

cellular phenotypes were identified as Nestin+NeuN−, Nestin−NeuN+, Nestin−NeuN+, and 

Nestin+NeuN+. Based on literature reports (Lucassen et al., 2010), Nestin+NeuN− and 

Nestin−NeuN+ were interpreted as neuroprogenitor cells and post-mitotic neurons, 

respectively. Although continuous exposure of the SHSY-5Y cultures to 3 μM chlorpyrifos 

did not alter total number of cells, it significantly reduced the % of Nestin+NeuN− cells and 

increased the % of Nestin−NeuN+ cells (Todd et al., 2018).

The findings discussed above lend support to the hypothesis that, in differentiating systems 

with a low degree of tonic eCB activity, chlorpyrifos may directly (via receptor binding and 

activation) or indirectly (via FAAH inhibition) increase CB1R activity in neuroprogenitor 

cells and, thereby, accelerate their differentiation into mature neurons (Figure 1). On the 

other hand, in differentiating systems with a high degree of tonic eCB activity maintained by 

2-AG, OP insecticides that act as partial CB1R agonists or inhibit FAAH, and, thereby, 

increase endogenous levels of AEA, an eCB that acts as a partial CB1R agonist, may reduce 

CB1R signaling in neuroprogenitor cells and decelerate their differentiation into mature 

neurons. It remains to be demonstrated whether, by disrupting eCB signaling, chlorpyrifos 

and other OP insecticides can indeed accelerate or decelerate the normal process of neuronal 

differentiation in the developing brain and lead to the generation of dysfunctional synaptic 

connections, which have been proposed to contribute to the pathophysiology of 

neurodevelopmental disorders (Zoghbi and Bear, 2012).
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The sexual dimorphism of the eCB system in the developing brain could contribute to the 

sex-biased effects of chlorpyrifos on neurodevelopment because the eCB system is sexually 

dimorphic not only in the mature but also in the developing brain (Fattore and Fratta, 2010). 

For instance, CB1R density in the forebrain is higher in 2-day-old female than male rats (de 

Fonseca et al., 1993), and FAAH expression in the amygdala is higher in female than male 

rats at 4 days of age (Krebs-Kraft et al., 2010). In part via stimulating microglia-induced 

phagocytosis of newborn astrocytes in neonatal rats, CB1R activation has been shown to 

shape the sexual differentiation of the developing amygdala and juvenile play behavior 

(Argue et al., 2017; VanRyzin et al., 2019).

Increasing evidence indicates that disruption of the epigenome by early-life insults, 

including environmental toxicants, can also affect the development of the nervous system 

and increase the risk for neurological disorders later in life (Balmer et al., 2014). This is 

relevant to the developmental neurotoxicity of OP insecticides because in vitro and in vivo 
studies have reported that some OP insecticides have significant effects on epigenetic 

markers, including covalent histone modifications and DNA methylation. For example, in 

one study, exposure of human neuronal progenitor cells to chlorpyrifos (57 μM, 12 h) 

increased levels of trimethylated histone 3 lysine 4 (H3K4) (Kim et al., 2016), which 

maintains the expression of pluripotency-associated genes during the neural differentiation 

of embryonic stem cells (Roidl and Hacker, 2014). In our recent study, the increased 

neurodifferentiation observed following a 7-day exposure of SHSY-5Y cells to 3 μM 

chlorpyrifos was accompanied by a p38-dependent increase in levels of dimethylated H3K4 

(Todd et al., 2018). In another study, exposure of pregnant mice to chlorpyrifos-methyl (4, 

20, 100 mg/kg/day, p.o.; GD7–12) resulted in hypomethylation of the h19 gene, which has 

been associated with intrauterine and postnatal growth retardation (Murphy et al., 2012), in 

different fetal organs (Shin et al., 2015). Finally, exposure of human myelogenous leukemia 

K562 cells to a low concentration of diazinon (0.1 μM, 12 h) induced hypermethylation of 

several genes, including that which encodes histone deacetylase 3 (HDAC3) (Zhang et al., 

2013). In the developing brain, HDAC3 has been proposed to maintain the neural stem cell 

state, in part by retaining the nuclear localization of a transcriptional repressor known to 

prevent the differentiation of progenitor cells into neurons – the silencing mediator of 

retinoid and thyroid hormone receptors (Soriano and Hardingham, 2011; Yu et al., 2005).

Although it is unclear how OP insecticides alter histone modifications and DNA 

methylation, it is worth mentioning that these epigenetic mechanisms are also affected by 

exposure of the developing brain to cannabinoid ligands. For instance, increased levels of 

dimethylated histone 3 lysine 9 (H3K9) and decreased levels of trimethylated H3K4, which 

typically suppress gene expression, have been observed in the nucleus accumbens of 2-day-

old rats exposed to tetrahydrocannabinol during GD5-PND2 (DiNieri et al., 2011). These 

changes in the epigenome were accompanied by reduced expression of the dopamine 

receptor D2 in the nucleus accumbens, which was proposed to contribute to increased 

addiction vulnerability later in life (DiNieri et al., 2011). Studies are needed to test the 

hypothesis that, via eCB-dependent and/or eCB-independent mechanisms, disruption of the 

epigenome in the developing brain contributes to the neurobehavioral deficits that develop 

later in life following developmental exposures to OP insecticides.
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Post-translational histone modifications are also recognized as important mechanisms 

underlying sexual differentiation of the brain and the sex-dependent effects of environmental 

insults (Singh et al., 2019). In the brain, the sexual dimorphism of some covalent histone 

modifications, including acetylated H3K9, is established by the hormonal-dependent 

masculinization of the brain (Tsai et al., 2009). However, sex differences for other covalent 

histone modifications, including methylated H3K4, can be defined by sex chromosome-

associated genes that encode the enzymes needed to catalyze these modifications (Singh et 

al., 2019). Of interest, developmental exposures of mice to lead acetate induce sex- and brain 

region-specific alterations in a number of covalent histone modifications, including 

acetylated H3K9 and methylated H3K4 and H3K9, some of which persist through adulthood 

(Schneider et al., 2016; Varma et al., 2017). Thus, sex-dependent effects of some OP 

insecticides on neurodevelopment could also be related to sex-biased alterations of histone 

modifications.

In summary, acting via AChE-unrelated mechanisms, different OP insecticides alter the 

neurochemistry and the structural integrity of neurons and glial cells. In this respect, it is 

important to note that some OP insecticides, including chlorpyrifos, diazinon, and 

malathion, have been shown to modify the activity of components of the eCB system, 

including CB1 receptors and FAAH, and to alter histone modifications. Research is needed 

to establish the role of these mechanisms on the developmental neurotoxicity of different OP 

insecticides.

6. Conclusions

Intentional, occupational, and accidental exposures to high doses of OP insecticides 

represent a major public health issue in countries where these insecticides are poorly 

regulated. Poisoning with OP insecticides is conventionally treated with the non-selective 

mAChR antagonist atropine to suppress the hypercholinergic tone resulting from OP-

induced irreversible inhibition of AChE, in addition to an oxime to reactivate AChE and a 

benzodiazepine, as needed, to halt OP-induced seizures (reviewed in Pereira et al., 2014; 

Taylor, 2017). However, as discussed in this review, research is still needed to optimize the 

treatment of OP poisoning during pregnancy because clinical reports indicate that some 

cases of gestational acute OP intoxication respond to the conventional antidotes, while 

others do not (see Table 1 and references therein).

More concerning, however, are the ubiquitous exposures to environmentally relevant levels 

of OP insecticides, which are too low to trigger clinical signs of acute toxicity and are 

particularly detrimental to the normal development of the brain. Epidemiological studies 

continue to provide evidence that prenatal exposures to low levels of OP insecticides are 

associated with increased risks of intellectual disabilities and pervasive developmental 

disorders (see Table 2 and references therein). In addition, preclinical studies have 

demonstrated that prepubertal and adult rodents present neurobehavioral deficits and 

neurochemical alterations in the brain following exposures to different OP insecticides 

during well-defined periods of prenatal/perinatal development (see Tables 3 and 4 and 

references therein).
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The finding that the developmental neurotoxicity of OP insecticides is compound specific 

has important implications. First, it can explain, at least in part, why the strength of 

associations between prenatal OP exposures and specific neurological deficits in children 

varies among epidemiological studies, given that, in most of these studies, exposures are 

assessed based on measurements of non-specific OP metabolites in urine or residential 

proximity to sites that use various OP insecticides. Second, it suggests that, as 

developmental neurotoxicants, different OP insecticides are likely to act via distinct 

mechanisms.

Several lines of evidence discussed here strongly support the concept that mechanisms other 

than the catalytic activity of AChE contribute to the developmental neurotoxicity of OP 

insecticides. Different OP insecticides have been shown to interact with and/or modify the 

activity of: (i) the M2 mAChR subtype (Howard and Pope, 2002; Huff et al., 1994), (ii) 

structural proteins such as tubulin and kinesin (Gearhart et al., 2007; Prendergast et al., 

2007), and (iii) components of the eCB system, including CB1Rs, FAAH, and MAGL 

(Alexander et al., 2016; Quistad et al., 2006, 2002, 2001). Results from experiments carried 

out with the neuroblastoma cell line SHSY-5Y support a mechanistic hypothesis linking 

eCB signaling and developmental neurotoxicity induced by some OP insecticides (Todd et 

al., 2018). Prenatal/perinatal exposures to chlorpyrifos and other OP insecticides capable of 

disrupting eCB signaling may be accounted for by CB1R -dependent acceleration or 

deceleration of neurodifferentiation contributing to the development of dysfunctional 

synapses (Figure 1). It is also plausible that eCB-dependent and/or -independent disruption 

of the epigenome in the developing brain by different OP insecticides can disrupt the 

expression of genes associated with normal neurodevelopment and, thereby, have enduring 

detrimental effects on brain structure and function (Figure 1).

The ability of a given molecular target to contribute to the developmental neurotoxicity of 

different OP insecticides will depend on not only the expression and function of that target 

in the developing nervous system during the time of exposure, but also the concentration of 

the insecticides at the target and the potency with which they act at that target. The high 

lipophilicity of many OP insecticides, particularly diethyl phosphoryl insecticides such as 

chlorpyrifos, diazinon, parathion, and fenitrothion, can favor their distribution and 

accumulation in fat-enriched tissue, including the brain. For instance, the brain:blood 

partition coefficient for chlorpyrifos in rats ranges from 4 to 33, as estimated by the 

octanol:water partitioning of this insecticide and the brain lipid content, and is proportional 

to the blood lipid content; the higher the blood lipid levels are, the lower the portioning of 

chlorpyrifos between fat-enriched tissue and blood is (Ellison et al., 2011; Lowe et al., 2009; 

Timchalk, 2002). However, the degree to which chlorpyrifos and other OP insecticides 

accumulate in the brain and other fat-enriched tissues of fetuses remains largely unknown, 

making it difficult to validate physiologically based pharmacokinetic and pharmacodynamic 

(PB-PK/PD) models that have been developed to integrate target tissue concentrations and 

dynamic responses in subjects exposed to those insecticides.

It is also noteworthy that red blood cell AChE inhibition is the measure of effect used in the 

PB-PK/PD models generated to refine risk assessment of intoxication by OP insecticides at 

different ages and during pregnancy (Lowe et al., 2009; Poet et al., 2004; Timchalk, 2002; 
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Smith et al., 2014). Yet, as demonstrated in the various works reviewed here, AChE 

inhibition does not appear to be a major determinant of the developmental neurotoxicity 

triggered by low levels of OP insecticides.

Research is critically needed to identify the molecular mechanisms by which OP insecticides 

trigger developmental neurotoxicity. However, as discussed in various reviews, this is a 

challenging task that will require the use a multidisciplinary in vitro-in vivo strategy 

(Crofton et al., 2011; Hollander et al., 2020; Smirnova et al., 2014), as in vitro testing can 

overcome the shortcomings of the excessively resource-intensive in vivo evaluation of 

developmental neurotoxicity. An in-vitro approach suitable to address the developmental 

neurotoxicity of OP insecticides will need to rely on: (i) the use of a model system that 

maintains relevance to the sex-biased effects of OP insecticides in the developing brain, and 

(ii) translation of the neurobehavioral deficits that emerge long after early life exposures to 

OP insecticides into cellular endpoints that can be quantified in vitro. Relevant in vitro 
model systems may include primary cultures of fetal brain tissue from rodents, cultures of 

human induced-pluripotent stem cells, as well as 3-D organoid cultures, each of which can 

be sex specific. In addition, cellular endpoints relevant to neurodevelopment may include 

proliferation and differentiation of neural stem cells and/or neuroprogenitor cells, neurite 

outgrowth, and synaptogenesis. Integrating structural, functional, and transcriptome analyses 

will be essential to identify molecular “signatures” underlying the developmental 

neurotoxicity of different OP insecticides. Such a mechanistic framework can, then, be used 

to design hypothesis-driven in vivo studies aimed at identifying effective interventions for 

disorders associated with prenatal exposures to low levels of OP insecticides.

Characterizing the mechanisms by which different OP insecticides disrupt normal brain 

development can also lead to identification of biomarkers of effect that are more specific and 

sensitive than AChE inhibition for assessment of the health risks posed by low-level 

exposures of pregnant women and children to these insecticides. These risk assessments are 

critically needed to support the implementation of risk management plans that seek to 

protect the most vulnerable sectors of the population against the detrimental health effects of 

OP insecticides and to encourage research and development of alternative pest-management 

strategies that are safe but also meet the increasing demands for food security and control of 

vector-borne diseases worldwide (Bonner and Alavanja, 2017; Hertz-Picciotto et al., 2018; 

Popp et al., 2013).
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Abbreviations

2-AG 2-arachidonylglycerol

ACh acetylcholine

AChE acetylcholinesterase
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AEA anandamide

ASD autism spectrum disorders

CB1R cannabinoid type 1 receptor

CHAMACOS Center for Health Assessment of Mothers and Children of Salinas

CHARGE Childhood Autism Risks from Genetics and Environment

CPF chlorpyrifos

CREB cAMP response element-binding protein

DAP dialkylphosphate

eCB endocannabinoid

ERK1/2 extracellular signal-regulated kinases ½

ETA ethanolamine

FAAH fatty acid amide hydrolase

fNIRS functional near-infrared spectroscopy

GAP-43 growth associated protein 43

GD gestation day

GFAP glial fibrillary acidic protein

HDAC3 histone deacetylase 3

H3K4 histone 3 lysine 4

H3K9 histone 3 lysine 9

IC50 half-maximal inhibitory concentration

IQ intelligence quotient

LD50 median lethal dose

LoEC lowest effective concentration

mAChR muscarinic receptor

MAGL monoacylglycerol lipase

MARBLES Markers of Autism Risk in Babies - Learning Early Signs

MBP myelin-binding protein

mobp gene encoding myelin associated oligodendrocyte basic protein

mpz gene encoding myelin protein zero
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MSK1 mitogen- and stress-activated protein kinase-1

MTT 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide

myef2 gene encoding myelinexpressionfactor-2

myt gene encoding myelin transcription factor 1

nAChR nicotinic receptor

NF200 neurofilament 200

NF68 neurofilament 68

OP organophosphorus

PB-PK/PD physiologically based pharmacokinetic and pharmacodynamic

PND postnatal day

PON1 paraoxonase 1

5HT serotonin

5HT1A serotonin type 1A receptor

5HTT serotonin transporter

ZVAD Z-ValAla-Asp-fluoromethylketone
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Highlights

• Irreversible AChE inhibition underlies the cholinergic crisis in acute OP 

poisoning

• Treatment of acute OP insecticide poisoning during pregnancy is not 

optimized

• Acute toxicity and AChE inhibition are not required for developmental OP 

neurotoxicity

• Cannabinoid signaling can contribute to the developmental OP neurotoxicity
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Figure 1. Diagrammatic representation of a hypothetical mechanism underlying the 
developmental neurotoxicity of chlorpyrifos (CPF).
This diagram illustrates the hypothesis that, in systems with a low degree of tonic eCB 

signaling, CPF may directly (via receptor binding and activation) or indirectly (via FAAH 

inhibition) increase CB1R signaling in neuroprogenitor cells and, thereby, accelerate their 

differentiation into mature neurons. On the other hand, in systems with a high degree of 

tonic eCB activity maintained by 2-AG, chlorpyrifos, acting as a partial CB1R agonist or 

inhibiting FAAH, and, thereby, increasing endogenous levels of AEA, may reduce CB1R 

signaling in neuroprogenitor cells and decelerate their differentiation into mature neurons. 

Parts of images from Motifolio drawing toolkits (www.motifolio.com) were used in the 

figure preparation. (2-AG, 2-arachidonylglycerol; AEA, anandamide; AA, arachidonic acid; 

CB1R, cannabinoid type 1 receptor; CREB, cAMP response element-binding protein; 

ERK1/2, extracellular signal-regulated kinases 1/2; ETA, ethanolamine; FAAH, fatty acid 
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amide hydrolase; MSK1, mitogen- and stress-activated protein kinase-1; mod, histone 

modifications).
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