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1. Introduction

With more than 7 billion people in the world, global food production is of critical importance.
Back in the 1960’s, when population models predicted such a large human population,
agricultural scientists and policy makers felt an urgent need to dramatically increase global
food production and to radically change how food was grown and distributed. Science,
business and governments collaborated to engineer a paradigm shift in how we feed our
species. Galvanized by the efforts of Norman Borlaug to successfully develop high-yield and
disease-resistant wheat, the Green Revolution led to an order of magnitude increase in global
food production in fewer than forty years [1]. Both the Rockefeller and Ford Foundations
worked with international governments to use a combination of agricultural and technological
approaches to vastly increase the productivity of the major cereal crops that feed the world:
wheat, corn, rice, and later other important crops.

The major changes in agricultural practice included the selective breeding of high yield crop
varieties, changes to irrigation approaches, increased mechanization of farms and the use of
fertilizers and pesticides. The high-yield varieties were selectively bred to produce large and
many seeds and to have shorter and sturdier stems to support the seeds. They matured quickly
and were much less sensitive to photoperiod, enabling a longer growing season or multiple
growing seasons in a year. They were also bred to respond to externally applied fertilizers with
fast growth and rapid maturation [1]. Farmers were eager to plant the super-crops and soon
changed agricultural approaches to focus exclusively on a few or one variety, giving rise to
the monoculture agriculture and large mechanized farming that dominates global agricultural
practice today, particularly in the developed world. These varieties are dependent on plentiful
irrigation and fertilizer application. To protect the new crops and further enhance yield,
farmers applied a growing arsenal of chemical pesticides, some of them derived from chemi-
cals produced in World War I and World War II as chemical warfare agents.
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The Green Revolution prevented countless deaths due to starvation and created jobs and entire
new industries. Huge mega-companies devoted to the production of pesticides, fertilizers and
seeds now dominate big agri-business. More than one third of the world’s workers are
employed in agriculture. The costs are also enormous. Industrial agriculture has caused
widespread damage to the land, water and air. Fertilizer run-off has damaged aquatic
ecosystems; soils overplanted with monoculture crops are depleted of nutrients; soil, water
and the air are contaminated with a complex mixture of pesticides and other toxic chemicals.
What are the consequences of chronic exposure to low levels of mixtures of pesticides in the
water we drink, in the air we breathe? How are other organisms affected? How are beneficial
soil organisms influenced? There is growing awareness of the human health and environ-
mental health consequences of our high-yield agricultural practices. An increasing number of
studies indicate that most animals are affected deleteriously by the pervasive presence of
pesticides in the environment, humans included.

This chapter focuses on the effects of pesticides and pesticide mixtures on unintended
organisms. I explore the behavioral consequences of exposure to toxic chemicals in the
environment, with a focus on the use of behavioral change as an early marker of potential or
ongoing damage to the nervous system. Recent work in model organisms underscores the
value of behavioral assessment of toxicity. Because of the substantial evolutionary conserva-
tion of the molecular targets of many pesticide chemicals, what we learn about in non-human
animals can readily be applied to human health. We are all in this together.

2. The most common pesticides

The hundreds of pesticides in existence fall into five main categories: organophosphates,
organochlorines, carbamates, glyphosates and neonicotinoids. Agricultural workers are often
exposed to high doses, particularly over their lifetime. In addition, most rivers and lakes, non-
agricultural soil and even the air contain measurable, albeit lower, concentrations of all these
chemicals. The vast majority of pesticides in use to protect plants from herbivory target the
control of muscle contraction, leading to paralysis and death of the intended target insects and
other arthropods. Fungicides and herbicides target enzyme pathways that result in the death
of harmful fungi and weeds, but the chemicals can have unwitting effects on animals as well.
In order to better understand how these pesticides operate in animals, I will first briefly review
the mechanism by which muscles are activated by nerves.

2.1. A Key target of pesticides: The neuromuscular junction

The connection between motor neurons that generate movement and the skeletal muscles they
activate is called the neuromuscular junction (NMJ). This synapse is highly specialized to
afford rapid and reliable activation of the muscle. In vertebrates, all skeletal muscles are
activated by one type of neuron, the motor neuron, which uses the neurotransmitter acetyl-
choline (Figure 1). The presynaptic terminal of the neuromuscular junction contains hundreds
of synaptic vesicles, each loaded with 5000- 10,000 molecules of acetylcholine. A single action
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potential firing from one motor neuron can cause the release of as many as 300 vesicles within
a millisecond or so [2]. The 1.5 million molecules of transmitter rapidly diffuse across the cleft
between the nerve and muscle cell and interact with 1000-2000 receptor channels that are
densely clustered at the synaptic junction membrane [3], leading to a large depolarization that
initiates a muscle contraction. The cytoarchitecture of this synaptic connection has a tremen-
dously large safety factor, to ensure a 1:1 correspondence between an action potential in the
nerve and a corresponding action potential (leading to a contraction cycle) in the muscle cell.
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Figure 1. Vertebrate Neuromuscular Junction

At the vertebrate neuromuscular junction, the presynaptic nerve membrane and the postsy-
naptic muscle membrane are separated by a small space called the synaptic cleft that also
contains an extracellular matrix-derived basal lamina that adheres tightly to the muscle
membrane (Figure 1). Composed of structural molecules like collagen type —IV and laminins
[4], the basal lamina also contains a form of acetylcholinesterase with a collagen tail (ColQ-
AChE). The ColQ tail localizes this form of acetylcholinesterase to the NM] [5]. Acetylcholi-
nesterase is the product of a single, highly conserved vertebrate gene, and many different
versions are generated by alternative splicing, co-translational and post-translational modifi-
cations and even the formation of oligomers [6], differing in tissue expression and subcellular
localization. The catalytic region of the enzyme is very highly conserved across organisms. As
a consequence, chemicals that generally affect cholinesterases can have effects on multiple
tissues in multiple organisms.
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There are hundreds of different proteins involved in the molecular mechanism of neurotrans-
mitter release and the majority of these proteins are involved in the release of all neurotrans-
mitters. The proteins govern the movement of synaptic vesicles to the presynaptic terminal
membrane, the fusion of the vesicles with the membrane so as to release the chemical neuro-
transmitter, the recycling of the vesicle membranes back into the terminal and the packaging
of neurotransmitter molecules back into vesicles. These important molecular players are highly
conserved evolutionarily, being present in mammals, amphibians, flies and nematodes. In
addition, all vertebrates utilize the same overall scheme for muscle contraction. Many of these
proteins are found in all animals, including invertebrates. Nonetheless, there can be substantial
genetic variation in the proteins, with differences in function and structure in vertebrate as
compared with invertebrate neurotransmission proteins. The evolutionary divergence of these
proteins isimportant in the design of pesticides that are selective for invertebrate target species,
while at the same time being relatively less toxic to non-target animals. However, many of the
pesticides currently in use do have considerable cross-reactivity with non-target organisms,
depending on the dose and exposure methods used.

Invertebrates have an overall similar mechanism by which motor neurons excite muscles and
many of the same proteins are critical for the release of neurotransmitter. There are a number
of differences, however. While acetylcholine is the major excitatory neurotransmitter used by
motor neurons in a large number of invertebrates including nematodes, annelids, arachnids
and mollusks, insects and other arthropods utilize glutamate as a major excitatory neuro-
transmitter at the neuromuscular junction, with glutamate acting on postsynaptic muscle
membrane glutamatergic sodium channels. Another key difference is that many invertebrates
also control muscle movement via inhibitory motor neurons that utilize GABA or glycine as
aneurotransmitter. These inhibitory motor neurons synapse directly on muscle fibers [7]. This
local control of muscle function is quite different from the central spinal cord-level control in
vertebrates [8]. Another distinction between vertebrate and invertebrate muscle control is that
arthropods in particular modulate muscle function peripherally, rather than at the level of the
central nervous system, via a wide variety of circulating hormones and neuromodulators [7].
Many invertebrate motor neurons release more than one neurotransmitter, achieving modu-
lation of muscle force directly at the neuromuscular junction [7]. While ACh is an important
neurotransmitter across all animals, the principle effect of pesticides directed at the acetyl-
choline neurotransmitter system is to alter central nervous function in arthropods.

2.2. Organophosphates

More than half of the insecticides in use across the globe fall into the organophosphorous group
of chemicals. The major organophosphates in use today are chlorpyrifos, parathion, malathion
and diazinon. Chlorpyrifos is the major compound used in the United States and Europe.
Organophosphates were first developed as nerve gases in the 1930’s in Nazi Germany [9]. After
World War II, American chemists developed this class of insecticide based on those materials.
It is estimated that more than a billion pounds are produced worldwide each year [9].

Organophosphates target the enzyme acetylcholinesterase, which is a member of the serine
hydrolase enzyme superfamily [10]. This enzyme plays a critical role in nerve and muscle
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activity in vertebrates and some invertebrates (Fig. 1), and in central nervous system function
in many animals, including arthropods. The organic groups of organophosphate pesticides
can be modified to affect target specificity, penetration of the chemical internally, water
solubility and persistence in the environment. All of the major organophosphorous pesticides
in use for agricultural and residence purposes have a common mechanism of action, that of
phosphorylating acetylcholinesterase, thereby inactivating it [11]. This covalent modification
is permanent. The inhibition of acetylcholinesterase activity, particularly at the neuromuscular
junction, reduces the clearance of acetylcholine from the synaptic, resulting in prolonged
neuromuscular stimulation, which causes seizures and paralysis. In arthropods, the effect is
primarily within central regulatory neurons and sensory systems [12].

2.2.1. Unintended targets of organophosphorus pesticides

When a pesticide is developed for use, it must be approved by governmental regulatory
agencies in many countries. The Environmental Protection Agency (EPA) in the United States
requires testing of toxicity to a variety of animals, usually assessing lethality at working doses
recommended by the pesticide-producing company, as well as assessing potential cancer risk.
The EPA requires pesticides be assessed for ecological as well as human health risks. A
company seeking to gain EPA approval to sell and distribute a pesticide conducts the scientific
tests and files the regulatory materials. Pesticides that have gained approval are periodically
reassessed based on reports received from scientific study of risk and reports of problems
submitted to the EPA. Ecological assessment data include toxicological studies on wildlife and
plants that represent non-target organisms likely to be exposed unintentionally through
runoff, aerial drift or bioaccumulation. For this testing, organisms are exposed to different
concentrations of the “active ingredient” of the pesticide being assessed, usually in isolation,
without other so-called inactive ingredients. Both short and long-term effects of the active
ingredient are measured including lethality, growth and reproduction rates. In addition,
residue measurements are conducted to determine degradation of the pesticide, possible
toxicity of breakdown metabolites, persistence and ability to travel in the environment (soil,
water, air, bioaccumulation). If the regulatory commission (like the EPA) believes that a
particular type of ecosystem is not likely to be exposed to a candidate pesticide, then the
registration materials stipulate that the pesticide is either “safe” or poses no “reasonable harm”
to the organisms within that ecosystem, even if direct evaluation of risk or exposure has not
been conducted. If the assessors predict a high likelihood a particular ecosystem will be
exposed, then additional tests are often required [13].

Acetylcholinesterase, the major target enzyme for organophosphorus pesticides, is a member
of a very large class of carboxylic esterases [14]. Most organophosphates interact with a serine
group present at the active site of the enzyme. However, they can also affect other enzymes,
including other serine hydrolases and even serine proteases [15]. As a result, many cell
processes and cell signaling pathways can be disrupted, including serotonin and dopamine
neurotransmission, growth regulation, hormonal regulation and other systems. Of particular
concern to epidemiologists are the possible long-term consequences of exposure during key
developmental critical periods. For example, 83% of pregnant women in the U.S. had detect-
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able levels of an organophosphate metabolite in their urine [16]. At the same time, a 600%
increase in autism incidence has been reported in California [17]. Mothers living in the
California Central Valley who had been exposed to pesticides while pregnant gave birth to
children who were 7.6 times more likely to be diagnosed with Autism Spectrum Disorder [18]
and there was a 230% increase in maternally reported pervasive developmental disorders in
children whose mothers had measurable organophosphate metabolites in their urine [19].
Cholinergic abnormalities have been reported in autism [20]. While not conclusive, studies
such as these and others [20] indicate that gestational exposure to pesticides might well
influence neural development. Direct experimental animal studies support these concerns.
Exposure to chlorpyrifos during the early postnatal period altered rat memory function and
spatial navigation in adulthood [21]. Chick embryos exposed to low levels of chlorpyrifos
showed reduced head development [22] and axon development was disrupted in exposed
zebra fish embryos [23].

Acetylcholinesterase (AChE) inhibition, affecting neural cholinergic signaling during devel-
opment, is a likely cause of organophosphorus pesticide effects on behavior, growth, and
reproduction. However, most organophosphorus pesticides can also affect other enzyme
systems that involve serine esterases, serine hydrolases or serine proteases. This large and
essential group of enzymes is important for overall cell and body metabolism, immune and
endocrine system functioning, in addition to nervous system functioning. These enzymes
differ in their sensitivities to different organophosphorus pesticides, from essentially insensi-
tive to highly sensitive to inhibition. Doses of organophosphate compounds that exquisitely
affect AChE activity might have little or no effect on other members of this enzyme super-
family. However, many unintended target enzymes are affected by concentrations of organo-
phosphate compounds or their metabolites that have little effect on AChE. For example, several
organophosphates that induce a delayed neuropathy are relatively less reactive with AChE
[24]. Further, metabolites of organophosphorus insecticides can also exert effects by reacting
with non-target members of the serine hydrolase enzyme superfamily [25]. Indeed, such
interactions with serine hydrolases in liver are important means for detoxification [25]. Recent
work on the environmentally relevant metabolites of chlorpyrifos and parathion demonstrated
substantial inhibition of the activity of key liver carboxylesterases [25]. Several lipases
important in brain function are sensitive to organophosphates. Neuropathy target esterase
(NTE) is one such enzyme, first discovered as the target enzyme associated with a lethal
neuropathy caused by a ginger extract substitute added to drinks during Prohibition in the
1930’s [10], an insecticide that was also used as a lubricant for machine parts.

Over the past 15 years or so since the introduction of organophosphorus pesticides as a safer
alternative to DDT and other organochlorine pesticides, increasing evidence indicates that
organophosphates are harmful to immune function through both acetylcholinesterase
inhibition and via noncholinergic mechanisms. Vertebrates and invertebrates share common
cell types and mechanisms of innate immunity, namely the presence of phagocytic cells
(monocytes and neutrophils), the production of cytokines [26] and a histocompatibility cell
recognition system. The complex adaptive immune responses, in particular T- and B-lympho-
cyte antibody-mediated immune systems first appeared with the evolution of the vertebrates.
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Serine hydrolases play important roles in innate immune function and could be unintended
targets of organophosphates [27]. Malathion, at doses that inhibit acetylcholinesterase,
suppressed humoral immune responses in mice exposed under laboratory conditions [28] and
inhibited cytotoxic T-lymphocyte responses [29]. At low doses, below those that inhibit AChE,
malathion stimulated immune activation in rodents [30]. Immunotoxic effects have also been
reported in birds, fish, small mammals and soil invertebrates exposed to chlorpyrifos,
malathion and diazinon [26]. Parathion, diazinon and chlorpyrifos have also each been shown
to alter immune function [26]. Reports on earthworms have shown reduced immune function
after exposure to organophosphorus compounds [31, 32]. Laboratory studies in fish also
demonstrated an immunosuppression after sublethal organophosphate exposure to malathion
[33] and diazinon [34]. A number of transcription factors important for cell division and
differentiation are inhibited by chlorpyrifos [35]. These studies are complex and can suffer
from interpretational difficulties and clearly much more work is needed. Nonetheless, the
increasing reports of unintended effects on many different organ systems are cause for concern.

2.2.2. Organophosphorus pesticides act as endocrine disrupters (EDC’s)

An endocrine disrupting chemical (EDC) is any chemical that alters an endocrine-regulated
system or behavior. Early work centered on chemicals whose structural characteristics allowed
them to be estrogen-mimics or estrogen receptor agonists or antagonists. However, more
recent work has acknowledged that many chemicals, while not directly interacting with
estrogen receptors, can alter endocrine-related functions and so produce long-term effects on
growth, metabolism, reproduction and behavior [36].

Developmental exposure to organophosphorus pesticides has widespread effects on neural
development, which influences behavior and physiology well into adulthood. Late pre-natal
and early postnatal exposure of rats to low concentrations of chlorpyrifos caused impairments
in synaptic function, with subsequent locomotory and cognitive dysfunction ([37- 39]).
Exposure to very low levels of chlorpyrifos early in gestation, at the time of neurulation, a very
early stage of brain development, resulted in locomotory and cognitive abnormalities that
persisted into adulthood [40]. The impairments were not severe, suggesting some neurode-
velopmental compensation or recruitment of alternate mechanisms to preserve functionality.
Indeed, early developmental exposures to chlorpyrifos, parathion, malathion or diazinon have
each been associated with alterations in serotonergic and dopaminergic systems [41]. The
consequences of alterations in neurotransmitter systems during development, referred to as
organizational effects, would have an impact on neuroendocrine system development, thus
altering reproductive behavior, in addition to myriad effects on sensory function, cognitive
function, predator/prey avoidance and other behaviors. For example, salmon exposed to
diazinon were less responsive to predator cues [42]. Organophosphate exposure in develop-
ment has also been linked to modified oxytocin and arginine vasopressin (AVP) activity [43],
altered social behavior [44] and sex-specific behaviors [45].

There is sufficient evidence that developmental exposure to organophosphorus pesticides can
cause permanent neurobehavioral and neurological impairments that chlorpyrifos has been
banned in the US for residential use. Despite this compelling evidence, however, this and other
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organophosphorus pesticides are still heavily used in agricultural settings, exposing workers,
nearby communities and the surrounding aquatic and terrestrial wildlife to these harmful and
environmentally persistent chemicals. It is abundantly clear that, while recommended
application doses of particular organophosphorus pesticides may not cause overt death,
persistent exposure to these compounds, present at biologically active concentrations in water,
soil and the food supply, can lead to neurobehavioral changes that influence wildlife and
humans.

2.3. Organochlorine pesticides

Organochlorine pesticides are among the most environmentally persistent human pollutants,
existing in soil, water and air for decades. Developed in 1946, the first commercial herbicides,
including 2,4 D and 2,4,5, T were introduced to control broad-leaf weeds. 2,4,5 T was used
extensively during the Vietnam war to clear jungle hiding places. Byproducts of that chemical
production included dioxin and DDT, which are potent neurotoxins. In the 1940’s, DDT was
heralded as a potential eradicator of malaria and was sprayed widely as a residential and
agricultural insecticide until alarming reports of bird and human morbidity and death in the
1960’s. Other banned organochlorine pesticides include aldrin, dieldrin, chlordane and
heptachlor. Despite recent bans on their use in some countries, measurable levels of many of
these chemicals are still present, even in areas like the Arctic, where they were never used [46].

Others remain in use in the US and in the developing world, including lindane, endosulfan,
dicofol, methoxychlor and pentachlorophenol. These chlorinated hydrocarbons are readily
lipid soluble, which leads to bioaccumulation in wildlife and in the food chain. Measurable
organochlorine residues are found in blood, adipose and breastmilk in humans. Most orga-
nochlorines interfere with ion channel function, predominantly in the nervous system. For
example, endosulfan binds to and blocks the chloride channel portion of the GABA-a receptor,
acting as a noncompetitive antagonist [47]. Lindane, an active ingredient in head lice treat-
ments for children, also interacts with the GABA-a receptor, whereas methoxychlor, chemi-
cally similar to DDT, interacts with insect sodium channels, leading to their persistent
activation [48]. Lindane and several other organochlorines have been banned from use in many
countries because of unintended endocrine-disrupting effects on wildlife and humans (see
below) but others, including endosulfan, continue to be used heavily in many parts of the
world.

The primary target of endosulfan as an insecticide is to alter ion flux of sodium and potassium,
thereby interfering with neuron activity and thus motor function in insects. However, it is a
relatively nonspecific insecticide, which is in part why it is used widely for pest protection of
many important crops worldwide, as well as for a preservation treatment for wood. Endosul-
fan, known to be toxic to fish and other aquatic organisms [47], blocks the GABA receptor ion
channels, interfering with critical inhibitory neuronal function in vertebrates, resulting in
hyperexcitability of many neuronal circuits. Endosulfan is highly toxic to fish and aquatic
invertebrates [49] and has also been found to be genotoxic and neurotoxic to mammals [50].
Endosulfan can be transported by air and water and measurable and increasing levels have
been reported in the air over the Arctic [50] and even within tissues of animals living large
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distances from regions that use pesticides, like polar bears in the Arctic [46]. As a result,
endosulfan used in one nation will affect many other nations that might have banned its use.
Organochlorines are found globally and in every ecosystem that has been studied [36].

2.3.1. Unintended targets of organochlorines

Organochlorines, like organophosphates, have a number of unintended effects, the nature of
which varies with exposure dose/time, species, developmental stage and method of exposure.
Chronic sublethal exposure of adult rats to endosulfan in food led to hair loss, enlarged kidneys
and increased liver toxicity. Higher doses led to increased incidence of aneurysms [47]. Dogs
exposed to endosulfan exhibited increased sensitivity to noise, jerky or tonic movements,
excessive abdominal contractions and neurotoxicity [47]. These effects are not related to their
intended effects on GABA-a channels and occur at lower concentrations.

In addition to the acute and pervasive neurotoxicity of the major organochlorine pesticides,
the compounds in lower concentrations act as endocrine disrupting chemicals (EDC’s). Low
levels of endosulfan impaired sexual pheromone communication and mating success in newts
(Notophthalmus viridescens) [51] and methoxychlor affected scent-marking behavior in mice
[52]. Further, mice exposed to methoxychlor in utero exhibited altered exploratory behavior
when adults [53]. Frogs exposed to endosulfan exhibited convulsions, followed by temporary
paralysis [54]. Rats exposed to endosulfan as adults or early in development exhibit an array
of neurological alterations, including impairments in learning and memory, increased
spontaneous motor activity, reduced escape and avoidance behavior learning and increased
tighting behavior [47]. Hormones modulate these behaviors, particularly during neural
development. Thus, while endosulfan is not a direct endocrine disrupter [47], its potent effects
on neural systems may indirectly influence many endocrine-regulated functions.

2.4. Carbamates

Carbamates, introduced in the 1950’s, are organic insecticides and fungicides that were
originally derived from the extracts of the West African calabar bean. This class of pesticide
inhibits acetylcholinesterase activity much like organophosphate pesticides, but the effects are
reversible. Carbamates degrade fairly rapidly in water, with half-lives ranging from 1 day to
4 weeks. The liver detoxifies carbamates and the metabolites are excreted via the kidneys. The
major insecticides are aldicarb, carbofuran (Furadan) and carbaryl (Sevin). Carbamates are
also found in cosmetics, as preservatives and in polyurethanes, so their presence in the home
is quite pervasive [55]. Humans are exposed via skin absorption, ingestion and inhalation and
acute toxicity symptoms include headache, nausea, and dizziness. Carbamates are the class of
insecticides most prevalent for in-home use. Dithiocarbamates, in contrast, while still rapidly
degraded, have little to no effect on acetylcholinesterase activity but rather bind divalent metal
ions like manganese and zinc and are used as potent fungicides for home and agricultural use.

Carbamates, despite their rapid degradation and overall low persistence and mobility within
the environment, are highly toxic to a wide range of vertebrates and invertebrates. Insecticidal
carbamates cause the same symptoms of neurotoxicity as the organophosphate pesticides, with
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a similar wide range of LD50 values based on chemical modifications [55]. Because the
chemicals have low persistence and low mobility, and because the actions are reversible,
carbamates are generally considered safe for humans and wildlife, except for occupational or
intentional exposure to high concentrations. Very little work on possible long-term conse-
quences of brief or transient exposure to the chemicals has been done, nor has there been much
work on possible genotoxic, carcinogenic or reproductive effects. A recent review of the
available epidemiological studies of carbamates indicated variable cancer risk from occupa-
tional exposure to different carbamates [56]. A few reports indicate reproductive and devel-
opmental problems in children of exposed workers [57, 58], suggesting possible trans-
generational effects.

There is growing concern about carbamates, particularly thiocarbamates, and in particular the
associated metal toxicity. A recent human epidemiological study implicated the carbamate
fungicide ziram in the etiology of Parkinson’s disease [59]. The risk of Parkinson’s disease was
significantly higher when patients were exposed to the combination of ziram, maneb (another
carbamate fungicide) and paraquat, for patients exposed in both occupational and residential
areas, and for patients exposed at a younger age [59]. The manganese associated with several
common dithiocarbamate fungicides is released when the organic carbamate moiety is
degraded or metabolized which can enhance the toxicity of these compounds [60]. Manganese
is a potent neurotoxin that is particularly harmful to dopamine neurons [61], causing toxicity
via oxidative stress, mitochondrial inhibition and the production of reactive oxygen radicals.
Dopamine neurons are particularly vulnerable because both extracellular and intracellular
dopamine is enzymatically oxidized to a reactive species in the presence of manganese [61].
Mancozeb exposure, while not lethal to nematodes, inhibited larval growth, induced a heat
shock response and altered gene expression [60]. These results suggest that, while dithiocar-
bamate fungicide might not be lethal or toxic in the short-term, it might cause long-term
changes in neuron function that influence behavior and health later in life.

2.5. Glyphosate (Roundup)

Introduced by Monsanto in the 1970’s, glyphosate is one of the most prevalent herbicides in
use today. In 2007, the US applied 185 million pounds of Roundup for agricultural use alone
[62]. Monsanto also developed glyphosate-resistant crops, so many farmers plant these crops
and apply copious amounts of Roundup. It is also the herbicide most used residentially and
on corporate campuses for lawn and garden maintenance.

The primary mechanism of action of glyphosate is to inhibit the enzyme 5-enolpyruvylshikimic
acid-3- phosphate synthase, an enzyme found only in plants and microorganisms that is
responsible for the synthesis of tyrosine, tryptophan and phenylalanine [63]. Because animals
obtain these amino acids from dietary sources, glyphosate has been heralded as a safe and
effective herbicide for general use. Glyphosate is considered non-carcinogenic and of very low
toxicity to humans. It is less persistent in water than in soil, where it can be retained for over
a year. Glyphosate has been considered only slightly toxic to amphibians and fish because of
its 12-60 day persistence in water [64].
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With its widespread use, glyphosate levels are measurable in most soil, water and even air.
Low levels have been shown to inhibit steroidogenesis [65] and to alter testosterone levels and
testicular morphology in rats exposed pre-pubescently to glyphosate [66]. There are also
reports that the commercial formulations of Roundup, which contain inactive ingredients like
surfactants to enhance persistence and ease of application, have teratogenic effects in amphib-
ians and other vertebrates [67, 68]. Several studies have demonstrated that Roundup inhibits
aromatase, which can have profound neuroendocrine effects [69], although these findings are
controversial because these effects have so far only been demonstrated in isolated human cells.
A recent report provided evidence that male offspring of female rats exposed to concentrations
of Roundup in their drinking water that are found in the environment exhibited alterations in
genes important for thyroid function [66]. These reports, taken together, suggest that glyph-
osate, or the combination of glyphosate and its inactive ingredients in commercial formula-
tions, may cause changes in neural and neuroendocrine function that could have long-term
consequences.

2.6. Neonicotinoids

In the 1980’s and 1990’s, largely in response to the toxicity caused by organophosphate and
organochlorine pesticides, a new class of insecticide was developed based on the naturally
occurring plant alkaloid nicotine, which is known to have a higher toxicity in insects than in
mammals. Bayer Corporation introduced imidacloprid in the 1990’s and it is now the most
widely used neonicotinoid insecticide in the world [70]. Imidacloprid and two other prevalent
neonicotinoids, clothianidin and thiamethoxam, are nicotine-related compounds that are
photostable, water-soluble and environmentally persistent. Because they act selectively on the
acetylcholine receptor, much like nicotine (Figure 1), it is thought that there are far fewer
unintended targets for the compounds. Neonicotinoids are not metabolized by acetylcholi-
nesterase and their clearance from tissue is slow and so their action on the acetylcholine
receptor is essentially irreversible. The neonicotinoid insecticides have a much higher affinity
for the insect nicotinic acetylcholine receptor than for other such receptors, leading to a lower
toxicity in non-insect animals [71].

Neonicotinoids are of deep concern because they act with high potency against target insect
pests as well as beneficial insects like honey bees and other important pollinators. A host of
recent work has indicated that low-level exposures, of the magnitude measured in agricultural
dust drift, pollen and nectar, impairs honey bee navigation, foraging and queen production
[72], particularly when exposures occur alongside other pesticides [73].

Even though neonicotinoids are not lethal to non-insects, low, sublethal exposures impaired
feeding behavior in a crucial benthic freshwater invertebrate, Gammarus pulex [74], and
reduced exploratory and burrowing behavior in two different species of earthworm [75].
Further, male offspring of female mice exposed to chothianidin during gestation and lactation
had long-term alterations in exploratory behavior and increased spontaneous locomotory
activity [76]. These findings suggest that neonicotinoids are not safe for non-target organisms.
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3. Assessing behavioral change rather than lethality

Determining whether a pesticide is harmful to humans or wildlife is a tricky business. Many
different factors are important. How the chemical spreads through water, soil, and air affects
the extent of pesticide exposure. How the chemical is applied (spraying, irrigation water, seed
coating) also affects how it spreads through the environment. Temperature, pH, sunlight and
other environmental conditions affect the persistence or breakdown of the chemical. The
biological activity of the active ingredient can be altered by other so-called inert ingredients
contained within the commercial formulation, like surfactants or solubilizers. The breakdown
products might also carry risks in and of themselves. The action of a particular compound
might also be different if it is present in a mixture of other pesticides. The concentration of the
compound can also have different effects, both on different organisms and on different
biological processes within the same organism. The time of exposure (long-term, chronic,
repeated) as well as the time of life (early in development, in adulthood) also influence the
kind or nature or extent of the biological effects. It is not surprising, then, that regulatory
agencies focus on overt, direct toxicity or lethality of the active ingredient of a mixture. It is
also not surprising that the focus is on major aspects like carcinogenicity or acute toxicity in
humans and animals likely to encounter high concentrations of the compounds being tested
for use.

Because so many pesticides have unintended effects and long-term consequences, it makes
sense to develop assays of nonlethal effects on reproduction, behavior and nervous system
function of exposure to field-levels of the compounds. A rational approach being taken by an
increasing number of investigators is to develop behavioral assays in a number of model
organisms that have proven to be useful in testing the efficacy of pharmaceutical compounds
and that span animal taxa. Understanding the evolutionary similarities among these organ-
isms can provide insight into not only the choice of the model organism, but also the types of
behavioral assays that would be most useful. Further, appreciating the differences in mecha-
nism of action or mode of interaction of particular pesticides across evolutionarily distinct taxa
will also help inform toxicological testing approaches. While many of the current strategies
try to take these kinds of approaches, the continued emphasis on lethality measures, particu-
larly in the licensing approval process, quite often underestimates risks that might lead to long-
term morbidity in humans and other animals.

Efforts to explore behavioral effects of pesticides and mixtures of pesticides have been quite
successful. As early as 1958, Broley observed abnormal nesting, courtship and reproductive in
the Florida bald eagle in areas that were sprayed with DDT [77]. Guppies exposed to the
fungicide vinclozolin exhibited changes in body coloration and courtship behavior [78]. The
courtship behavior of a number of different bird species, including ringed turtle doves,
Japanese quail and Western gulls was adversely affected by exposure to DDT [36]. Many
experimental studies in rodents have demonstrated changes in reproductive behavior,
locomotory behavior and motivational behavior in response to pesticide exposure [36].
Organophosphates, organochlorines and carbamate pesticides have been shown to alter
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chemosensory behavior in salmon and mice [52, 79], social behavior in fish [80] and mice [81]
and behaviors in tadpoles [82], birds [83] and mammals [84].

Behavioral changes can be more sensitive than other measures, like lethality or neurotoxicity.
For example, swimming behavior in fish was more sensitive to toxic stress than either lethality
or growth [85]. With the growing recognition that behavioral assays can be effective ways to
determine possible sublethal and long-term effects of various pesticides, model organisms like
the fruit fly Drosophila melanogaster are proving to be effective screens for pesticide sensitivity.
Of course, because Drosophila species are insects, they may not be the best models for evaluating
effects of pesticides, particularly insecticides, on unintended target organisms. But studies in
closely related organisms are crucial for understanding the effects of pesticides on beneficial
organisms, like honey bees and other insect pollinators that are also unintended targets of
pesticides. Drosophila melanogaster has been historically used for evaluating genotoxicity of
pesticides and heavy metals [86]. A number of straightforward behavioral assays, like
locomotion, courtship behavior, and aggressive behavior, have proven quite useful in
assessing the neurotoxicity and cellular mechanisms of toxicity of various chemicals.

3.1. Caenorhabditis elegans behavior

Caenorhabditis elegans (C. elegans), a free living soil nematode with a short life cycle, high
fecundity and ease of maintenance in a laboratory, is a valuable model organism to use in
neurotoxicology, genotoxicity or behavioral toxicology measures. Its genetic tractability also
enables mechanistic studies. The C. elegans genome contains 60-80% of the genes found in
humans and shares many of the same mechanisms of neuron function, development, gene
regulation and signal transduction pathways [87]. Early work with this organism examined
behavioral toxicity of heavy metals like copper, lead and mercury. Locomotory behaviors like
head movement, feeding behavior and simple learning behaviors all showed sensitivity to
heavy metal exposure [87- 89]. The herbicide paraquat (methyl viologen) has been extensively
studied using C. elegans, particularly in response to emerging epidemiological evidence for an
increased incidence of Parkinson’s disease in humans exposed to paraquat [90]. Using C.
elegans, several potential mechanisms involved in paraquat dopamine neurotoxicity have been
described, including oxidative stress leading to reactive oxygen species production [91].

A growing number of studies are accumulating on the adverse behavioral effects on repro-
duction behaviors, general locomotion or feeding behaviors of sublethal exposure to various
pesticides including aldicarb [92], juglone and paraquat [93, 94], organophosphorous com-
pounds [95, 96] and carbamates [97, 61, 98]. The LD50 values for these pesticides are similar
to those in rats and mice, further validating this model organism for studies of non-target
animal toxicity. Sublethal, environmentally relevant concentrations of all of these different
environmental contaminants have substantial effects on behavioral processes. Two organo-
phosphorous insecticides, malathion and vapona, inhibit locomotion at sublethal concentra-
tions [99]. Aldicarb, a potent acetylcholinesterase inhibitor, causes paralysis in C. elegans [92],
likely because acetylcholine is the excitatory transmitter used at C. elegans neuromuscular
junctions and is the neurotransmitter used by one-third of neurons in the C. elegans nervous
system [100]. Cholinergic neurons are involved in many behaviors in C. elegans, including
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locomotion, egg laying, feeding and mating. Sublethal concentrations of the organophospho-
rous insecticide monocrotophos, still in use in developing countries, caused paralysis, reactive
oxygen species production and reduced brood size in C. elegans exposed for 4 hours [95].
Chlorpyrifos, a potent acetylcholinesterase inhibitor, also affected brood size after a 72 hour
exposure [101]. Dithiocarbamate fungicides like Maneb and Mancozeb, at sublethal concen-
trations, disrupt dopamine-mediated behaviors [98] and lead to dopamine neurodegeneration
[97, 98], which supports epidemiological evidence for a link between carbamate pesticide
exposure and Parkinson’s disease. Exposure to Mancozeb inhibited locomotion in a dose-
dependent manner after a 6 hour exposure [98]. In addition, dopamine-specific behaviors like
the transition from swimming to crawling were much more vulnerable to Mancozeb than other
behaviors mediated by distinct neuronal subtypes [98]. Dopamine-mediated behaviors were
disrupted at the lowest concentrations of Mancozeb, whereas behaviors mediated by other
neurons, like egg-laying behavior, mediated by serotonergic neurons, were disrupted at
slightly higher concentrations of Mancozeb [98]. Importantly, the behavioral deficits are more
sensitive to the compounds and the deficits precede overt neurodegeneration, suggesting that
behavioral effects of pesticides serve as the earliest biomarker of pesticide toxicity. C. elegans
have also been useful for determining gene expression changes due to pesticide exposure [86].

3.2. Long-term consequences

Why are behavioral biomarkers desirable when evaluating pesticides for toxicity? First,
behavioral responses indicate that the organism is responding to a pesticide. Behavioral
changes might well be the first indication of impending toxicity to cells and tissues. Second,
some behavioral changes might be reversible, suggesting that eventual damage to the under-
lying cells/tissues/systems that underlie the behavior can be avoided. Third, behavioral effects,
particularly in well-studied organisms, can shed light on mechanistic pathways and systems.
Finally, behavioral effects provide insight into population and ecological consequences of
long-term exposures.

Persistent changes in reproductive behavior, social behavior or predator avoidance behavior
could have long-term consequences for an organism’s overall fitness. In one study of the
anthropogenic pollution effects on fish communication, researchers examined the turbidity of
water on coloration and courtship behavior in Lake Victoria cyclids. Many fish use visual
signals to initiate appropriate courtship behavior [102]. The coloration of scales is an important
cue for reproductive fitness [102]. In turbid waters, caused by eutrophication and algal blooms
or excessive turbulence or increased sediments suspended in the water, these visual commu-
nication cues are compromised, which can have an impact on reproduction and possibly
overall population characteristics. Over several generations in the turbid water environment,
the strong coloration patterns of male cyclids disappeared and the frequency of more mottled,
intermediate coloration patterns increased [102]. In another study, endocrine-disrupting
properties of a fungicide led to a reduction in the orange coloration spots of male guppies,
which in turn reduced the mating success of those males [78]. Male stickleback fish exposed
to pesticides showed reduced male nest building and aggressiveness [103], which compro-
mised their reproductive success. Fish grown in waters polluted with mixtures of pesticides
and other chemicals exhibited changes in aggressive behavior and predator avoidance escape
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behavior across generations, indicating heritable genetic or epigenetic mechanisms that could
have very long-lasting consequences.

Behavioral changes can be due to sensory system dysfunction, to physiological responses or
to developmental effects. These changes can differ depending on when an organism is exposed
to the chemicals. Chlorpyrifos exposure, at low doses such as measured in the environment,
during development of the nervous system, can profoundly affect behavior and susceptibility
to disease later in life. Chlorpyrifos at levels below those required to inhibit the intended target
acetylcholinesterase, affect the neuroendocrine regulation of development of sexually dimor-
phic behaviors in rodents. When exposed pre-natally to chlorpyrifos, adult female mice were
less aggressively protective of their own nest, but exhibited enhanced maternal behavior
towards the pups, as well as increased anxiety behavior [45]. Prenatally-exposed males
exhibited increased aggressive behaviors and increased locomotory activity. These social
behavior differences correlated with developmental differences in key neurotransmitter and
neuroendocrine brain regions that persisted throughout the lifespan.

3.3. Courtship behavior

Pesticides can have substantial effects on reproductive success in non-target organisms, which
could potentially have considerable negative impacts on wildlife. For example, the highly
imperiled Buff-breasted sandpiper (Tryngites subruficollis) is a migratory shorebird that stops
over in agricultural fields in the Rainwater Basin area of Nebraska [104]. During their spring
migration stopover, these birds forage, rest and engage in social and courtship behaviors that
could be impaired by exposure to pesticides. Migratory sea birds, including the albatross and
petrel, have measurable levels of organochlorine pesticides in fatty tissues [105]. Flying ability
was affected in homing pigeons exposed experimentally to environmentally relevant amounts
of chlorpyrifos and aldicarb [106]. An experimental study of chronic low-dose exposure to the
organophosphorous pesticide fenitrothion, affected several key reproductive behaviors in
male three-spined stickleback fish [107]. Fenitrothion, which in low concentrations is a potent
anti-androgen, caused a reduction in male nest-building and impairments in the zigzag
courtship dance, both behaviors regulated by testosterone. Male spiders (Rabidosa rabida)
exposed to agriculturally relevant concentrations of malathion were unable to perform key
courtship behaviors effectively, leading to the males being killed by female spiders prior to
copulation [108]. From birds to fish to non-target arthropods, increasing evidence suggests
that non-target organisms suffer wide-spread behavioral impairments that could adversely
affect population dynamics and success, which could broadly affect numerous ecosystems,
even those far away from the site of use of the pesticides.

3.4. Maternal behavior

Low concentrations of many pesticides, including organophosphorous, organochlorine and
carbamate compounds, affect diverse hormone-mediated systems, thus acting like endocrine
disrupting chemicals. Even if a compound does not directly interact with steroid hormone
receptors, many systems regulated or mediated by steroid hormones can be influenced via
pesticide effects on signal transduction pathways, effects on gene expression or effects on
metabolic pathways. Animals exposed to low, chronic levels of pesticides, far below the
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threshold for their intended effects, exhibit impairments in reproductive behaviors and other
sexually dimorphic behaviors, particularly if animals are exposed to pesticides in utero or early
in development. Chlorpyrifos exposure neonatally has been shown to inhibit DNA synthesis,
neuronal differentiation and synaptogenesis in rats [109]. Long-term changes in sexually
dimorphic behaviors measured in adult animals exposed perinatally to low levels of chlor-
pyrifos [110, 40] were associated with changes in the development of neural systems, including
nontarget serotonergic systems [110]. Both males and females are affected, often in different
ways. For example, adult female mice exposed to chlorpyrifos in utero had reduced anxiety
behavior and reduced aggression, while adult males showed increased anxiety behavior and
aggression. Pre-natally exposed adult females also showed changes in maternal behaviors
towards their own young, including reduced nest defense, reduced anxiety in the presence of
a strange male approaching the nest and increased licking and crouching of the litter [45].
Adult female mice exposed to the pesticide 2,4 D spent less time nursing their litters even while
increasing licking of pups. As a result, litter growth was impaired by the overall reduced time
spent nursing. Other animals show impairments in maternal behavior as a result of pesticide
exposure: birds living in pesticide-contaminated areas showed parental neglect [111]. Impair-
ments in maternal care can have long-term effects on the offspring, leading to trans-genera-
tional effects that are both physiological via developmental changes in the offspring and
behavioral as a result of impairments in early socialization learning [45].

4. Acute versus persistent exposures

An important issue that has received little direct experimental attention is the differences in
response to an environmental contaminant when exposed acutely as compared to living an
entire lifespan in the presence of the contaminant. When organisms or populations of organ-
isms are exposed to chemicals throughout their lifespan, physiological and genetic adaptations
are possible that would reflect different behavioral effects than in organisms newly exposed
to a compound. For example, we found that adult nematodes exposed for 6 hours to Mancozeb
exhibited profound locomotory impairment, becoming paralyzed or barely moving and
curling up tightly. In addition, their bodies appeared swollen. However, with a 24 hour
exposure, those surviving worms exhibited normal locomotory behavior [98] and their bodies
were not swollen or misshapen. Offspring exposed throughout development behaved
normally as adults (Raley-Susman et al, unpublished observations). A similar result was seen
in Daphnia magna exposure for two generations to an environmentally relevant mixture of
pesticides [112]. Many studies have demonstrated that exposure during development to low
levels of pesticides that can act as endocrine disrupters leads to life long changes in neuroen-
docrine function, reproductive and sexually dimorphic behaviors [36]. There is also increased
risk of developing cancer in childhood or adulthood [113].

Several studies have reported persistent behavioral changes, changes that appear to be
independent of targeted effects on acetylcholinesterase inhibition, in rodents exposed to low
doses of organophosphate pesticides [114] or carbamate fungicides [115]. Repeated expo-
sures to doses of chlorpyrifos that are below threshold for acetylcholinesterase inhibition caused
attention deficits and increased impulsive behavior in rats [116]. Further, long-term exposure
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of zebra fish, Danio rerio, to sublethal concentrations of parathion in the water, led to an increase
in general motor activity and food consumption [117]. The behavioral changes occurred in the
absence of overt neurological impairment [118] in one study of chronic exposure of mice to
rotenone.

5. Mixtures

Most organisms, including humans, are exposed to a complex mixture of many different
pesticides at once, at varying concentrations and for varying lengths of time. Most freshwater
sources contain hundreds of measurable human-produced chemicals. Of the sixteen contami-
nants present at the highest concentrations in Lake Michigan, eleven of them are pesticides,
including diazinon, chlorpyrifos, endosulfan, melathion, atrazine, permethrins, dichlorvos,
manganese, zinc, imidacloprid and naphthalenes [119]. Given that the Great Lakes provide 20%
of the Earth’s freshwater supply, the effects of these contaminants on the organisms that depend
on this water are of critical importance to understand. Depending on the concentrations
organisms are exposed to, the mechanisms of action can vary from effects on neuromuscular
function to effects on other neurotransmitter systems, hormone systems, cell growth and
metabolism. In addition, mixtures could act synergistically or additively. For example, a
combination of three common fungicides used routinely in the wine industry acted synergisti-
cally at low concentrations to cause greater neurotoxicity than the compounds exerted
individually [120]. In another study, long-term exposure to low dose concentrations of two
different pesticides, chlorpyrifos and the pyrethroid deltamethrin, caused multiple effects in
rat brain tissue. Some effects were additive and some were synergistic [121]. Similarly, azole
fungicides have been shown to enhance the toxicity of pyrethroid insecticides to aquatic
invertebratesboth underlaboratory and field conditions [122]. Further, atrazine has been shown
to enhance the toxicity of organophosphorus pesticides [123]. Much more work is needed to
understand the effects of the complex mixtures of different pesticides and other human
contaminants on organismal behavior, fitness and health. It is abundantly clear, however, that
the extensive use of pesticides is altering the behavior and possible fitness of many organisms
across the globe and in all ecosystems. Because of the persistence of these compounds and the
long-term consequences of exposure, some of which are trans-generational, we need to
acknowledge that life in a world of pesticides is the new normal.

6. Summary and conclusions

Behavioral neurotoxicological and behavioral ecotoxicological approaches need to take
prominence in evaluating the short and long-term consequences to wildlife and humans of
pesticide use. Behavior can reveal much about the systems and processes atfected by pesti-
cides, as well as the mechanisms by which pesticides exert those effects. Behavioral change is
often the earliest sign of harmful effects of pesticides, and even low doses of pesticides or
pesticide mixtures canlead tolong-term behavioral change, particularly when exposures occur
during developmental sensitive periods. Because we are living in a world with measureable
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mixtures of pesticides and other human-produced chemicals, it is essential that more work be

done to understand how animals, including humans, are living and behaving in this new

surrounding milieu.
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