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Abstract

Amyotrophic lateral sclerosis (ALS) is the most common adult-onset paralytic disorder. It is
characterized by progressive degeneration of the motor neurons controlling voluntary movement.
The underlying mechanisms remain elusive, a fact that has precluded development of effective
treatments. ALS presents as a sporadic condition 90-95% of the time, i.e. without familial history
or obvious genetic mutation. This suggests that ALS has a strong environmental component.
Organophosphates (OPs) are prime candidate neurotoxicants in the etiology of ALS, as exposure
to OPs was linked to higher ALS incidence among farmers, soccer players, and Gulf War veterans.
Also, polymorphisms in paraoxonase 1, an enzyme that detoxifies OPs, may increase individual
vulnerability both to OP poisoning and to the risk of developing ALS. Furthermore, exposure to
high doses of OPs can give rise to OP-induced delayed neuropathy (OPIDN), a debilitating
condition akin to ALS characterized by similar motor impairment and paralysis. The question we
pose in this review is: “what can we learn from acute exposure to high doses of neurotoxicants
(OPIDN) that could help our understanding of chronic diseases resulting from potentially decades
of silent exposure (ALS)?” The resemblances between OPIDN and ALS are striking at the
clinical, etiological, neuropathological, cellular, and potentially molecular levels. Here, we
critically present available evidence, discuss current limitations, and posit future research. In the
search for the environmental origin of ALS, OPIDN offers an exciting trail to follow, which can
hopefully lead to the development of novel strategies to prevent and cure these dreadful disorders.
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Introduction

Amyotrophic lateral sclerosis (ALS) is the most common adult-onset paralytic disorder
although overall it is relatively rare, with an incidence of 1-2/100,000 persons (Rowland et
al. 2010). Clinically, ALS is characterized by spasticity, muscle wasting and weakness, and
relentless progression toward complete loss of voluntary movement, culminating in death by
respiratory failure within 1-5 years after diagnosis (Rowland et al. 2010). This progressive
paralysis is due to the degeneration of the upper (corticospinal) and lower (spinal) motor
neurons innervating the skeletal muscles (Fig. 1; Hirano 1996). However, the molecular and
cellular mechanisms underlying ALS remain elusive, which has hampered the development
of effective treatments to slow or halt the neurodegenerative process.

Fascinatingly, ALS presents as a sporadic condition in 90% of the cases, that is, without any
familial history and/or obvious inherited genetic mutation (Andersen and Al-Chalabi 2011).
This indicates that ALS likely has a strong environmental component. In support of this
hypothesis, many studies have described strikingly high incidences of ALS in small
geographic clusters (Plato et al. 2003; Kaji et al. 2012; Oskarsson et al. 2015) or
occupational groups in the U.S. and throughout the world (Horner et al. 2003; Chio et al.
2009; Kang et al. 2014). Additionally, several environmental/occupational neurotoxicants
have been associated with an increased risk of developing ALS (e.g. heavy metals [lead,
manganese, arsenic], organophosphorous [OP] pesticides and the cyanobacterial neurotoxin
beta-methylamino alanine [BMAA]) (Oskarsson et al. 2015). Still, none have been clearly
demonstrated to cause ALS. In suspected clusters, ALS incidence has been shown to be
multiplied by 2-100. However, even at its historically highest reported incidence in the
Pacific island of Guam (250/100,000), ALS still only affects a small portion of the
population. This indicates that ALS can only be explained by a specific combination of
significant neurotoxic exposure and individual susceptibility factor(s), which most probably
have a genetic basis. This important aspect of gene-environment interactions in the etiology
of ALS has been neglected so far, as 90% of the research is focused on rare hereditary
genetic forms. In this new era of precision medicine, the time has come to bolster our effort
toward the identification of environmental risk factors for the future development of
personalized therapy and prevention, including both environmental/occupational and genetic
counseling.

In this review, we hypothesize that insight into environmental exposure leading to ALS
could come from the neurological disorder OP-induced delayed neuropathy (OPIDN) which
despite its appellation of “neuropathy” is not restricted to peripheral nerves and intriguingly
resembles ALS and some other motor neuron diseases at many levels (Table 1).
Furthermore, OPs are very unique in the list of neurotoxicants suspected to cause ALS. They
have been associated with the disease in the context of both exposure and genetics
(specifically, individuals known to be more vulnerable to OPs due to polymorphism-
mediated deficient detoxification of OPs). In the following sections, we will detail the
scientific premise on which our hypothesis is built, while critically reviewing the strengths
and the weaknesses of the literature on OPIDN and OP-associated ALS. We will also
emphasize several gaps in knowledge that will need to be addressed by future studies with
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the hope of elucidating potentially common pathogenic mechanisms between OPIDN and
ALS, resulting in a better understanding of the mysterious etiology of the predominant
sporadic form of ALS and the development of crucially needed therapies for these two
incurable disorders.

Organophosphates are very hazardous neurotoxicants

OP compounds are a class of widely-used agricultural pesticides that were also developed
into warfare nerve agents, and other chemicals with numerous applications in clinical,
household and industrial settings (e.g. ophthalmic/antihelmintic agents, solvents,
plasticizers, and flame retardants); for review see (Terry 2012). OPs account for one half of
the total pesticide usage annually in the USA (Kiely et al. 2004). Accidental and suicidal
exposures to high levels of OPs cause ~3 million poisoning cases per year worldwide,
ultimately leading to several hundred thousand deaths and debilitated persons, especially in
developing countries (Satoh 2006). Victims of OP poisoning can suffer from immediate,
and/or more delayed central (CNS = brain and spinal cord) and peripheral nervous system
(PNS = peripheral nerves) damages depending on the type of the OP incriminated and the
level of intoxication (Fig. 1.; Abou-Donia and Lapadula 1990). For instance, survivors of OP
acute neurotoxicity can suffer, successively or independently, from the sudden paralysis and
respiratory failure called the intermediate syndrome 24-96 hours later, from the
neurodegenerative and paralytic disorder referred to as OPIDN 1-5 weeks later, or from the
neuropsychiatric condition termed OP-induced chronic neurotoxicity (OPICN) weeks-years
later (Abou-Donia 2003). The acute neurotoxicity of some OPs is well characterized and
results from their inhibition of acetylcholine(Ach)esterase(E), the enzyme which is
responsible for the breakdown of the neurotransmitter Ach. This leads to massive
accumulation of Ach at the cholinergic synapses and dysregulation of their numerous
physiological roles (e.g. control of blood pressure, cardiac rhythm, and muscles). Eventually,
the cholinergic crisis can culminate in coma and death by respiratory failure. The
intermediate syndrome, which can be lethal without respiratory support, is assumed to be
due to sustained AchE inhibition (De Bleecker et al. 1994). In contrast, non-cholinergic and
more elusive mechanisms contribute to OPIDN and OPICN, as neither is controlled by
anticholinergic and/or AchE restoration drugs (Abou-Donia 2003).

OPICN is mainly associated with cognitive symptoms and the main objective of this review
is to summarize the evidence, the potential misconceptions, and the gaps in knowledge
regarding the neurotoxicity of OPs to the voluntary motor system. As such, we will focus
our attention on OPIDN to explore how a better understanding of this disorder may help us
to identify the mechanisms by which environmental exposures can lead to ALS. However, it
should be briefly mentioned that ALS is purely a motor neuron disease in only half of the
patients (Lomen-Hoerth et al. 2003; Murphy et al. 2007). In fact, about 30% of ALS patients
will show signs of cognitive impairment while 20% will demonstrate significant behavioral
changes and dementia associated with decline in the frontotemporal lobe, which is referred
to as the “ALS-frontotemporal dementia (FTD) spectrum”.
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OPIDN and neuropathic compounds: an evolving definition and evolving

public health concern?

OPIDN is a relatively rare, non-lethal (with the exception of very severe cases (Beavers et al.
2014), but potentially extremely debilitating neurodegenerative disorder observed after
repeated or acute intoxication with different types of OPs (Abou-Donia 2003). More than
70,000 cases of OPIDN have been documented over the last 70 years (Johnson and Glynn
2001). However, OPIDN incidence is probably greatly underestimated, as most OP
poisonings occur in developing countries yet more than half of OPIDN cases were reported
in the U.S. alone. Historically, interest in OPIDN gained momentum in 1930’s, when 50,000
Americans ingested an OP-contaminated alcoholic beverage called “Ginger Jake” and
developed OPIDN, nick-named then the “Ginger paralysis” (Morgan 1982). Similar mass
incidents were reported with OP-contaminated cooking oil, alcohol, flour, or abortifacients
in Netherlands, Yugoslavia, France, Morocco, South Africa, Sri-Lanka, and India (for review
see Abou-Donia and Lapadula (1990)). All of these “epidemic” OPIDN cases were
associated with the accidental ingestion of a group of OPs classified as triaryl phosphates
(e.g. tri-ortho-cresyl phosphate; TOCP; see Table 2 for the list of all the OPs mentioned in
this review) which have the particularity to be very weak inhibitors of AchE (Lotti and
Moretto 2005). The incapacity of these OPs to trigger the obvious cholinergic toxicity
explains why some people had intoxicated themselves for weeks before developing
neurotoxic signs, and also accounts for the “epidemic” nature of these poisonings. Based on
these observations, “neuropathic” compounds (or compounds “at risk to induce OPIDN™)
were originally believed to be restricted to non-cholinergic OPs.

However, more recently, a growing number of OPIDN cases among survivors of acute
poisoning by cholinergic OP pesticides were reported in the literature (Meggs 2003;
Thivakaran et al. 2012); for review see (Abou-Donia and Lapadula, 1990; Jokanovi¢ et al.
2011; Lotti and Moretto 2005). Particular attention was paid by some authors (Lotti and
Moretto 2005) to discern the cases of OPIDN convincingly attributed to this class of OPs
(reasonable analytical identification of the chemical, reliable exposure and clinical data)
from reports with only partial data. For instance, the capacity of chlorpyrifos to induce
OPIDN was clearly established in several cases, whereas the implication of parathion was
reported multiple times, but never with compelling evidence (in contrast with “negative
evidence”, the “absence of evidence” does not preclude that more OPs will be convincingly
associated with OPIDN in the future). This new development had very important
implications for the classification of the neurotoxicity and the danger of OPs by regulatory
agencies. First, it called into question the definition of the neuropathic compound category,
and more importantly, the method that was used for years to predict the neuropathic
potential of a compound in the gold standard animal model: the hen (Jamal 1997; Moretto
and Lotti 2002). Previously, the neuropathic potential of OPs was tested at levels below the
threshold of cholinergic toxicity. Now, in animal models including the hen, cholinergic OPs
have been confirmed to induce OPIDN when administrated at doses higher than their LD50
(Abou-Donia and Lapadula 1990; Capodicasa et al. 1991; Lotti and Moretto 2005). In line
with this information, a new concern for the field of public health has come to light,
regarding recent advances in anticholinergic and AchE reactivation therapy. This therapy
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allows patients to survive supra-lethal doses of OPs, yet also significantly increases their risk
of developing severe and debilitating forms of OPIDN, for which there is currently no
treatment (Marrs 1993). Likewise, there is no effective treatment available for ALS, and
drug development is hindered by our limited knowledge of its pathogenic mechanisms.

Clinically (for review see Abou-Donia and Lapadula (1990); Lotti and Moretto (2005);
Jokanovié et al. (2011); Table 1), OPIDN’s first symptoms are cramping, muscle pains in the
legs, and distal paresthesia in the limbs. Initial sensory symptoms generally resolve rapidly,
though motor signs quickly progress to muscle weakness, first in the lower limbs and then in
the hands, causing characteristic foot and wrist drops. Finally, spasticity (upper motor
neuron signs) and muscle wasting (lower motor neuron signs) develop, then progress into
paralysis of the legs, or even quadriplegia in more severe cases. The motor deficit acquired
in OPIDN is rarely reversible, and its extent could depend on the level of exposure and the
potency of the OP to cause irreversible CNS lesions. Thus, the clinical picture of OPIDN is
intriguingly reminiscent of ALS, explaining why some epidemic cases of OPIDN reported in
Italy were qualified as “frozen” ALS (i.e. non-progressing and non-fatal) after 50 years of
clinical follow-up (Tosi et al. 1994). The “frozen” metaphor represents a particularly
brilliant clinical intuition, as multiple lines of evidence indicate that sporadic ALS and
OPIDN may share more than merely a similar clinical presentation.

OPIDN and ALS: a common etiology?

The hypothesis of a common etiology emerged when an association between exposure to
OPs and sporadic ALS was proposed following the observation of deployed Gulf War
veterans who presented a twofold increase incidence of ALS after receiving prophylactic
treatment containing OP-related cholinergic inhibitors intended to guard against nerve gas
and insect pests during the war (Horner et al. 2003; Horner et al. 2008; Miranda et al. 2008).
Multiple studies around the globe have also linked occupational exposure to OPs with a 2—6
times increased incidence of ALS cases among farmers (Giagheddu et al. 1983; Chio et al.
1991; Kalfakis et al. 1991; Kang et al. 2014) and soccer players (Chio et al. 2009; Johnson
and Atchison 2009; Lacorte et al. 2016). Some intriguing yet sparse evidences also suggests
the same hypothesis for airline pilots exposed to potentially neurotoxic OPs used as
additives in aircraft engine oil (Nicholas et al. 2001; de Boer et al. 2015). However, in
contrast with OPIDN, which is caused by acute or sub-acute exposure to significantly high
levels of OPs, ALS is believed to be associated with chronic exposure to low, non-acutely
toxic levels of OPs.

OPIDN and ALS: neuropathological overlaps

A second similitude between OPIDN and ALS is that they share several key
neuropathological features. Notably, they both involve the corticospinal and neuromuscular
system comprised of the upper and lower motor neurons (Fig. 1). Observations made in
human (autopsied tissues and electrophysiological findings) and in animal models were
reviewed in detail for both OPIDN (Abou-Donia and Lapadula 1990; Lotti and Moretto
2005; Jokanovic et al. 2011) and ALS (Hirano 1996; Kusaka 1999; Vinsant et al. 2013).
Hence, in the next paragraph, only a few specific references will be added to complete the
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analysis for OPIDN. In summary, for both disorders, the earliest pathological events are
detected peripherally and consist of peripheral motor axon degeneration (Vinsant et al.
2013), muscle denervation (El-Fawal et al. 1989), and involve distal motor groups,
suggesting a common preferential vulnerability of long axons. A notable difference is that in
OPIDN, distal sensory axons are also affected; this explains both the early sensory signs and
the other terminology sometimes given to OPIDN, “OP-induced delayed polyneuropathy”
(OPIDP). However, peripheral sensory axon degeneration was consistently shown to be
transient and reversible. In both disorders, axonal degeneration follows a “dying-back”
mechanism with secondary demyelination.

After the peripheral phase, pathology propagates to the CNS and gliosis becomes prominent
in the brain (Nanda and Tapaswi 1995) and in the spinal cord (Abou-Donia and Lapadula
1990). Lesions of the descending corticospinal or pyramidal tract (upper motor neuron axons
in the spinal cord) are a constant feature in both diseases. Degeneration of lower motor
neuron cell bodies in the ventral horn of the spinal cord is a hallmark of ALS (~50% of
ventral horn motor neuron loss at end-stage), though in OPIDN, this pathology was reported
only when exposure to OPs containing a trivalent phosphorus atom (e.g. aryl phosphites and
triphenyl phosphites [TPPi]) have occurred. This is said to be “Type 11" OPIDN (Abou-
Donia and Lapadula 1990; Abou-Donia 1992). On this basis, two main classifications of
OPIDN were proposed: “classical,” or “type 1” induced by “type I” OPs with a pentavalent
phosphorus atom (i.e. TOCP) and associated mainly with axonal degeneration, and “type I1”
caused by trivalent phosphines and which also involves neuronal cell body degeneration
(Abou-Donia and Lapadula 1990). However, a growing number of studies have reported
clear neuronal necrosis, chromatolysis, apoptosis, and cell body loss of ventral horn motor
neurons with exposure to type | OPs in animals (Funk et al. 1994; Konno et al. 1999; Mou et
al. 2006; Zou et al. 2013) and humans (Beavers et al. 2014). If different classes of OPs
cannot account for these data discrepancies in the literature, the dissociation of soma loss
from axon degeneration could depend on alternative factors: first, other variables related to
the exposure itself (e.g. level, duration, regimen, or route); second, to the age/species/strains/
individuals exposed to OPs (Abou-Donia and Lapadula 1990); or third, to the timing of the
neuropathological assessment. For instance, in ALS, axonal loss precedes the disappearance
of lower motor neuron soma in the spinal cord (Vinsant et al. 2013). Despite the
consistently-reported and widely-described degeneration of the corticospinal tract in
OPIDN, we could not find any report that effectively investigated the degeneration of the
cell bodies of the upper motor neurons (pyramidal neurons) in layers I11 and V of the motor
cortex, whose axons compose the corticospinal tract. In humans it is easily understandable
that the generally non-fatal nature of OPIDN (as compared to ALS) limits the timely
obtention of autopsied material. However, in animal models of OPIDN, nearly all
neuropathological investigations were focused on just the spinal cord. An important
implication of this limitation concerns the above-described classification of type I vs. type Il
OPIDN which is based on the differential vulnerability in the spinal cord of axons (upper
motor neurons) and cell bodies (lower motor neurons), which do not belong to the same
cells. Nevertheless, OPs may lead to the loss of upper motor neuron cell bodies, knowing
that in a study aimed at investigating OPICN, rats exposed to 1 X LD50 sarin were found to
exhibit prominent degeneration of upper motor neurons in layers Il and V of the motor

Arch Toxicol. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Merwin et al.

Page 7

cortex (Abdel-Rahman et al. 2002; Abou-Donia 2003). Therefore, the dissociation or co-
occurrence of motor neuron axon and motor neuron soma degeneration after exposures to
different types of OPs must still be formally and kinetically established in future studies. A
relevant but simplified and highly controllable system, such as an /n vitro model could be a
well-suited platform for this type of screening before later confirmation in animal models.

Paraoxonase 1: the Achilles’ heel for developing ALS?

A third convergence for ALS and OPIDN involves several intriguing correlations found in
the literature concerning lowered status of an enzyme detoxifying OPs, paraoxonase 1
(PONL1), and increased risk to developing ALS. In several studies, gene variants predicted to
lower PONL1 activity were associated with both familial (Ticozzi et al. 2010) and sporadic
ALS (Slowik et al. 2006; Saeed et al. 2006). However, larger-scale meta-analysis did not
reach the same conclusion (Wills et al. 2009). This suggests that PON1 polymorphisms may
play a role in predisposing only human populations with specific or geographically-limited
exposures to ALS (D’Amico et al. 2013). PONL1 biology (Fig. 2) and the relationship
between PON1 polymorphisms, PON1 protein levels, their stability, activity, and substrate
affinity are quite complex and require careful consideration before interpretation of the
different data available in the literature. Incidentally, PON1 was at first not appropriately
named, as we now know that paraoxon is actually one of its weakest substrates. As
demonstrated by the systematic investigation of PONI mRNA presence in human tissues
(Mackness et al. 2010), PONL1 is synthesized mainly in the liver before being secreted into
the blood where it associates predominantly with high-density lipoproteins (Mackness and
Mackness 2015). Serum PONL1 protein is then distributed among various tissues including
the brain and the spinal cord (Marsillach et al. 2008). The mechanisms allowing PONL1 to
cross the blood brain barrier (BBB) remain uncertain, yet PON1 was identified within
exosomes found in the liver (Conde-Vancells et al. 2008) as well as within cerebrospinal
fluid (CSF) (Chiasserini et al. 2014). Exosomes are a type of extracellular vesicles known to
very efficiently penetrate into the CNS and so they are considered very promising carriers
for brain delivery of therapeutic proteins (Hall et al. 2016). In the context of OP poisoning,
ALS, and other diseases associated with PON1 (e.g. arteriosclerosis), past studies have
principally focused on serum PONL1 protein levels and activity as their highly variability in
human populations (up to 40-fold) suggests they could represent a good biomarker for
individual risk assessment. Even if the blood constitutes a major early barrier where OPs
begin to be detoxified, most OPs are small lipophilic molecules that freely cross membranes
and reach the CNS very quickly (minutes to hours). Accordingly, local detoxification of OPs
by PONL1 in the CNS may also be very important to counteract their neurotoxicity and
unraveling the mechanisms controlling PON1 delivery to the CNS may lead to important
insights into novel therapeutic strategies and individual vulnerability to OPs.

Thus far, it is unknown whether PON1 polymorphisms or other factors can affect PON1
distribution or activity locally in the CNS and contribute to increased vulnerability to
OPIDN or ALS. As elegantly reviewed by Deakin and James (2004), variants in the coding,
intronic, or promoter regions of PONI can give rise to increased or decreased serum PON1
levels, associated or not with increased/decreased serum PON1 activity. Yet polymorphisms
at the same position (e.g. the common variants 192Q and 192R) can have variable effects on

Arch Toxicol. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Merwin et al.

Page 8

the hydrolysis efficiency of PON1 depending on the substrate. For example, 192R is much
more efficient for paraoxon while 192Q is less efficient. 192Q is however much more
efficient for sarin, soman, diazinon, and slightly more even for chlorpyrifos. Furthermore,
both variants have the same efficiency for detoxifying other substrates such as phenylacetate
and dyhydrocoumarin. Without data clearly identifying the OP(s) to which a population has
been exposed, it is very difficult to determine the value of negative genetic association
studies, or the actual mechanistic relevance of positive association studies. For experiments
aiming to compare PONL1 activity between two populations (patients vs. controls), the
selection of a sound series of substrates is critical for designing a reliable investigation. In
the context of ALS, only one study investigated serum PON1 activity in 140 ALS patients
versus 153 age/sex/race-matched controls in relation to PON1 polymorphisms. It confirmed
the increased frequency of one of the variants (192R) in ALS patients, but could not
evidence any reduction in PON1 activity with either paraoxon, diazoxon, or phenylacetate
(Wills et al. 2008). These substrates covered the three groups cited above, though the study’s
design could have been optimized by taking into consideration exposure data (indirect, if
direct is unavailable) and using in the assay the OP(s) to which the target population was
most likely exposed. There was also a significant methodological flaw in the way PON1
activity was measured at the time this study was undertaken. A high concentration of NaCl
(2mM) was used in the assay buffer because NaCl is known to artificially increase PON1
activity (used in general to help measuring the hydrolysis of weak substrates like paraoxon).
However, it is not recommended for measurements at the population level as we now know
(Ceron et al. 2014). As an example, NaCl was shown to more greatly stimulate the high-
activity allelic form, thereby yielding a higher variability in a healthy population (Furlong et
al. 1988). In addition, when used with other substrates such as phenylacetate, NaCl produces
a decrease in PONL1 activity (Eckerson et al. 1983).

Another level of complexity in PON1 biology is that even within genotypic groups, PON1
serum concentration and activity can vary up to 13-fold, probably due to lifestyle,
occupational, and environmental factors (Deakin and James 2004). For instance, smoking
decreases PONL1 activity (James et al. 2000) and is also one of the strongest risk factors
associated with ALS ( >2-fold increase in risk) (Wang et al. 2011). PON1 activity also
decreases with age and is lower in males (Costa et al. 2005), which is in direct contrast to the
reported incidences of ALS (Rowland et al. 2010). Recently, PON1 status was shown to be
regulated by epigenetic modifications, opening a new field for investigation (Huen et al.
2015; Holland et al. 2015). PONL1 status clearly modifies the vulnerability of animals to OPs
(Costa et al. 2013), but so far the effect of PON1 status on ALS development remains to be
experimentally tested.

Neuropathy target esterase (NTE): is NTE for OPIDN what AchE is for the

toxidrome?

Fourth and finally, OPIDN’s molecular origin was originally attributed to the inactivation of
a serine esterase called neuropathy target esterase (NTE). Mutations in NTE can cause
hereditary spastic paraplegia (HSP), a disorder within the same group of motor neuron
diseases as ALS, which is characterized by spasticity and upper motor neuron pathology
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(Rainier et al. 2008). Animal models were developed based on the original observation of
OPIDN human epidemics due to non-cholinergic OPs (Morgan 1982; Abou-Donia and
Lapadula 1990; Lotti and Moretto 2005) and the suggestion that OPIDN would only be
initiated when OPs inhibit NTE by at least 70% (Johnson and Lotti 1980; Johnson and
Glynn 2001). On this basis, the neuropathic potential of an OP was defined by its relative
capacity to inhibit NTE at doses where AchE inhibition is limited and inferior to its LD50.
However, as discussed above, therapeutic improvements in cholinergic crisis management
were a game changer, and “non-neuropathic” cholinergic OPs have now been reported to
cause OPIDN in humans, as well as in animals when tested above their LD50 (Abou-Donia
and Lapadula 1990; Capodicasa et al. 1991; Lotti and Moretto 2005). Furthermore, beyond
the cholinergic status of neuropathic OPs, a series of conflicting data in the literature suggest
that OPIDN cannot be exclusively explained by NTE inhibition or other NTE-related
mechanisms. First, in the hen model of OPIDN, some potent inhibitors of NTE do not cause
OPIDN (Abou-Donia and Lapadula 1990; Lotti and Moretto 2005; Richardson et al. 2013).
Following this discovery, it was proposed that only those inhibitors capable of irreversibly
modifying NTE by transfer of R-group adducts (aging) are capable of inducing OPIDN
(Richardson et al. 2013), suggesting that it is not NTE’s loss of function involved in OPIDN,
but its gain of some unknown toxic function. However, NTE can be inhibited and aged just
as efficiently in animals not demonstrating strong clinical evidence of OPIDN (e.g. rodents)
as it is in highly susceptible species such as the hen (Abou-Donia 2003). Intriguingly enough
regarding the aging theory, if a non-aging and non-neuropathic NTE inhibitor is given to an
animal before a neuropathic compound, it can protect against the development of OPIDN,
yet if the same inhibitor is administrated aftera neuropathic OP, it instead triggers a
worsening of OPIDN, even though NTE inhibition and aging are already maximal (Jortner
2002). In addition, some reports and reviews have described in detail that OPs belonging to
the class of phosphines and which do not inhibit NTE can still cause type 11 OPIDN in
diverse animal models (Abou-Donia and Lapadula 1990; Abou-Donia 1992; Abou-Donia
2003). Based on the systematic absence of inhibition of NTE by these neurotoxic
phosphines, a third class of OPIDN was proposed and defined as “type 111” (Abou-Donia
2005). Other groups who have made the same observation have suggested that despite the
extremely similar clinical presentation (ataxia and hind limb paralysis), these forms of OP-
induced delayed neurotoxicity should not be referred to as OPIDN, as they are independent
from NTE inhibition (Lehning et al. 1996; Davis et al. 1999). As previously mentioned,
there exists a series of case reports suggesting that OPs that neither inhibit NTE nor cause
OPIDN in the hen can still induce OPIDN in humans, even though analytical demonstration
of the OP incriminated was not always confirmed (Abou-Donia and Lapadula 1990; Abou-
Donia 2003). In light of this evidence, the use of the hen as a model to predict OP
neuropathic potential in humans has been criticized (Moretto and Lotti 2002). Finally, mice
engineered to be genetically-deficient for neuronal NTE have shown upper motor neuron/
axon lesions, but no peripheral pathology even at a very advanced age, indicating that total
inhibition of NTE in neurons (without possible gain of function due to aging) can model at
least some aspects of OPIDN (Read et al. 2009; Read et al. 2010). Altogether it appears
reasonable that NTE is at least partly involved in the initiation of many types of OPIDN
(Lotti and Moretto 2005), yet there is no evidence that NTE inhibition or aging can directly
cause degeneration of peripheral axons or motor neuron cell bodies. It can also be inferred
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that NTE is more involved in pathology of OPIDN in the upper motor neurons than in the
lower motor neurons. Mutations in NTE were not evidenced to be causal in ALS and
regrettably, there is no epidemiological or clinical data available about the NTE status of
patients affected by ALS. In line with the hypothesis we are making for OPIDN, this type of
investigation could be particularly relevant to determine whether NTE quantity/activity can
help distinguish the forms of ALS that are “upper motor neuron predominant” versus “lower
motor neuron predominant”. Regarding the “OPIDN” elicited by non-NTE inhibitors, the
fact that authors have referred to it as type II, 111, non-classical, or non-OPIDN appears to be
a problem of semantics. Whatever the designation, this delayed neurotoxicity is a serious
potential hazard derived from OP-exposure and should be investigated as seriously as the
originally identified form. In conclusion, if NTE is clearly the key to some familial forms of
HSP, there is strong rationale to wonder whether other OP-vulnerable serine esterase(s) or
protein(s) could be the key to both OPIDN and ALS. Accumulating evidence has pointed to
the existence of molecular entities in the brain other than NTE and AchE with phenyl
valerate esterase activity which can be inhibited by OPs (Benabent et al. 2014; Mangas et al.
2016; Estévez et al. 2016). These entities and the consequences of their inhibition by OPs
remain to be formally identified, but they could represent relevant candidates to mediate
some of the neurotoxic mechanisms pertaining to OPIDN and environment-triggered ALS.
Alternatively, cytoskeletal proteins were proposed by Abou-Donia (2003) to be among the
neurotoxic targets of OPs. These different attractive hypotheses must be further investigated
in future studies.

Cell and animal models to study OPIDN and ALS: what has been done and

where should we go next?

Our previous work has pioneered the notion that in familial ALS cases linked to mutations in
superoxide dismutase 1 (SOD1), motor neurons degenerate due to the development of a
hostile cellular environment. Lower motor neurons produced from mutant SOD1 transgenic
mice exhibit some axonal shortening, but can only be killed by soluble factor(s) released by
neighboring astrocytes, which undergo a transformation from supporting cells into potent
motor neuron Killers (Nagai et al. 2007). We recently confirmed that this finding holds true
for sporadic ALS and human cells, by showing that astrocytes directly produced from the
brain of sporadic ALS patients are killing human embryonic stem cell (ES)-derived motor
neurons through the same type of cell death, called necroptosis (or “controlled necrosis”),
which we found in our /7 vitro model of familial ALS (Re et al. 2014). This finding is very
encouraging as it indicates that the sporadic and the familial forms of the disease may share
common pathogenic mechanisms relevant for therapeutic development. However, it did not
help in identifying which environmental and/or occupational neurotoxicant(s) can be
responsible for the neurotoxic transformation of astrocytes in sporadic ALS patients, or
which risk factor(s) may account for the peculiar vulnerability of some individuals in
developing ALS upon a specific exposure. As laid out above, once carefully reviewing the
striking resemblance of ALS and OPIDN, we concluded that there is a very strong rationale
to investigate exposure to OPs as an environmental cause of sporadic ALS. When reviewing
in vitro models of exposure to OPs, we found only 2 reports that investigated OP effects in
primary spinal cord cultures. Both were focused on OP acute cholinergic neurotoxicity; the
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first investigated the short term inhibition of AchE in spinal cells (Goldberg et al. 1980), and
the second performed electrophysiological and video recordings of muscle relaxation in co-
culture with spinal motor neurons to evaluate the efficacy of AchE reactivation therapy
(Drexler et al. 2011). In the context of OPIDN, various efforts were reported as focusing
towards the development of /n vitro models that could help predict whether a particular OP
is capable of causing OPIDN in humans (Emerick et al. 2012; Fernandes et al. 2015;
Emerick et al. 2015). Each of these studies used a neuroblastoma clonal cell line (SH-SY5Y)
originally derived from a metastatic bone tumor, which exhibits only partial cholinergic
features after differentiation. Even after differentiation, these cells do not exhibit neurites
comparable to the dendritic tree and the long axon displayed by primary or ES-derived
motor neurons. Another concern is that by virtue of their tumor origin and immortalized
state, this type of cell line is likely flawed for the study of neurotoxic and neurodegenerative
processes. Now, mouse and human ES-derived spinal motor neurons are widely available
and possess the same expandability quality before differentiation as immortalized cells,
rendering them amenable to high-throughput experiments and material-demanding
biochemical or genetic investigations. Both mouse (Wichterle et al. 2002) and human
(Boulting et al. 2011) lower ES- motor neurons have been carefully characterized for their
morphological, biochemical, and functional resemblance to genuine motor neurons,
validating the argument that they represent a much more optimal model for future neurotoxic
and neurodegenerative investigations.

Regarding non-cell autonomous mechanisms, previous studies in the context of OPICN have
investigated the role of cortical astrocytes in OP neurotoxicity of hippocampal neurons
(Pizzurro et al. 2014a; Pizzurro et al. 2014b). They reported that OPs impair the capacity of
astrocytes to support neuronal defense against oxidative stress and neurite outgrowth.
Therefore, glia-mediated neurotoxicity and/or vulnerabilization of neurons to neurotoxicity
are important aspects of ALS and OPICN pathology, respectively, and their roles in OPIDN
must be investigated in the future.

We previously discussed that the gold-standard animal model for the study of OPIDN has
long been the hen. This was the case until its predictability for human OPIDN was put into
question (Abou-Donia and Lapadula 1990; Moretto and Lotti 2002; Abou-Donia 2003).
Rodents, particularly mice, are considered poor models of OPIDN because they are highly
resistant to the development of ataxia (Abou-Donia and Lapadula 1990; Lotti and Moretto
2005). However, several groups have demonstrated that acute (EI-Sebae et al. 1977; \eronesi
et al. 1991) or chronic exposure of mice ( Lapadula et al. 1985; Husain et al. 1993) to classic
neuropathic OPs (TOCP and MIP), or to OPs less consensually-accepted to be neuropathic
(sarin) caused clear degeneration of the lateral and ventral locomotor neurons of the spinal
cord including upper motor neuron axons. Peripheral lower motor neuron axon lesions were
generally not well demonstrated in mice. Diverse explanations were proposed for this, such
as earlier and more active regenerative mechanisms, and differences in the anatomy and/or
OP-target enzymes etc. (Veronesi et al. 1991). Yet, the two studies that carried out chronic
delivery of sarin (Husain et al. 1993) and TOCP (Lapadula et al. 1985) demonstrated
progressive development of muscle weakness, muscle wasting, ataxia, and eventual hind-
limb paralysis over the course of exposure, which beyond OPIDN, suggests that exposure to
chronic-low doses of OPs could be developed further in order to successfully mimic
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sporadic ALS in mice. The chronic TOCP study also reported clear degeneration of some
peripheral lower motor neuron axons in half of the mice tested, while only vague changes
were observed in the other half (Lapadula et al. 1985). Another interesting observation was
that three weeks after phenyldipentylphosphinate (PDPP; an OP in the group “non-aging”
NTE inhibitors which do not promote OPIDN in the hen except when given after a classic
neuropathic OP [Jortner 2002]) was administered to mice, it triggered neurodegenerative
lesions located in the trigeminal tract, which contains lower motor neuron axons (Read et al.
2010). Based on this unusual pattern of axonal damages in the mice, the authors suggested
that PDPP likely reacts with a serine hydrolase distinct from either NTE or AchE.

Conclusion and perspectives

Mechanistic studies demonstrating the direct implication of OPs as a causative or a risk
factor for ALS are still needed. Even so, the hypothesis we presented and discussed in this
review is strongly supported by several positive epidemiological and genetic association
studies, as well as a series of particularly compelling evidence regarding the overlaps
between ALS and OPIDN. Up until now, the majority of research on the pathogenesis of
ALS has focused on its rare genetic forms. Naturally, a genetic mutation is more easily
tractable and amenable to the generation of animal models than an environmental toxin
which needs to be identified from the complex, temporally (and spatially) evolving milieu of
life. “Difficult” however is not a synonym of “impossible” and the field of neurotoxicology
will have to take on the challenge of investigating the environmental etiology of late adult-
onset neurodegenerative diseases by coming up with novel and innovative approaches to
address the questions related to human exposure: “What? How much? When? How long?”
as well as those related to individual vulnerability: “Why? How?”

Certainly in the case of diseases which remain clinically silent until the fifth to sixth decade
of life like ALS, we can wonder why the first symptoms begin to appear so late. What are
the mechanisms underlying this late clinical expression? Does the organism reach a
threshold of irreparable accumulated damages? Do humans suddenly become vulnerable to
an existing neurotoxic insult until recently compensated for by a fitness lost due to aging?
Or are clinical signs just the extremely delayed expression of some earlier acute or sub-acute
insults programmed to clinically surface one day after similar damage? Until confirmed or
disproved, all these hypotheses and variations are valid directions that future research must
take.

Intuitively, adult-onset, chronic diseases (even those of relatively short duration such as
ALS) are expected to result from chronic exposure to moderate, pathologically silent levels
of neurotoxicants. However, there is much more literature available on the consequences of
acute massive neurotoxic insults than chronic silent ones. The question we initially posed
with this review was: “what can we learn from acute exposure to high doses of
neurotoxicants (OPIDN) that may be useful in understanding chronic diseases resulting from
silent exposure (ALS)?” The answer we found is: “a lot.” The resemblances between
OPIDN and ALS are striking at clinical, etiological, neuropathological, cellular, and
potentially molecular levels. During our journey through the OPIDN literature, we found
that some of the field was still “frozen” in the original definition of non-cholinergic
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neuropathic compounds, and regardless of whether semantic or classification changes are
needed, scientists need to increase awareness pertaining to the multiplication of OPIDN (or
OPIDN-like) cases flourishing in the recent literature of acute poisoning with cholinergic
OPs (Meggs 2003; Thivakaran et al. 2012; Beavers et al. 2014). As highlighted by several
experts in the field (Abou-Donia and Lapadula 1990; Lotti and Moretto 2005), AchE and
NTE cannot account for all the neurotoxic clinical expressions of OP poisoning. Future
studies need to unravel whether additional enzyme(s) critical to the function of the voluntary
motor system could be selected, targeted, and impaired by OPs. The same enzyme(s) could
also become important for the pathogenesis of ALS and its future therapeutic development.
The extent of the neurodegenerative insults in OPIDN will also need further investigation
and clarification for questions such as: are upper motor neurons soma affected? Or are upper
and lower motor neurons more preferentially affected by some OPs than others? Another
imperative question for both future prevention and therapy of OPIDN and ALS is how to
better understand the biology of PON1 and how its polymorphisms, epigenetic
modifications, stability, and transport to the CNS can affect the development of OP-related
neurotoxic insults and ALS.

None of these outstanding questions can be soundly addressed until we develop new cell and
animal models of OPIDN and ALS. These future models will need to be relevant to human
biology and will need to take into consideration all the complex aspects of gene-environment
interaction, “real-world” exposure levels, and window(s) of exposure. This is an exciting
time for research on environment-linked ALS, as we have a trail to follow for OPs and
OPIDN that will surely lead to novel ways for prevention or cures to these dreadful
disorders.
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Figure 1. Anatomy of the voluntary motor system and peripheral sensory system
Sites of established and potential lesions in ALS and OPIDN.
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Figure 2. PON1 Biology
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Table 1
Systematic comparison between OPIDN and sporadic ALS
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what is established (bold), what is supported by some evidence (underlined) and what is still purely
hypothetical or debated (italic). References: ALS (bold), OPIDN (regular).

Etiology

*Organophosphate (OP) exposure

-Chronic exposure to low,

non-acutely toxic levels
of OPs (Gulf War
veterans, soccer players,
and airline pilots)
associated with an
increased risk of

developing ALS.

-Acute or sub-acute exposure
to high levels of OP.

Oskarsson, B. et al., 2015; R.D.
Horner et al., 2003; Ronnie D.
Horner et al., 2008; Miranda et al.,
2008; Chio, A. etal., 1991;
Giagheddu, M. et al., 1983;
Kalfakis, N. et al., 1991; Kang, H.
et al., 2014; Chio, A. et al., 2009;
Johnson F.O. & Atchison W. D.
2009; Lacorte E. et al., 2016; de
Boer, J. et al., 2015; Nicholas, J.S.
etal., 2001; Kaji, R. et al., 2012;
Abou-Donia, M.B., 2003.

Neuropathology

«Axonal degeneration

-Peripheral onset:
degeneration of long
distal motor axons.
-Degeneration of the
upper motor neuron
axons.

-Axonal loss precedes
the disappearance of
the soma in the spinal
cord and cortex.

-Peripheral onset:
degeneration of long distal
motor axons and also distal
sensory axons (reversible).
-Degeneration of the upper
motor neuron axons.

Hirano, A. 1996; Kusaka, H. 1999;
Vinsant, S. et al., 2013; el-Fawal,
H.A., Jortner, B.S. & Ehrich, M.
1989; Abou-Donia M. B. &
Lapadula, D.M. 1990; Jokanovi¢,
M. etal., 2011; Lotti, M. &
Moretto, A., 2005.

*Soma degeneration

-Degeneration of the
lower motor neuron
and upper motor
neuron cell bodies
(hallmark).

-Degeneration of the lower
motor neuron cell bodies (only
“type 1I”).

-Some evidences of lower
motor neuron cell body loss
with “type 1”.

-No reported investigation of
upper motor neurons cell body
loss (only one study with sarin
and OPICN).

Vinsant, S. et al., 2013; Abou-
Donia M. B. & Lapadula, D.M.
1990; Abu-Donia, M.B., 1992;
Funk, K.A. et al., 1994; Konno, N.
etal., 1999; Mou, D. L. etal.,
2006; Zou, C. et al., 2013; Beavers,
C.T. etal., 2014; Abdel-Rahman,
A. etal., 2002; Abu-Donia, M. B.,
2003.

«Demyelination -Secondary to axonal -Secondary to axonal Vinsant, S. etal., 2013; M.B.
degeneration. degeneration. Abou-Donia & Lapadula, 1990.
*Gliosis -Brain and spinal cord. -Brain and spinal cord. Vinsant, S. et al., 2013; Nanda, S.

& Tapaswi P.K., 1995; Abou-Donia
M. B. & Lapadula, D.M. 1990.

Clinical phenotype

*Prognosis

-Fatal within 1-5 years
after diagnosis.

-Non-fatal disorder, except for
Very severe cases.

-Recovery affects mainly
sensory nerves, while motor
function may be permanently
lost.

Rowland, L.P. et al., 2010; Abu-
Donia, M. B., 2003; Beavers, C.T.
etal., 2014.

*Neuropathological progression of
the disease

-Propagates from the
periphery to CNS.

-Propagates from the
periphery to CNS.

Rowland, L.P. et al., 2010; Nanda,
S. & Tapaswi P.K., 1995; Abou-
Donia M. B. & Lapadula, D.M.
1990.

*Presentation

-Spasticity, muscle
wasting and weakness
with relentless
progression to total
paralysis until
respiratory failure.

-Signs within 1-5 weeks after
OP exposure.

-Sensory symptoms:
paresthesia and pain. Rapidly
resolved.

-Motor signs: cramping in the
limbs. Quick progression to
muscle weakness and
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Rowland, L.P. et al., 2010; Abou-
Donia M. B. & Lapadula, D.M.
1990; Jokanovié, M. et al., 2011;
Lotti, M. & Moretto, A., 2005;
Beavers, C.T. et al., 2014,
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spasticity developing into
paralysis of the legs, even
quadriplegia (most severe
cases).
*Reversibility -Irreversible. -The reversibility depends on Rowland, L.P. et al., 2010; Hirano,

whether CNS is affected and on

the level of exposure and the
neurotoxic potency of the OP.

A. 1996; Abou-Donia M. B. &
Lapadula, D.M. 1990.

Genetic interaction

*PON1 polymorphisms

- Increase vulnerability to

-Individuals more vulnerable to

developing ALS.

OPs due to polymorphism-
mediated deficient
detoxification of OPs.

Ticozzi, N. et al., 2010; Saeed, M.
et al., 2006; Slowik, A. et al., 2006;
D’Amico, E. et al., 2013; Deakin,
S.P. & James, R.W.,, 2004.

Molecular mechanisms proposed

*Neuropathy target esterase (NTE)

-Not involved in ALS but
mutations cause
hereditary spastic
paraplegia (HSP),
disorder affecting
preferentially upper
motor neurons.

-Molecular target of OP leading
to OPIDN.

-OPIDN would only be initiated
when OP inhibit NTE at least
70%.

-Only OPs capable of
irreversibly modifying NTE by
transfer of R-group adducts
induce OPIDN.

Rainier, S. et al., 2008; Johnson,
M.K., Glynn P., 2001; Johnson,
M.K. & Lotti, M. 1980;
Richardson, R. J. et al., 2013.
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