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Abstract

The class of chemicals known as the “organophosphates” (OPs) comprises many of the most
common agricultural and commercial pesticides that are used worldwide as well as the highly
toxic chemical warfare agents. The mechanism of the acute toxicity of OPs in both target and non-
target organisms is primarily attributed to inhibitory actions on various forms of cholinesterase
leading to excessive peripheral and central cholinergic activity. However, there is now substantial
evidence that this canonical (cholinesterase-based) mechanism cannot alone account for the wide-
variety of adverse consequences of OP exposure that have been described, especially those
associated with repeated exposures to levels that produce no overt signs of acute toxicity. This
type of exposure has been associated with prolonged impairments in attention, memory, and other
domains of cognition, as well as chronic illnesses where these symptoms are manifested (e.g.,
Gulf War lliness, Alzheimer’s disease). Due to their highly reactive nature, it is not surprising that
OPs might alter the function of a number of enzymes and proteins (in addition to cholinesterase).
However, the wide variety of long-term neuropsychiatric symptoms that have been associated with
OPs suggests that some basic or fundamental neuronal process was adversely affected during the
exposure period. The purpose of this review is to discuss several non-cholinesterase targets of OPs
that might affect such fundamental processes and includes cytoskeletal and motor proteins
involved in axonal transport, neurotrophins and their receptors, and mitochondria (especially their
morphology and movement in axons). Potential therapeutic implications of these OP interactions
are also discussed.

Keywords
Pesticide; Cholinesterase inhibitor; Chronic; Memory; Cognition

© 2012 Elsevier Inc. All rights reserved.

Corresponding Author: Alvin V. Terry Jr., Ph.D., Professor of Pharmacology and Toxicology, CB-3545, Georgia Health Sciences
University, 1120 Fifteenth Street, Augusta, Georgia 30912-2450, Phone 706-721-9462, Fax 706-721-2347, aterry@georgiahealth.edu.
Conflict of interest statement: “The author declares that there are no conflicts of interest.”

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Terry Page 2

1. Introduction

1.1 Purpose of this review

The purpose of this review is to: 1) describe the variety of means by which individuals come
in contact with organophosphates (OPs), 2) provide an overview of the various toxicological
symptoms, particularly the neurobehavioral symptoms associated with repeated exposures to
OPs and 3) discuss recent evidence to support the argument that the canonical
(cholinesterase-based) mechanism of OP toxicity cannot alone explain the wide-variety of
adverse consequences of OP exposure that have been described. For the second and third
objectives, acute OP toxicity will be briefly discussed; however, the neurobehavioral
symptoms emphasized in this review (and the proposed mechanisms thereof) will primarily
apply to those observed in the absence of overt signs of acute toxicity. Diverse semantics
have been used for this form of toxicity (subacute, subtoxic, subclinical, subthreshold, etc.),
thus it is important to reiterate that in this review, protracted neurobehavioral symptoms
occurring in the absence of antecedent signs of acute toxicity, but not necessarily in the
absence of cholinesterase inhibition, will be emphasized. It is also important to note that
cholinesterase inhibition can occur in the absence of acutely toxic effects, but not vice versa;
thus these two descriptors may represent a gradation of direct effects. The non-
cholinesterase targets discussed in this review could be affected in both the case of acute-
high level exposure as well as repeated lower level exposure (however, in the acute setting
the non-cholinesterase related physiologic effects might be difficult to distinguish).
Moreover, while several non-cholinesterase-based mechanisms of OP toxicity will be briefly
discussed (e.g., OP target proteins, oxidative stress, neuroinflammation), the primary focus
here will be on more recently introduced (potential) targets of OPs (e.g., axonal transport,
neurotrophins and mitochondrial dynamics).

1.2 OPs-General Background

The generic term “organophosphate” or “OP” is used for a wide variety of chemicals that are
derived from phosphoric, phosphonic and phosphinic acids (see Fig 1). The French
chemists, Jean Louis Lassaigne and Philip de Clermount are credited with the synthesis of
the first OPs in the nineteenth century, while the initial development of OPs as insecticides
and chemical warfare agents early in the twentieth century is primarily attributed to the
German chemist Gerhard Schrader (Gallo and Lawryk, 1991; Tucker, 2006). Since these
early years literally hundreds of OP-based compounds have been synthesized and they are
found in insecticides (e.g., malathion, parathion, diazinon, chlorpyrifos), chemical warfare
(“nerve”) agents (e.g., soman, sarin, tabun, VX), some ophthalmic agents (e.g.,
echothiophate, isoflurophate), antihelmintics (e.g., trichlorfon), herbicides (e.g., tribufos,
merphos), as well as solvents, plasticizers, and extreme pressure additives for lubricants
(Katz and Brooks, 2010). The widespread use of OPs (especially as insecticides, see below)
has been an environmental health concern for many years and there are a number of reports
suggesting that OPs might be associated with an increased risk of a variety of chronic
illnesses including respiratory (e.g., chronic obstructive respiratory disease), metabolic (e.g.,
obesity, diabetes) and neurologic (e.g., Alzheimer’s Disease Parkinson’s disease) disorders
(Hancock et al., 2008; Chakraborty et al., 2009; Hayden et al., 2010; Slotkin 2011).

1.3 OP-Pesticides

Pesticides (including OPs) have multiple applications in agricultural, industrial, and
household settings and as a result they are used extensively worldwide. Their value in
optimizing agricultural productivity, the control of deadly vector-borne illnesses (e.g.,
malaria, yellow fever, viral encephalitis, typhus, etc.), and “nuisance” pests (e.g., flies,
roaches, ants, mosquitoes, etc.) is clear (reviewed, Cooper and Dobson, 2007). As
consequence of their widespread use, however, pesticides (and their residues) are now
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among the most ubiquitous synthetic chemicals in our environment. Accordingly, inherent
dangers to the public health exist since no pesticide is innocuous and all carry significant
toxicological risks. The use of OP-based pesticides (specifically) is now considered a
worldwide health problem since they are the most commonly used and the most often
associated with toxicity to humans (see reviews, Buckley et al., 2004; Rohlman et al., 2011).
In the United States (US) alone, the most recent estimates available (from 2007) indicate
that approximately 33 million pounds of OP-based pesticides are applied annually (US EPA,
2011). Internationally, OP-pesticide poisonings are among the most common modes of
poisoning-related fatalities (i.e., both intentional and unintentional), a phenomenon that has
been attributed to ease of access to OPs and the relatively low level of regulations governing
their use especially in developing countries (see Buckley et al., 2004; Dharmani and Jaga
2005 for reviews). In the US there are multiple regulations and safety training requirements
under the purview of the Environmental Protection Agency (EPA) for the handling and
transport of OPs. However, recent studies suggest that acute pesticide poisoning particularly
in the agricultural industry (including poisonings with OP-based pesticides) continues to be
a significant problem (Calvert et al., 2008) and moreover, pesticide poisonings are most
likely underreported. It has been suggested that disproportionate numbers of agricultural
workers are deterred from seeking health care in the US due to a number of factors including
concerns related to immigration status, the lack of health insurance, unfamiliarity with (or
the inability to qualify for) workers’ compensation benefits, and the fear of job loss if they
miss time from work to seek health care. In addition, other sources of the underreporting of
pesticide poisonings include misdiagnosis by health care workers as well as their lack of
awareness that they are required to report such incidents (i.e., when they are properly
diagnosed) to public health officials (see Calvert et al., 2008).

1.4 OP Nerve Agents as Chemical Weapons

While the risk of OP exposure as a result of extensive pesticide use is considerably higher
for most people, the threat from intentional poisonings by rogue governments and terrorist
organizations is an ongoing concern. It is now relatively well documented that in the 1980s
the Iragi military attacked Iranian military soldiers (Majnoon Island) and Kurdish civilians
(Halabja) with OP-based nerve agents producing casualties estimated to be as high as “tens
of thousands” (Barnaby, 1988; Macilwain, 1993; O’Leary, 2002; Hawrami et al., 2004).
Moreover, international news reports provide an almost daily reminder of the escalating
terrorist activities throughout the world and it is clear that the use of toxic chemicals is a
major goal of such groups. The Tokyo Sarin attack in March of 1995 revealed the danger of
even a limited chemical attack given that 12 people were killed and over 5,000 others
required emergency medical evaluation and/or treatment (Suzuki et al., 1995; Nagao et al.,
1997). This incident also clearly indicated that terrorist groups have the desire to use nerve
agents on civilian populations and that they are capable of both acquiring and deploying
them. Since the Tokyo attacks an increasing terrorist threat level can be surmised from a
number of factors such as: the growth of militant religious groups with increasingly
sophisticated and international capabilities, the increasing global availability of highly
technical information regarding chemical (and biological) weapons on the internet, and the
clear evidence of terrorist’s interest in such weapons (Cronin, 2003). Based on several
factors, the odds for a chemical attack by terrorists may be actually higher than biological or
nuclear attacks due to the more widespread availability of raw materials for making
chemical weapons. These materials include large stockpiles of military-grade chemical
weapons that remain undestroyed or unaccounted for in multiple countries around the world.
The Organization for the Prohibition of Chemical Weapons (OPCW) estimates that (as of
September 30, 2010) 44,131, or 61.99%, of the world’s declared stockpile of 71,194 metric
tons of chemical agent have been verifiably destroyed (OPCW, 2011). However, this leaves
nearly 30,000 metric tons undestroyed, and these numbers do not include the stockpiles of
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non-member states (e.g., Syria, North Korea) that have neither signed nor acceded to the
Chemical Weapons Convention.

1.5 OP Pesticides as Chemical Weapons

As opposed to the use of nerve agents, an equally significant and perhaps more likely
domestic terrorist scenario would be the use of industrial or agricultural chemicals as
weapons (Burklow et al., 2003). Industrial chemicals have (in fact) been used by terrorists as
improvised explosives, incendiaries, and poisons in several incidents (Hughart, 1999).
Notwithstanding the potential access of terrorists to nerve agent stockpiles in foreign
countries (discussed above), in the US, the use of these weapons is limited by the security
surrounding government chemical agent stockpiles and binary chemical agent storage, as
well as the controlled access to precursor chemicals. While improvised chemical agents may
be less toxic than weaponized (military) agents, they have rapid, highly visible impacts on
human health and they can be dispersed by smoke, gas clouds, or food and medicine
distribution networks (Hughart, 1999). Of the variety of chemicals that could be used as
domestic chemical weapons, OPs certainly must rank near the top given their wide
availability on hundreds of insecticide products.

2. Neurobehavioral Effects of OP Exposure

2.1 Acute and Chronic Behavioral Effects of OPs

The acute toxicity of OPs in humans has been associated with a host of central nervous
system, cardiovascular, respiratory, gastrointestinal, sensory, and motor manifestations
which are frequently life threatening (see reviews, Bardin, 1994; Collombet, 2011). Several
studies also document long-term neuropsychiatric sequelae in subjects who have
experienced acute OP toxicity. These include deficits in signal detection and information
processing, sustained attention, memory, sequencing and problem solving, abstraction,
flexibility of thinking, and depressed mood (Savage et al., 1988; Rosenstock et al., 1991;
Steenland et al., 1994; Dassanayake et al., 2007). Likewise, there is significant evidence to
suggest that chronic exposure to OPs can be associated with neurobehavioral abnormalities
including anxiety, depression, psychotic symptoms, deficits in short-term memory, learning,
attention, information processing, eye-hand coordination and reaction time, and
extrapyramidal symptoms (Amr et al., 1997, Salvi et al., 2003, Singh and Sharma, 2000 and
Stephens et al., 1995). These symptoms, collectively known as chronic OP-induced
neuropsychiatric disorders (COPIND), can occur without antecedent cholinergic symptoms
and they do not appear to be dependent on acetylcholinesterase inhibition (Brown and Brix,
1998; Ray and Richards, 2001 and Singh and Sharma, 2000). Prospective animal studies
support these clinical and epidemiological observations and indicate that chronic (or
repeated) exposures to OPs at levels that are not associated with acute toxicity can result in a
variety of neurobehavioral symptoms, particularly cognitive deficits. For example, sustained
deficits in delayed matching performance, sensorimotor gating, spatial learning, recognition
memory, cognitive flexibility and sustained attention have been reported in association with
both pesticide OPs as well as alkylphosphate (nerve agent) OPs (Bushnell et al.., 1991,
Terry et al., 2003; Terry et al., 2007, Middlemore-Risher et al., 2010; Terry et al. 2011,
Terry et al., 2012). There is also considerable evidence from animal studies to suggest that
both prenatal and early postnatal exposure to OPs (at doses not associated with acute
toxicity) can result in a variety of protracted cognitive impairments (Levin et al., 2001;
Slotkin 2004; Slotkin 2005; Timofeeva et al., 2008) and, further, that these impairments can
become more pronounced as the exposed subject ages (Levin et al., 2010).

Interestingly, using electrophysiological and histological methods, Speed et al., 2012
recently reported that in adult mice repeatedly exposed to subclinical doses of chlorpyrifos
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(3 months earlier), a 50% reduction in synaptic transmission and a corresponding 50%
reduction synaptic spine density in pyramidal neurons in the CA1 region of the
hippocampus. These data provide an anatomical and neurophysiological basis for the
cognitive deficits described above and further support the argument that repeated exposure
to relatively low doses of OPs results in persistent damage to the adult mammalian brain.

2.2 OPs and Gulf War lliness

It is now relatively well established that at least one fourth of the United States veterans who
served in the 1990-1991 Persian Gulf War are affected by a complex of multiple symptoms
known as Gulf War IlIness (GWI, Research Advisory Committee on Gulf War Veterans’
IlInesses, 2008). These symptoms, which include unexplained fatigue, respiratory problems,
musculoskeletal pain, gastrointestinal distress, skin rashes, and a variety of neurological and
neuropsychiatric problems, have also been reported in veterans from other countries who
participated in the first Gulf War (United Kingdom, Canada, Australia, and Denmark,
reviewed, Iverson et al., 2007). One particularly plausible explanation for several of the
neurological-based symptoms (see Golomb, 2008) is exposure to one or more
acetylcholinesterase inhibitors (AChEISs). It has been estimated that at least 41,000 military
personnel were exposed to insecticides that contained either carbamate or OP-based AChEIs
(Fricker et al., 2000; US Department of Defense, 2003) and as many as 100,000 may have
been exposed to low (i.e., non-acutely toxic) levels of sarin/cyclosarin following the
destruction of an Iragi munitions storage complex at Khamisiyah, Iraq, in March 1991
(Berardocco, 1997). Among the constellation of chronic symptoms associated with GWI, the
deficits in attention, concentration, information processing, etc. (Lange et al., 2001) have
much in common with the symptoms that have been attributed to environmental OP
exposures in civilians (farmers, sheep dippers, pest control specialists, etc., Amr et al., 1997;
Dassanayake et al., 2007; De Silva et al., 2006; Salvi et al., 2003, Singh and Sharma, 2000;
Steenland et al., 1994 and Stephens et al., 1995).

It should be noted, however, that despite more than twenty years of research, the etiology of
GWI remains unclear. One of the greatest challenges to elucidating the underlying
pathobiology of GWI is the confounding nature of the wide variety of factors that either
alone or in combination may have contributed to the symptoms. These factors include
prophylactic therapeutic measures (multiple vaccinations, pyridostigmine bromide to
prevent nerve agent-related toxicity, etc.) and environmental exposures (smoke from oil well
fires, infectious organisms, pesticides, nerve agents, etc).

3. OP Targets other than Cholinesterase

OPs are believed to manifest their acute biological actions primarily through inhibiting the
various forms of cholinesterase, the degradative enzyme for the neurotransmitter
acetylcholine. Toxicity to the target organism is then mediated through elevation of synaptic
levels of acetylcholine in tissues innervated by cholinergic neurons, and subsequent
overstimulation of postsynaptic cells (reviewed, Ecobichon, 1991). While the inhibition of
cholinesterase enzymes undoubtedly plays a key role in the toxicology of OPs, there is now
substantial evidence that this mechanism cannot alone account for the wide range of
symptoms and disorders that have been reported (Pope, 1999; Duysen, et al., 2001). Due to
their highly reactive nature, it is not surprising that OPs might alter the function of a number
of other important enzymes and proteins (see reviews, Casida and Quistad, 2005 and
Lopachin and Decaprio, 2005). Moreover, it has been suggested that interactions of OPs
with non-cholinesterase targets may contribute to the more delayed and persistent effects
observed following chronic exposure to OPs (see reviews, Lotti and Moretto, 2005; Costa,
2006). The list of non-cholinesterase targets for OPs (in environmentally relevant doses) is
growing and now includes a variety of proteins, receptors, and enzymes (see Table 1 for a
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referenced list of potential targets and their known or theoretical functions). Prior to the last
several years, it was generally believed that OP adducts formed only with the active site of
enzymes in the serine hydrolase superfamily. However, analysis of a variety of proteins
treated with OPs in vitro by mass spectrometry has also lead to the identification of covalent
binding of OPs to tyrosine and lysine residues (Grigoryan et al., 2008Grigoryan et al.,
2009a,b,c). These results suggest that numerous proteins can be modified by OPs.

3.1 Oxidative Stress and Neuroinflammation

It is relatively well accepted that OPs can elicit oxidative stress and DNA damage to cells,
particularly at high concentrations (see Soltaninejad and Abdollahi, 2009). In addition, it has
been demonstrated that the OP, chlorpyrifos, can evoke lipid peroxidation in the developing
rat brain at concentrations that only cause mild signs of systemic toxicity (Slotkin, 2005).
Chronic low-level exposure to the OP, dichlorvos in adult rats, has been shown to induce
apoptotic neurodegeneration by raising mitochondrial Ca*™* levels, impairing mitochondrial
complexes I, 11l and IV activities, and increasing oxidative stress (Kaur et al., 2007). The
OP-exposure regimen in this study was also associated with an increase in lipid peroxidation
and decreases in the mitochondrial antioxidants glutathione and superoxide dismutase. Low-
level repeated exposure to OPs (e.g., chlorpyrifos, acephate, respectively) has also been
shown to induce inflammatory responses in cultured astrocytes (i.e., increases in IL-6,
GFAP, and p-ERK1/2) (Mense et al., 2006) and to upregulate inflammatory cytokines in
vivo (Singh and Jiang, 2003). Notably, inflammatory cytokines have been demonstrated to
cause significant impairment in spatial memory (Wenk et al., 2003), although it is important
to note that no clear functional link between inflammatory responses and OP-related
neurobehavioral deficits has been established to date (reviewed, Rohlman et al., 2011).

3.2 Motor Proteins, the Neuronal Cytoskeleton, and Axonal Transport

The wide variety of long-term neurological and psychiatric symptoms that have been
associated with OPs suggest that some basic or fundamental neuronal process was adversely
affected during the exposure period. Several observations suggest that OPs might interfere
with one such fundamental neuronal process, axonal transport (i.e., another potential source
of OP toxicity that might be unrelated to direct effects on cholinesterase enzymes). Axonal
transport is responsible for the movement of lipids, mitochondria, synaptic vesicles,
mMRNAs, enzymes, receptor proteins, growth factors, and other macromolecules to and from
a neuron’s cell body through the cytoplasm of its axon (reviewed, Duncan and Goldstein,
2006). Moreover, impairments in axonal transport have been suggested to contribute to the
pathology of a wide variety of neurological illnesses (e.g., amyotrophic lateral sclerosis,
Alzheimer’s disease, Huntington’s disease, Pick’s disease, progressive supranuclear palsy,
see Stokin and Goldstein, 2006 for review). It is noteworthy that many of these illnesses are
characterized by deficits in attention, concentration; information processing and memory
function (i.e., symptoms that have been identified as OP-related sequelae as well as Gulf
War IlIness).

One older published study (using a rat optic nerve preparation) indicated that OPs that
produce delayed neurotoxicity at relatively high doses (e.g., phenylphosphonothioate esters
and tri-o-cresyl phosphate) inhibit fast anterograde axonal transport (Reichart and Abou-
Donia, 1980). Additional studies documented accumulations of tubulovesicular profiles
within axons prior to degeneration (Abou-Donia and Lapadula, 1990), a pathology that is
consistent with stagnation of membrane traffic (Chretien et al., 1981; Souyri et al., 1981).
More recent work in our laboratories indicated that repeated exposures to OPs at doses that
were not associated with acute signs of toxicity can lead to deficits in axonal transport.
Specifically, both anterograde and retrograde transport of vesicles in the sciatic nerves (ex
vivo) of rats was significantly reduced after a 14 day exposure period to the commonly used
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OP, chlorpyrifos (O,0-diethyl O-[3,5,6,-trichloro-2-pyridyl] phosphorothionate) (CPF), and
these deficits persisted throughout a 14 day washout period (Terry et al., 2003). Later, time
course studies indicated that a significant reduction in axonal transport occurred within 10
hours of a single 18mg/kg s.c. CPF exposure (Terry et al., 2007).

The effects of OPs on axonal transport noted above lead to the next logical objective of
indentifying the neurobiological substrate of these effects. Possible candidates include motor
proteins such as kinesin and dynein and/or components of the neuronal cytoskeleton (e.g.,
microtubules). Kinesin superfamily proteins (KIFs) and cytoplasmic dynein serve as motors
that move along microtubules carrying the various cargoes described above (e.g., synaptic
vesicles, receptor proteins, growth factors). Anterograde axonal transport (i.e., transport in
the direction from the cell body to the synaptic terminal) is carried out by KIFs while
retrograde transport (from synaptic terminals to the cell body) is primarily carried out by
cytoplasmic dynein (reviewed, Hirokawa and Takemura, 2004). Microtubules serve a
fundamental role as structural (cytoskeletal) components within neurons and they also
function as substrates (or rails) along which motor proteins move. Microtubules are
polymers of a.- and B-tubulin dimers which have polarity and are organized in special (dense
parallel) array within the cell with kinesins (in axons) generally moving towards the (+) end
(i.e., toward the synapse), and dynein, generally moving towards the (=) end of the
microtubule (toward the cell body). Accordingly, there are several sites where modifications
by OPs could disrupt microtubule function such as the motor domains of kinesin and dynein,
the polymerization of tubulin, etc., leading to deficits in axonal transport (see Fig 2).

The hypothesis that OPs negatively affect kinesin-driven movement of important
macromolecules is supported by recent studies in our laboratory. Specifically, using in vitro
microtubule motility assays, we observed an increase in the number of locomoting
microtubules that detached from kinesin-coated glass when kinesin was preincubated with
the OPs chlorpyrifos, chlorpyrifos-oxon, or diisopropylfluorophosphate (Gearhart et al.,
2007). These data suggested that OPs might covalently modify kinesin, thereby weakening
kinesin-microtubule interactions that are necessary for anterograde axonal transport. This
hypothesis has been strengthened by more recent studies where (using the biotin-tagged OP
agent, FP-biotin) OP binding to tyrosine in the human kinesin 3C motor domain was
demonstrated (Grigoryan et al., 2009).

OP-related effects on tubulin have also been documented. For example, Prendergast and
colleagues demonstrated (utilizing a spectrophotomometric method) that chlorpyrifos-oxon
inhibits the polymerization of tubulin, and (utilizing organotypic slice cultures of rodent
brain and histological methods) caused a marked decrease in the concentration of
microtubule associated protein-2. This latter effect was associated with a progressive
decrease in neuronal viability in the hippocampus (Prendergast et al., 2007). Utilizing
atomic force microscopy, Lockridge and colleagues confirmed that chlorpyrifos oxon
disrupts tubulin polymerization and further (utilizing mass spectrometry), that chlorpyrifos
oxon covalently binds to tubulin, an effect that is likely responsible for the disruptions in
tubulin polymerization (Grigoryan and Lockridge, 2009; Jiang et al., 2010). At present we
are unaware of any published studies which demonstrate OP-related alterations in dynein,
but this would likely be another important area of investigation.

3.3. Neurotrophins

Evidence that OPs might affect the activity of growth factor-like (neurotrophic) molecules
was initially presented over sixteen years ago. Specifically, in adult chickens, Pope et al.,
1995 demonstrated that acute poisoning with DFP produced neuropathies and (using soluble
extracts of cervical spinal cords from these animals on human neuroblastoma SY5Y cells in
culture) a compensatory increase in trophic factors that mediated neuronal repair and
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neuritic outgrowth (Pope et al. 1995). Over the last several years, the effects of OPs on
neurotrophins and their receptors have been investigated from several different perspectives.
For example, exposure of neonatal rats to doses of chlorpyrifos and diazinon that were
subthreshold for signs of acute toxicity (and including doses that did not inhibit
cholinesterase) were associated with marked and regionally selective effects on the
expression of specific members of the fibroblast growth factor (FGF) superfamily of
neurotrophic factors (Slotkin et al., 2007). Specifically, both OPs markedly suppressed fgf20
expression in the forebrain and fgf2 in the brain stem, while elevating brain stem fgf4 and
evoking a small deficit in brain stem fgf22. Early postnatal exposure to chlorpyrifos (at
doses not associated with acute toxicity) has also been associated with decreases in nerve
growth factor in the rat forebrain (Betancourt and Carr, 2004). Studies in our laboratories
indicated that repeated exposures to chlorpyrifos or DFP (again at doses not associated with
acute toxicity) can result in protracted alterations in nerve growth factor related signaling
proteins. For example, in rats exposed to chlorpyriifos every other day for 30 days and a
subsequent 14 day OP-free washout period, significant deficits in the high affinity nerve
growth factor receptor TrkA and its activated form (phospho-TrkA) were detected in the
prefrontal cortex (Terry et al., 2007). In a similar OP-exposure regimen and washout period,
we detected DFP-related elevations in neurotrophins and neurotrophin receptors that have
been associated with apoptosis and neuronal death (i.e., proNGF and p75NTR) in the
hippocampus as well as deficits in TrkA protein in the basal forebrain and hippocampus
(Terry et al., 2011a). Elevations in proNGF might indicate that enzymatic processes
involved in the conversion of the proneurotrophin to its mature form might be inhibited by
OPs. Likewise, decreases in the phospho-TrkA might indicate that kinases involved in the
Trk autophosphorylation process might be adversely affected by OPs (see Fig 3).

3.4 Mitochondria

OP effects on mitochondria may be particularly important for studies of low level OP
exposure given their fundamental importance to normal neuronal functions including
aerobic metabolism, calcium homeostasis, and apoptotic processes (see Hollenbeck and
Saxton, 2005 for review). Recent studies in our laboratories suggest that OPs may exert
deleterious effects on mitochondria that are not necessarily related to oxidative stress
(Middlemore-Risher et al., 2011). In cultured cortical neurons, we observed that exposure to
chlorpyrifos and its oxidative metabolite chlorpyrifos oxon resulted in a concentration-
dependent decrease in the transport of mitochondria in axons, an increase in mitochondrial
length, and a decrease in mitochondrial number (indicative of increased fusion versus fission
events). Moreover, these neuronal changes occurred at concentrations of the OPs that did not
inhibit cholinesterase activity, they were not blocked by cholinergic receptor antagonists,
and they did not appear to be associated with directly toxic effects on mitochondria (as
would be suggested by diminished ATP production, alterations in mitochondrial membrane
potential, or elevations in superoxide production). From these studies we hypothesized that
an underlying mechanism of OP-based deficits in cognition and other neurological functions
might involve alterations in mitochondrial dynamics (e.g., placement, morphology,
function), and/or their transport in axons (see Fig 4).

3.5 Non-cholinesterase Target Interactions

The OP-related effects on axonal transport, neurotrophin-related signaling proteins, and
mitochondria described above leads to logical questions as to how these non-cholinesterase
OP targets might interact to result in long term (deleterious) functional changes. Taken
separately, OP interactions at any one of these sites could have profound effects on the long-
term health of neurons. For example, alterations in axonal transport could lead to impaired
trafficking of key macromolecules including receptor proteins, enzymes, growth factors,
etc.; OP effects on mitochondria could lead to altered aerobic metabolism and calcium
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homeostasis; and OP effects on neurotrophin-related signaling proteins could lead to
alterations in neuronal plasticity and survival. Interactions among two or more of these
targets could (at least theoretically) have even more profound (deleterious) effects.

In the context of OP-related effects on axonal transport and mitochondrial function, a
chicken-egg dichotomy appears to arise since each neuronal process requires the other (i.e.,
their functions are mutually dependent). Specifically, axonal transport is an ATP dependent
process that requires intact motor proteins moving along cytoskeletal networks (e.g.,
polymerized tubulin). Without the appropriate placement of mitochondria, ATP availability
and buffering of intracellular Ca** is compromised resulting in the impairment of axonal
transport as well as a variety of other neuronal processes (Chang and Reynolds, 2006). For
proper placement, mitochondria, like other organelles and vesicles, require axonal transport
(i.e., movement along microtubules via motors of the kinesin family and cytoplasmic
dynein, see Hollenbeck and Saxton, 2005 for review).

The neurotrophin response also requires intact axonal transport. Following their release from
target tissues neurotrophic factors (e.g., NGF, BDNF) bind to specific receptors (TrKA and
TrkB, respectively) on the nerve terminal membrane and are internalized. Vesicles
containing neurotrophin-receptor complexes are then transported along microtubules using
the dynein motor protein towards the cell body (see reviews, Reynolds et al., 2000, Ginty
and Segal, 2002) where their nuclear effects (e.g. CREB phosphorylation) are exerted to
promote neuronal plasticity and cell survival. OP-related effects on motor proteins such as
dynein would, therefore, theoretically impair this process.

Finally, there are also key interactions between neurotrophins and mitochondria in axons
that may be relevant to OP-related effects. Nerve growth factor (NGF) has been observed to
regulate the trafficking, localization, and metabolic activity of mitochondria in axons (Chada
and Hollenbeck 2003; Verburg and Hollenbeck 2008). BDNF has been shown to increase
mitochondrial respiratory coupling in neurons, an effect mediated by the MAP kinase
pathway and enhancement of complex I activity (Markham et al., 2004). These effects may
be particularly important to synaptic neurotransmission since synaptic mitochondria are
much more sensitive to changes in complex 1 activity than non-synaptic or astrocytic
mitochondria.

4. Study Limitations and Experimental Strategies

The various studies discussed above provide insight as to how OPs (via non-cholinesterase
targets) might affect a number of neuronal processes that could result in long term functional
deficits including cognitive impairment. However, there are a number of questions that
remain to be answered. For example, a considerable amount of the work related to OP
effects on non-cholinesterase targets has been conducted in vitro and as a result it is
currently unclear if the reported effects would occur in a similar fashion in vivo. If they do
occur in vivo, it would be important to determine if the deleterious effects occur at similar
dose levels (i.e., if concentrations of OPs detected in the plasma and brain of treated animals
mimic those associated with deleterious effects in vitro). To establish potential causal
relationships, it would also be important to determine if cognitive impairments (or some
other functional deficits in neuronal function) would be detected in the same animals where
OP-related effects on specific non-cholinesterase targets were identified.

4.1 OPs-Effects on Axonal Transport

OP-related alterations in axonal transport have to date been demonstrated in vitro (in
cultured neuronal cells) and ex vivo (in sciatic nerves obtained from rats previously exposed
to OP). Thus, (as indicated in the paragraph above) it has not been fully established whether
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this effect occurs in vivo in the living mammalian brain. In preliminary studies conducted in
our laboratories (published in abstract form, see Adam et al., 2011) we have demonstrated
axonal transport deficits in the brains of living rats previously exposed to chlorpyrifos via
manganese-enhanced magnetic resonance imaging (MEMRI) of the projections of the optic
nerve to the superior colliculus. Future studies will be designed to establish time course and
dose-effect relationships as well as whether these effects may be associated with multiple
OPs.

4.2 OPs-Effects on Neurotrophins

OP effects on neurotrophin-related signaling proteins have been demonstrated both in
neonatal rats (Slotkin et al., 2007) and adult rats, including those that showed deficits in
memory-related task performance (Terry et al., 2007, Terry et al., 2011). However, there are
a number of questions left to be answered in this context as well. For example, it is presently
unclear if OP-related alterations in neurotrophin signaling proteins can be linked to
neuropathological changes (e.g., neurite retraction, apoptotic changes) in regions of the brain
known to support information processing (e.g., hippocampus, cortex). As in the case of the
axonal transport effects described above additional studies are needed to establish OP time
course and dose-effect relationships on neurotrophin function as well as whether these
effects might be associated with multiple OPs. It is also currently unclear if the
aforementioned OP-related effects on neurotrophins and their receptors are specific for these
molecules versus more generalized effects on DNA/RNA synthesis, mRNA stability, cell
viability, etc.

4.3 OPs-Effects on Mitochondria

The OP-related morphological changes in mitochondria described above are interesting;
however, to date the mechanism of this effect has not been elucidated. OP-related effects on
key fusion and/or fission proteins such as mfn2/opal or drpl may be important and should
be investigated. Interestingly, the fusion protein mfn2 has been shown to interact with Miro
(an essential member of the complex that links mitochondria to kinesin motor proteins) to
assist with bidirectional axonal transport of mitochondria (Russo et al., 2009). Importantly,
Misko et al. (2010) determined that disruption of mfn2 can selectively alter mitochondrial
transport/distribution (a suggested mechanism of peripheral axon degeneration in Charcot
Marie Tooth disease, Cartoni and Martinou, 2009). An additional limitation to the
aforementioned studies is the lack of a functional correlate to the morphological changes,
(e.g., readout on mitochondrial function/activity). To strengthen the argument that OP
effects on mitochondrial transport and/or morphology are indeed significant to
mitochondrial function and more generally to neuronal function (at the low OP
concentrations described), additional experiments are needed (e.g., studies measuring the
impact of OPs on mitochondrial complex activity or rate of oxygen consumption as well as
neurite outgrowth, calcium homeostasis, and/or apoptotic markers).

5. Potential Therapeutic Strategies

Given the wide variety of behavioral symptoms and neuropathological abnormalities that
have been reported in individuals previously exposed to OPs, as well as the large list of
potential OP targets, the design of rational therapeutic strategies is challenging. The text
below (while speculative in some cases) is provided to highlight a few potential areas of
interest and to stimulate discussion. The strategies discussed could potentially apply to the
protracted neurological effects associated with either acute or repeated exposures to OPs.
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5.1 Cholinergic Ligands

OPs have now been shown to affect multiple proteins and enzymes in addition to
cholinesterase, as well as neurotransmitter receptors and signal transduction systems. Within
the cholinergic system itself, OPs have been shown to either directly or indirectly affect both
muscarinic and nicotinic receptors, choline acetyltransferase activity, high affinity choline
uptake, the vesicular acetylcholine transporter, and different kinases involved in cholinergic
signal-transduction (see review, Costa, 2006). These observations lead to the logical
question of whether cholinergic ligands (e.g., muscarinic and nicotinic agonists, allosteric
agents) and/or reversible cholinesterase inhibitors (e.g., donepezil, galantamine) might have
therapeutic effects against OP-related sequelae. Reversible cholinesterase inhibitors are
widely prescribed for the cognitive dysfunction function of associated with
neurodegenerative illnesses (e.g., Alzheimer’s disease).

5.2 Protecting mitochondria from OP-induced oxidative stress

Protecting mitochondria from OP-induced oxidative stress and the associated apoptotic cell
death and/or neurodegeneration has also been suggested as another potential therapeutic
strategy against the deleterious effects of OPs. To support this hypothesis, the administration
of the mitochondria-targeted antioxidant MitoQ attenuated dichlorvos-induced ROS
production, increased MnSOD activity and glutathione levels as well as decreased lipid
peroxidation, protein and DNA oxidation in rats. MitoQ also suppressed dichlorvos-related
DNA fragmentation, cytochrome c release and caspase-3 activity and it attenuated
mitochondrial swelling, loss of cristae and chromatin condensation (Wani et al., 2011).

5.3 Drugs that Increase Axonal Transport

Likewise, given the evidence that OP exposure leads to persistent deficits in axonal
transport, approaches designed to increase axonal transport in vivo might be worth pursuing.
To our knowledge, this strategy has not been rigorously investigated for any human disorder
to date. Interestingly, there are reports in the literature of compounds that can increase the
rate of axonal transport (e.g., the memory-enhancing agent, salbeluzole, Geerts et al., 1992).
However, if OPs impair axonal transport by disrupting tubulin polymerization and/or
affecting the function of kinesins/dyneins (as the studies described in section 3.2 suggest), it
is currently unclear if salbeluzole (or similar compound) would be able to overcome the OP
effect. An alternative strategy would be to design novel compounds that could stimulate the
synthesis of dyneins and/or kinesins and/or increase their activity. While dyneins and
kinesins have been discussed as potential targets for improving drug delivery for several
years (see review, Hamm-Alvarez, 1996), to date, their role as potential targets for
increasing axonal transport has not been explored. Emerging data on the regulation of
kinesin motor activity by autoinhibitory mechanisms (e.g., cargo binding and/or
phosphorylation mechanisms, see review, Verhey et al., 2009) may help to identify novel
targets (e.g., kinases and Rab GTPases) for increasing axonal transport. Again, it is unclear
if such strategies would be viable in the setting of OP-disrupted tubulin polymerization and/
or covalent (OP) madifications of motor proteins.

5.4 Low Molecular Weight Growth Factor-Like Molecules

The aforementioned study by Speed et al., 2012 (see section 2.1), indicated persistent
damage in the adult mammalian brain after subclincal exposures to OPs, however, their
findings also suggested that the injury primarily involved synaptic spine loss as opposed to
neuronal loss. This important observation would support the argument that the adverse
changes are treatable (particularly with approaches designed to improve neural plasticity).
Moreover, reports of deleterious effects of OPs on neurotrophins led us to speculate that the
development of low molecular weight growth factor-like molecules might represent a valid
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approach to drug discovery for long-term OP-related sequelae. Methods to improve neuronal
sensitivity to endogenous neurotrophins (via increasing the number of receptors or their
phosphorylation) might also be viable. Notably, we have shown that certain low molecular
weight compounds (e.g., nicotine, cysteamine) can enhance growth factor receptor levels
(e.g9., NGF and BDNF) in vivo in other contexts (see Hernandez and Terry, 2005;
Kutiyanawalla et al., 2011).

5.5 Additional Strategies

Several additional (non-cholinergic) treatment approaches for OP-related neurological
damage have also been discussed recently and include stereotaxic injection of neural stem or
precursor cells into damaged brain regions, methods to enhance neurogenesis by cytokine
treatments (see Collombet for review) as well as treatments with general antioxidants (e.g.,
vitamin E) and glutamate antagonists (e.g., memantine, see Zaja-Milatovic et al., 2009).

6. Conclusion

Substantial evidence now suggests that the canonical (cholinesterase-based) mechanism of
OP toxicity cannot alone account for the wide-variety of adverse consequences of OP
exposure that have been described, particularly the long-term neuropsychiatric symptoms.
OP interactions with proteins involved in fundamental neuronal processes such as axonal
transport, neurotrophin support, and mitochondrial function (both oxidation-related
processes as well as those that affect their morphology and movement in axons) may explain
some of the more protracted effects of OPs. There are, however, many questions that remain
to be answered such as whether the variety of OP-related effects on non-cholinesterase
targets described in vitro also occur in vivo and if potential causal relationships between OP-
related effects on non-cholinesterase targets and cognitive impairments (or other functional
deficits in neuronal function) can be more clearly established. Additional studies are also
needed to establish time course and dose-effect relationships for individual OPs as well as to
determine whether the deleterious effects described to date may be associated with multiple
types of OPs. If further experimentation continues to support the significance of the
aforementioned non-cholinesterase targets in the protracted effects of OPs, the design of
therapeutic strategies that target these interactions (e.g., with compounds such as
mitochondria-targeted antioxidants, low molecular weight growth factor-like molecules,
drugs that increase axonal transport) may thus prove to be important for novel drug
discovery and development.
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Fig. 1.
Chemical structures of phosphoric, phosphonic, and phosphinic acid.
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Fig. 2.

Theoretical targets of organophosphates on proteins involved in axonal transport.
Anterograde axonal transport (i.e., transport in the direction from the cell body to the
synaptic terminal) is carried out by the motor protein kinesin while retrograde transport
(from synaptic terminals to the cell body) is primarily carried out by cytoplasmic dynein.
Tubulin polymerizes to form microtubules which serve a fundamental role as structural
(cytoskeletal) components within neurons and they also function as substrates (or rails)
along which motor proteins move.
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Fig. 3.

Theoretical targets of organophosphates on proteins involved in the neurotrophin response.
OP-related elevations in proNGF may indicate that enzymatic processes involved in the
conversion of the proneurotrophin to its mature form might be inhibited by OPs (top center
of figure). Likewise, decreases in the phospho-TrkA might indicate that kinases involved in
the TrK autophosphorylation process might be adversity affected by OPs (bottom right).
OPs have also been observed to elevate levels of the low affinity p75 neurotrophin receptor
(top left) and to decrease levels of the high affinity TrkA receptor (top right).
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Fusion
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Fig. 4.

Theoretical targets of organophosphates on mitochondrial function. OPs have been observed
in neuronal culture to increase mitochondrial length and to decrease mitochondrial number
(indicative of increased fusion versus fission events, see top of figure). OPs have also been
observed to decrease the transport of mitochondria in axons (middle of figure) as well as to
increase oxidative stress and promote mitochondrial-dependent apoptotic processes (bottom
of figure).
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