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Abstract:

Organophosphorous compounds (OPs) are widely used in agriculture, industry and
the home. Though best known for their acute effects when used as pesticides, which
targetacetylcholinesterase (AChE) activity in neuromuscular junctions and the central
nervous system, not all OPs are potent inhibitors of this enzyme. The widespread
use of OPs has heightened concern regarding their toxicity in man, with numerous
reports linking OPs to various forms of delayed neuropathy encompassing a range
ofneurodegenerative, psychological and neurobehavioral effects. There is mounting
evidence to suggest that sub-acute levels of OPs have the ability to interact directly
with a range of target proteins in addition to AChE (i.e., noncholinergic targets),
causing major disruption of membrane and protein turnover, protein phosphorylation,
mitochondrial dysfunction, oxidative stress and cytoskeletal re-organisation, although
the mechanisms involved are not fully understood. However, major advances have
been made in the study of one OP binding protein neuropathy target esterase (NTE)
in terms of its true physiological role. Additionally, there is increasing evidence for
the ability of OPs to cause disruption in a number of metabolic and cell signalling
pathways that affect neuronal cell proliferation, differentiation and survival and to
interact direct with non-esterase proteins such as tubulin. The aim of this chapter is
to review our current understanding of delayed neurotoxicity, to discuss how these
molecular events may relate to each other and to suggest possible future directions
in mechanistic studies of OP toxicity.

INTRODUCTION

Organophosphorous compounds (OPs) have been widely used in agriculture (e.g., as
pesticides) and industry (e.g., as flame retardants and lubricants) over the past half century.!
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Figure 1. Generalised structure of commonly used organophosphorous compounds. Many of the
commercially used OPs comprise a pentavalent phosphorous atom linked via a double bond to an oxygen
atom (in organophosphates) or sulphur (organophosphorothioates). Groups R1 and R2 are typically
ethoxy or methoxy groups although other substituents are possible. The group labelled ‘X’ is an ester
linked aliphatic, homocyclic or heterocyclic arrangement and in some compounds (e.g., trichlorfon)
contains halogen groups. This is the most easily hydrolysed group and, as such, becomes the ‘leaving
group’ that is displaced when an OP binds covalently to the active site of AChE.

Figure 1 shows the general structure of commonly used OPs. A typical structure comprises a
pentavalent phosphorous atom linked by a double bond to either oxygen (organophosphate)
or a sulphur (organophosphorothioate) atom, with various possible combinations of aryl
and alkyl substituent groups ester-linked to phosphorous via the other 3 bonds.

Organophosphorous compounds are the most widely used group of pesticides, exerting
their acute toxicity via inhibition of acetylcholinesterase (AChE) in target organisms,
although OPs used as industrial lubricants, flame retardants, etc., are not all classed
as strong AChE inhibitors."* As exposure to many OPs can result in various forms of
neurotoxicity, their widespread use has fuelled concern over their potential toxicity in
humans, leading to the imposition of bans or restrictions on the use of some OPs in a
number of western countries over recent years.

One example is diazinon (Fig. 2), which is used in many countries as an agricultural
or domestic pesticide and is currently the only licensed sheep dip pesticide in the UK.?
Although diazinon was considered to be only moderately toxic based on LD, tests in
the rat,’ concern has been raised regarding the hazards posed by accidental exposure,
particularly in pesticide handlers and workers.” As a result of these concerns, diazinon is
now restricted or banned altogether in domestic pesticides in the USA, as an agricultural
insecticide in the European Union 9 (EC 2007) and for sheep dipping in Australia.®'?

A well studied form of delayed neurotoxicity is OP-induced delayed neuropathy
(OPIDN), the clinical symptoms of which occur 1-3 weeks following exposure to OPs
such as tricresyl phosphate.'*'> A major outbreak in the last century, referred to as ‘Ginger
Jake poisoning’, occurred in the USA during the 1930s when alcohol was prohibited. This
was found to have been caused by an alcohol-containing ‘remedy’ called Ginger Jake,
which had been adulterated with tricresyl phosphate (TCP), causing partial paralysis in
thousands of individuals.!®!” Some OPs used as pesticides have also been linked to the
induction of OPIDN, although in the case of chlorpyrifos and leptophos this required
exposure to very high acutely toxic doses and diazinon has been deemed as unlikely to
pose a significant risk of inducing OPIDN.?31820 Pesticides deemed to pose a significant
risk of inducing OPIDN have either been banned or restricted in use.'”* Although food
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Structures of typical organophosphates
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Figure 2. Structures of typical OPs. Shown are the chemical structures of some typical OPs discussed in
this chapter. In order to become potent inhibitors of AChE, the organophosphorothioates (e.g., diazinon,
chlorpyrifos and leptophos) require bioactivation to their ‘oxon’ derivatives (e.g., chlorpyrifosoxon) by
specific microsomal cytochrome P450s, as a result of which the sulphur atom is replaced by an oxygen atom.

adulteration with OPs such as TCP and cases of accidentally induced OPIDN by pesticides
are now thankfully very rare, OP pesticides are still in widespread use.

Furthermore, TCP is widely used in the aviation industry due to its flame retardant and
lubricant properties, with the ability to function as a lubricant at very high temperatures.
Thoughnot considered a strong AChE inhibitor, this OP is a potent inhibitor of neuropathy
target esterase (NTE) which, like AChE, is a member of the serine hydrolase family of
enzymes. This observation, together with the fact that strong inhibitors of AChE are often
weak inhibitors of NTE is consistent with the idea that individual OPs can interact with
a variety of serine hydrolases with different levels of efficacy.?**

TCP is, in fact, the compound of choice for studying OPIDN in animal models.!*®
It is used in the aviation industry as a fuel and hydraulic fluid additive but is also used as
a plasticiser, lubricant and flame retardant.?*?¢ Isomers of TCP (such as tri-ortho-cresyl
phosphate or TOCP) along with other components of aviation hydraulic fluids have been
detected in air cabins and cockpits on commercial and military aircraft.>**” As a result,
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OP poisoning has been tentatively implicated in the phenomenon of air cabin sickness.?
Although direct involvement of OPs in air cabin sickness is not yet proven, the symptoms
of air cabin sickness are similar to those caused by OP exposure.?® Furthermore, concern
has been raised about the validity of the methods of recording cockpit air quality and
performing laboratory experiments on hydraulic fuel OP toxicity.*

Commercial preparations of TCP contain a mixture of ortho-, para- and meta-isomers.
In response to the scientific evidence that the ortho- isomer of TOCP was the most potent
inducer of OPIDN, it was stipulated that the level of this isomer in aviation fluids should
be reduced to <1% of total TCP and the total TCP concentration to less than 3% of the total
volume.'*!*2 While the level of TCP in most cases falls within this range, it is possible
that toxicity of the TOCP component may be under estimated due to the presence of more
highly toxic mono- and di-orthocresyl variants.?>2 Furthermore, although recorded levels
of TOCP in cabin air are lower than the recommended maximum under normal flying
conditions, they are often within an order of magnitude of these limits.?** Moreover,
long term repeated exposure may be a problem for frequent fliers, predisposed individuals
and/or when serious leaks enter the air cabin environment.

In addition, exposure to other TCP isomers in hydraulic fluids and their potential to
interact with the ortho isomer in exerting a toxic effect may have been overlooked.??
Indeed, little is known about the toxicity of this compound in combination with other
isomers of TCP (TPCP and TMCP) and other OPs (e.g., triphenyl phosphate) present
in some aviation fluids.

Thus, despite restrictions on the use of a range of OPs, there remains a significant
public health concern since exposure to several of those still in use have been linked with
various forms of delayed neurotoxicity. 33143034

MECHANISMS OF ACUTE AND DELAYED NEUROTOXICITY OF OPs

The main neurotoxic effects reported from OP exposure in humans are:

*  Acute toxicity, which occurs within hours of exposure.

*  Organophosphate induced delayed neuropathy (OPIDN), which can occur up
to several weeks following exposure.

»  Chronic neurotoxicity including neurobehavioral and neurological deficits.

In addition, a number of OPs have been proposed to be developmental neurotoxicants
but time constraints limit this chapter mainly to a discussion of effects on the mature
nervous system. The first two phenomena listed above are the best understood and,
together with chronic neurotoxicity, will form the main focus of the rest of this chapter.
Although it is known that OPs can be used as nerve agents®* in chemical warfare the
review will focus on selected OPs used for beneficial purposes.

Acute Toxicity of OPs

Figure 1 shows the general structure of commonly used OPs. A typical structure
comprises a pentavalent phosphorous atom linked by a double bond to either oxygen
(organophosphate) or a sulphur (organophosphorothioate) atom, with various possible
combinations of aryl and alkyl substituent groups attached to phosphorous via the other
3 bonds.
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Table 1. Effects of receptor over-stimulation following acute exposure to OPs

Receptor System Affected Clinical Signs

Muscarinic receptors Bradycardia, bronchoconstriction, bronchorrhoea,
hypotension, increased gastrointestinal motility,
abdominal cramps, miosis and hypersalivation

Nicotinic receptors Hypertension, tachycardia, fibrillation,
fasciculation, striated muscle necrosis

Both central muscarinic Tremor, loss of movement co-ordination, seizures,

and nicotinic receptors central depression of respiration, coma, death

Organophosphorothioates such as chlorpyrifos and diazinon (Fig. 2) are commonly
used as insecticides, capitalising on their ability to potently inhibit acetylcholinesterase
(AChE) in target organisms. However, in order to become potent AChE inhibitors, such
OPs require bioactivation, which involves the replacement of sulphur by oxygen resulting
in the formation of an oxon derivative (Figs. 1 and 2). Over exposure to OPs in humans
canresultin the accumulation of acetylcholine (ACh) at neuromuscular junctions, causing
neuromuscular block and respiratory failure in extreme cases.*3? Although acute exposure
is relatively rare in humans, it can be followed by the development of various forms of
delayed neuropathology (discussed later).

The main consequence of acute exposure to OP pesticides and nerve gases is
the inhibition of AChE. This can lead to cholinergic crisis which is associated with
hyperstimulation of muscarinic and nicotinic ACh receptors and related clinical
effects (Table 1). If death is the result, this is usually caused by respiratory failure
and/or cardiac arrest. Figure 3 shows a schematic representation of the mechanism of
interaction of OPs with AChE. The OP binds irreversibly with the hydroxyl group in
the side chain of the serine residue at the active site of AChE. Levels of nerve AChE

ESTERASE INHIBITION BY OPs
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Figure 3. Mechanism of esterase inhibition by OPs. OPs bind covalently to an active site serine with
the loss of the group labelled ‘X’ in Figure 1.
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inhibition greater than approximately 70% will lead to the accumulation of ACh in
synaptic clefts at neuromuscular junctions, causing neuromuscular block and respiratory
failure in severe cases.

Current strategies for the treatment of acute OP toxicity include early interventions
using the anticholinergic agent atropine (to block muscarinic AChE receptor
activation), cholinergic re-activators (e.g., oximes) and anticonvulsant drugs such as
benzodiazepines.***” As organophosphorothioates can be degraded by serum paraoxonases
such as PONI, individuals lacking or carrying reduced levels this enzyme are more
susceptible to the delayed toxic effects of this group of agents.>* Thus, another potential
treatment is the injection of recombinant paraoxonase PON1, which is inactive or deficient
insome individuals.*® However, these treatments do not prevent the development of delayed
neurotoxicity, consistent with the possibility that delayed effects may be triggered by the
interaction of OPs with molecular targets other than AChE. Progress towards recovery
following acute exposure of humans to OPs can be followed by measuring AChE, butyryl
cholinesterase and neuropathy target esterase (NTE) activities in blood cells.!®3%4

OP-Induced Delayed Neuropathies (OPIDN)

OPIDN is a neurodegenerative condition that particularly affects nerves with long
fibre tracts in both the central and peripheral nervous systems. Some but not all OPs have
been found to induce OPIDN, which is characterised by delayed onset of an extended
period of ataxia and upper motor neurone spasticity arising from single or repeated
exposure to OPs.!-321-23:41

After exposure to OPs, apart from recognised cholinergic effects, no obvious
OPIDN-related clinical changes are observed for a period of at least a few days up to
several weeks. This is followed by the progressive development of symptoms outlined
in Table 2, though not all of these are seen or reach the same level of severity in all
patients due to a variety of reasons such as the chemical involved, the level, route
and frequency of exposure, inter-individual differences in susceptibly and whether
co-exposure to other toxins is involved.">*! After disease development there is normally

Table 2. Clinical effects observed in OPIDN

Early symptoms include cramp, burning and/or stinging
sensation in the calves and possibly the ankles or feet.
This may be followed by numbness and paraesthesia in
the legs and feet.

Weakness of the limbs develops and may later progress to
the hands and arms.

. When walking, the toes of both feet may drag on the floor
severity leading to a neuropathic ‘steppage gait’.

Symptoms may progress to abnormal balance and
deterioration of certain limb reflexes.

In severe cases a flaccid paralysis will eventually develop
and subjects may suffer bladder and bowel problems.

Any permanent CNS damage will become evident

during recovery, in the form of hyper reflexia, spastic gait
and increased motor tone.

Increasing




NEURODEGENERATIONS INDUCED BY ORGANOPHOSPHOROUS COMPOUNDS 195

a period of stabilisation during which the acquired level of paralysis persists; provided
that significant damage to the CNS has not occurred, this is followed by a gradual
recovery starting in the hands and arms. However, as the CNS is incapable of nerve
regeneration, if there has been significant CNS damage, neurological deficits may
persist for many years and in the most severe cases may be irreversible.”>*! Damage
to the CNS would be masked in the early stages of OPIDN due to the predominantly
peripheral neuropathic symptoms but would become apparent during recovery of
peripheral nerve function as hyper reflexia, abnormal motor tone and the development
of a spastic gait, in which the legs are kept close together and move rigidly with toes
dragging along the floor.*!

The risk of developing OPIDN following acute or repeated exposure to OPs can be
monitored by measuring NTE activity in the blood cell of pesticide workers and handlers,
or fromindividuals exposed to pesticides deliberately or accidentally.** A similar approach
in studies of NTE in animal models of OPIDN revealed the hen to be the most sensitive
species.*” The hen has therefore become the preferred model for screening purposes and
its use has led to the imposition of restrictions on the use of a number of OPs. Studies
on the hen confirmed that TOCP was a potent inducer of OPIDN and that OP pesticides
such as chlorpyrifos, leptophos and trichlorfon were also able to induce the condition but
only following exposure to much higher often acutely toxic doses. !4

Chronic Neurobehavioral, Cognitive and Developmental Neurotoxicity of OPs

A number of epidemiological studies have suggested that exposure to of adults
to acute or repeated sub acute levels of OPs can result in long term neurological and
neurobehavioral effects, affecting the CNS to a greater degree than the PNS. For example,
astudy on pesticide workers occupationally exposed to acute organophosphate pesticide
poisoning were found to show significant impairment in a range of WHO-approved
tests of behaviour and cognitive function.* A recent study on the effects of low level
exposure to diazinon in both retired and working sheep dippers showed that sub-acute
exposure was associated with increased risk of neurobehavioral dysfunction.* Sub acute
levels of chlorpyrifos were also found to affect cognitive skills of rats exposed during
weaning, raising concern about the risk of developmental effects of this pesticide.*’
This concern was further strengthened by epidemiological studies on children applying
pesticides to crops showing significant impairment in tests of neurobehavioral and
cognitive skills, the latter becoming worse at longer exposure times.**

As these types of lesion differ from both acute toxicity and OPIDN in that they
can last for many years during which central effects predominate, they have been
collectively referred to as OP-induced chronic neurotoxicity.>!* However, it should
be noted that the term encompasses a wide range of neurological and neurobehavioral
deficits resulting from the neurodegenerative effects of single acutely toxic or repeated
sub-acute doses of OP. Many of these conditions may reflect the interaction of OPs
with distinct molecular targets and/or the extent of cell death in specific populations
of neurons in the CNS and the level of maturity of the nervous system at the point
of exposure.

Typical symptoms and pathological lesions presented by affected individuals
are shown in Table 3. These effects have been observed to varying degrees in the
aforementioned studies on human and animal models of OP exposure. It is interesting
to note that many of these symptoms are also exhibited by individuals suffering
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Table 3. Clinical signs and pathological lesion observed in chromic OP-induced
neurotoxicity

Physical Headache, drowsiness, dizziness, fatigue, generalised
weakness and tremors

Cognitive Deficits in concentration, memory and cognitive ability

Behavioural Anxiety, apathy, confusion, restlessness, labile emotion,

lethargy, anorexia, insomnia, depression, irritability

from air cabin sickness, consistent with the possibility that the latter is due at least
in part to OP exposure. As indicated earlier, the neuropathic OP of greatest concern
has been the ortho isomer of tricresyl phosphate due its potent ability to induce
OPIDN."*!* Although this isomer is now kept to a minimum level in aviation oils,
there are several other OPs in aviation fluids.?*2¢ It is therefore clear that the ability
of all aviation fluid OPs to individually or collectively induce chronic neurotoxicity
needs to be investigated.

MOLECULAR TARGETS OF OPs

The fact that exposure to sub-acute levels of OPs can result in neurotoxicity
supports the view that the a range of delayed neuropathic effects are due at least in part
to the interaction of OPs with molecular targets other than AChE, such as other serine
hydrolases.* In this section of the chapter we will discuss evidence to support the view
that OPs have noncholinergic targets, linking these conditions to OP exposure and outline
some potential future directions for research.

NEUROPATHY TARGET ESTERASE (NTE)

The primary target of OPs that induce OPIDN is considered to be NTE.2!-23:505!
OPIDN inducers are far more potent inhibitors of NTE than they are of AChE,*
which has formed the basis of OP screening methods using the hen model. Returning
to Figure 3, if the esterase is NTE and aging occurs after binding to the active site
serine residue the inhibition becomes irreversible and OPIDN will occur. Only those
OPs able to induce aging of NTE, which involves increased negative charge at the
active site,?!"2*%° can induce OPIDN. The fact that NTE can be inhibited significantly
by non-aging OPs with no apparent effect on neural function implies that the esterase
activity per se may not be essential for neural function.

Major advances in recent years led to the cloning of NTE gene and sequencing of
protein and the use of recombinant NTE in a number of biochemical studies.*®*3!5* Such
studies have shown that NTE is a membrane associated protein located mainly in the
SER capable of forming an ion channel when reconstituted in artificial phospholipid
vesicles.* Of particular interest is the fact that only neuropathic OPs (i.e., those that
induce aging of NTE) were able to block ion conductance in vitro suggesting that this
potential role of NTE may be impaired in OPIDN.* The catalytic domain resides in
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the C terminal region and the amino terminal region contains regulatory domains that,
coupled with membrane association, are required for optimal esterase activity.>>>¢ In
addition toits well established OP-sensitive esterase activity,?'"> NTE has also been found
to act as a lipid hydrolase acting on phosphatidylcholine as a substrate,’*’” suggesting
that it may play a role in the regulation of phospholipid turnover in cell membranes.

The NTE gene sequence was found to be similar to that of Swiss Cheese (SWS)
protein in Drosophila melanogaster; when the SWS gene was mutated it resulted in
the development of a central neuropathy.*® Deletion of the same gene in the mouse
resulted in a similar neuropathy to that observed in Drosophila.*® This neurodegenerative
condition involved glial hyper wrapping and neuronal apoptotic cell death in large areas
of the brain, indicating an essential role for NTE and similar proteins in neuronal glial
interactions important in nervous system function.’® Further studies on Drosophila
suggested that the neuropathy was accompanied by significant inhibition of the lipid
hydrolase activity exhibited by NTE,® suggesting that disruption of phospholipid
homeostasis was a major factor in the development of the neuropathy. It remains to
be established whether the same occurs in OPIDN which, as discussed earlier, affects
primarily the peripheral nervous system.

Interestingly, it was found that NTE and SWS were more closely related than NTE
was to the serine hydrolase family, containing a common highly conserved domain
present throughout phylogeny.’' As indicated earlier, doubt has been cast as to the
importance of the classical esterase activity of NTE in adults as non-NTE aging OPs can
inhibit NTE significantly without inducing OPIDN.?'*#* Glynn proposed that inhibition
and aging of NTE might have an effect on another NTE related function such as lipid
hydrolysis or ion channel activity NTE or by causing a change in function of NTE by
affecting its interaction with other macromolecules,’! which would seem to be borne out
by the SWS studies outlined above. The importance of NTE per se in nerve function was
further emphasized by the discovery of NTE mutants with disrupted esterase activity
associated with motor neurone disease,®*** consistent with mounting evidence that NTE
plays a vital role in the maintenance of neurons in adult mammals.%4%

A number of cellular studies have been performed in differentiating cell lines to
determine the role of NTE in neuronal cell differentiation. Exposure of differentiating
mouse N2a neuroblastoma cells to the OPIDN inducing OP phenyl saligenin phosphate
(PSP: An analogue of the neuropathic metabolite of TOCP), resulted in reduced
outgrowth of axon-like processes in association with complete inhibition of NTE.
A weak inducer of OPIDN chlorpyrifos was also found to inhibit neurite outgrowth
and NTE in the same cellular system.®” The observation that knock down of NTE in
differentiating SH-SYS5Y cells had no effect on the extent of neurite outgrowth but that
moderately increased expression could increase the rate of outgrowth suggested that the
enzyme may play a subtle regulatory role but also that other targets may be involved in
the ability of OPs to inhibit neurite outgrowth.®®% Furthermore the increased expression
of NTE caused mitotic arrest in a kidney cell line but had no effect on proliferation in
human SH-SY5Y neuroblastoma cells suggesting that it may be the ability to regulate
cell proliferation in certain cell types.” Further work is warranted in coculture systems
to reflect the neuronal-glial interactions that occur in vivo more closely. Nevertheless,
one of the implications of the results from manipulated NTE expression studies is that
other targets may be involved in the neuropathic effects of NTE, some of which are
discussed in the following section.
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OTHER POTENTIAL MOLECULAR TARGETS OF ORGANOPHOSPHATES
Cytoskeletal Proteins

In early ex vivo biochemical studies of cytoskeletal enriched extracts from
hens induced to exhibit OPIDN, it was found that TOCP exposure was associated
with hyperphosphorylation of cytoskeletal proteins.!*’! Histopathological studies
in TOCP treated hens confirmed the presence of abnormal aggregations of highly
phosphorylated neurofilament heavy chain (NFH) prior to the onset for clinical signs
of OPIDN.”>7 Inhibition of neurite outgrowth in differentiating N2a cells by phenyl
saligerim phosphate (PSP) was also found to be associated with a transient increase in
neurofilament phosphorylation again suggesting that disruption of cytoskeletal protein
phosphorylation is a key event in OP-induced neurotoxicity.® However, the relationship
(if any) between these changes and NTE inhibition remains to be established.

One explanation for the altered phosphorylation status of neurofilaments could be
the activation of calmodulin kinase as suggested in one study.” However, PSP exposure
in differentiating N2a cells was also found to cause increased activity of the mitogen
activated protein (MEP) kinase MAP kinase ERK1/2 for which NFH is a substrate,”
suggesting that this agent was able to affect cytoskeletal integrity by disruption of
signalling pathways associated with neuronal cell differentiation and survival.®¢”
However, not all neurite inhibitory OPs appear to induce NFH hyperphosphorylation
as this effect was not observed in chlorpyrifos- or leptophos-treated differentiating N2a
cells.®”7 Further work would help to determine whether increased ERK activation is an
effect limited to strong inducers of OPIDN. Further evidence that OPs can disturb the
phosphorylation status and/or organisation of cytoskeletal proteins was obtained in a
cellular study of the effects of diazinon on neurite outgrowth.” Neurite inhibition was
associated with increased levels and phosphorylation of the actin binding protein cofilin
which regulates the dynamic properties of the microfilament network and decreased
staining of neurites with anti actin antibodies suggesting a reduction in the level of actin
polymer in OP treated cells. Microfilament disruption was also observed in a study on
human neuroblastoma cells though distinct OPs were found to affect microfilament
levels differently, again suggesting that not all OPs act in exactly the same way.”

Proteolytic Enzymes

One consequence of Wallerian degeneration is the influx of extracellular Ca*
leading to the activation of calcium dependent enzymes such as the protease calpain.
The finding that symptoms of OPIDN could be blocked by Ca** channel blockers,”
and that calpain is activated at an early stage in TOCP treated hens,* supports the view
that calpain-mediated proteolysis of cytoskeletal proteins such as neurofilaments is
an early event in OPIDN and may explain the consistent pattern of reduced levels of
neurofilament heavy chain observed in cellular and animal models exposed to a range
of OPs.6¢678081 However one study observed reduced calpain activity concomitant
with cytoskeletal protein degradation in hens treated with the OPIDN inducer
diisopropylphosphorofluoridate (DFP) suggesting that other proteases may be activated
by some OPs to induce axonal degeneration.®?> One should not lose site of the fact
that one of the major pathways of proteolytic processing known to be essential for
neuronal form and function, the ubiquitin dependent pathway, includes a number of
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serine hydrolase activities that could be targetted by OPs.®* The fact that this system
is disrupted in a number of neurodegenerative disorders involving abnormal protein
aggregation,® and the presence of abnormal NFH aggregation in cellular and animal
model of OP exposure,®’>738! suggests that proteasomes might be a potential target
of OPs. Further work to determine the effect of OPs on the mechanisms of protein
turnover in axons would therefore be of value.

Mitochondria

Several studies have suggested that OP exposure can result in structural changes
and impairment in the activity of a range of key mitochondrial enzyme activities
such as succinate dehydrogenase, NADH dehydrogenase and cytochrome oxidase.®
Other studies have suggested that OPs can disrupt energy metabolism, mitochondrial
membrane organisation and respiratory activity, leading to apoptotic cell death in
cultured neurons.®* Some OPs also showed the ability to cause major disruption to the
mitochondrial transmembrane potential, a good indicator of mitochondrial well being.3¢
Major disruption of mitochondrial energy metabolism could lead to the reduction in
cellular ATP levels that might be the trigger for many OP related effects in the rest of
the cell including apoptosis and oxidative stress.?” OPs also induced major changes in
mitochondrial ultrastructure prior to cell death in lumbar spinal neurons, again suggesting
that major disruption of mitochondria can occur at an early stage of OPIDN.* Taken
together these and other studies indicate that mitochondria are targetted at least by some
OPs. Further analysis of the mitochondrial proteome might help to further establish
the nature of OP effects on mitochondrial function and how this relates to the various
types of OP related toxicity.

OTHER POTENTIAL ‘NON-ESTERASE’ OP BINDING PROTEINS

Despite the well held view that OPs bind selectively to a motif in the active site of
AChE, NTE and/or other serine hydrolases, there is increasing evidence to suggest that
other proteins may interact directly with some OPs. It has been suggested that tyrosine
and lysine residues on such proteins may provide alternative OP binding sites and that
this may be relevant to the numerous proteins (e.g., of the neuronal cytoskeleton) that
exhibit altered phosphorylation status.®® A mass spectrometry approach was used to
detect binding of chlorpyrifosoxon, dichlorvos, diisopropylfluorophosphate (DFP)
and sarin to human serum albumin, suggesting that this approach could form the basis
of a prognostic test of the response to exposure.”” A similar outcome was found for
human transferrin.”!

Chlorpyrifosoxon disrupts microtubules in vivo and was shown to have a direct
effect on microtubule proteins by preventing their ability to polymerise in vitro. Further
analysis by mass spectrometry demonstrated the covalent interaction of chlorpyrifos
with tyrosine residues in tubulin, the core protein of microtubules.”** This may
represent one of the ways in which OPs differ in the specific lesions they produce and
could indicate a role for such interactions in the chronic or developmental effects of
this particular OP. Further proteomic analysis of OP treated cells and organisms will
no doubt reveal other potential targets of OPs and help to establish the way in which
different OPs affect neural form and function.
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CONCLUSION

Organophosphorus esters are capable of inducing acute toxicity by inhibition of AChE
and cause various forms of delayed toxicity by interacting with a variety of noncholinergic
targets which have not yet been fully characterised. Exactly what molecular changes
underlie these various forms of neurotoxicity is not fully understood but a proposed scheme
for the mechanism(s) of toxicity is presented in Figure 4, bearing in mind that the exact
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Figure 4. Noncholinergic pathways of OP toxicity. Shown is a schematic representation of the possible
inter relationships between the different primary targets and pathways affected by sub-acute exposure
to OPs. Binding to NTE may affect both its putative channel role in the endoplasmic reticulum and its
lipid hydrolase activity, causing disruption of membranes with potential Ca** release, membrane cleavage
and/or cell death, in addition to as yet unidentified roles. OPs may also cause ATP depletion, oxidative
stress and/or induce apoptosis via mitochondrial impairment. If lipid peroxidation is significant this
could contribute to the membrane disruption mentioned earlier while protein oxidation may result in
altered protein function and/or turnover by causing mis-folding, which could in turn affect the ability
of the ubiquitin-dependent proteasomal pathway of protein degradation, which may also be impaired by
ATP depletion. The latter would also start to affect metabolic pathways and a range of ATP dependent
processes such as axonal transport, which is essential for nerve maintenance and regeneration. Binding
of OPs to non-esterase targets may induce cytoskeletal disruption (e.g., in the case of chlorpyrifosoxon
binding to tubulin and a range of other effects yet to be determined. The exact mechanism will always
depend on the specific OP(s), the level and duration of exposure.
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effects will depend OP structure, targets affected, route, level and duration of exposure
and inter individual variation. The neurodegenerative condition OPIDN is induced up to
several weeks after exposure and is preceded by a number of molecular lesions including

in

hibition (and aging) of NTE and disruption of the organisation and/or phosphorylation

status of cytoskeletal proteins important in the growth and maintenance of axons. NTE

is
m

now known to have a range of important esterase and non-esterase functions and
ay play a regulatory role in axon maintenance. Recent developments suggest that a

number of other proteins such as transferrin, albumin and tubulin are capable of binding
certain OPs in tyrosine residues, breaking the myth that an active site serine was the only

m

otif available. Further work on NTE functions and the characterisation of novel OP

targets and their role in toxicity will help to establish the molecular basis of OP-induced
neurodegeneration more fully.
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