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Abstract

Organophosphorus (OP) nerve agents and pesticides inhibit acetylcholinesterase (AChE), and this
is thought to be a primary mechanism mediating the neurotoxicity of these compounds. However,
anumber of observations suggest that mechanisms other than or in addition to AChE inhibition
contribute to OP neurotoxicity. Thereis significant experimental evidence that acute OP
intoxication elicits arobust inflammatory response, and emerging evidence suggests that chronic
repeated low-level OP exposure also upregulates inflammatory mediators. A critical question that
isjust beginning to be addressed experimentally is the pathophysiologic relevance of
inflammation in either acute or chronic OP intoxication. The goal of thisarticle isto provide a
brief review of the current status of our knowledge linking inflammation to OP intoxication, and
to discuss the implications of these findings in the context of therapeutic and diagnostic
approaches to OP neurotoxicity.
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1.0 Introduction

Organophosphorus (OP) nerve agents and pesticides inhibit acetylcholinesterase (AChE),
and this activity iswidely accepted as a primary mechanism underlying the neurotoxicity of
these compounds. AChE inhibition increases acetylcholine in cholinergic synapses resulting
initially in overstimulation of nicotinic and muscarinic receptors followed by receptor
downregulation. Acute cholinergic toxicity (OP poisoning) is thought to be mediated by
overstimulation of receptors secondary to AChE inhibition, resulting in peripheral
parasympathomimetic effects as well as seizures and respiratory arrest; whereasit is
hypothesized that chronic OP neurotoxicity is mediated in part by receptor downregulation
(Costa, 2006, Echbichon and Joy, 1995). However, a number of observations suggest that
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OP neurotoxicity is not due entirely to perturbations of cholinergic systems. For example,
different OPs have different effects despite similar changesin AChE activity and other
cholinergic markers (Bushnell and Moser, 2006, Jett and Lein, 2006, Pope et al., 2005,
Pope, 1999), and AChE knockout mice exhibit symptoms of neurotoxicity comparable to
those observed in wildtype mice following OP exposure (Duysen et al., 2001). There are
also reports in the human and animal literature that OP neurotoxicity, particularly in
response to chronic OP exposure, occurs in the absence of cholinesterase (ChE) inhibition
(Abou-Donia, 2003, Costa, 2006, Kamel and Hoppin, 2004). For example, studies of
humans with occupational exposures to OPs have consistently failed to find a significant
association between blood cholinesterase activity and neurobehavioral deficits (Rohiman et
al., 2011). A review of the anima literature presents a more complicated picture. In general,
the most significant and prolonged motor effects are obtained following OP exposures that
markedly inhibit brain ChE activity; however, cognitive deficits are not as clearly correlated
with ChE inhibition (Bushnell and Moser, 2006). Considered together, these observations
suggest that mechanisms in addition to or other than AChE inhibition mediate OP
neurotoxicity. This conclusion has significant implications for the development of effective
medical countermeasures for OP neurotoxicity and the use of AChE inhibition asa
predictive or diagnostic biomarker of OP-induced neurotoxicity.

Of the various alternative molecular targets and mechanisms proposed to mediate OP-
neurotoxicity (Casida and Quistad, 2005, Hernandez et al., 2004, Jett and Lein, 2006,
Lockridge and Schopfer, 2010, Pancetti et al., 2007, Soltaninejad and Abdollahi, 2009),
inflammation is of interest because of evidence suggesting that anti-inflammatory agents are
neuroprotective following acute intoxication with OP nerve agents (Amitai et al., 2006) and
because of the availability of experimentally validated quantitative peripheral biomarkers of
inflammation that correlate well with neurobehavioral deficits observed consequent to
neurodegenerative disease (Dziedzic, 2006, Mrak and Griffin, 2005). In this review, we will
provide an overview of experimental evidence that links inflammation to acute and chronic
OP intoxication, discuss mechanisms by which OPs may elicit inflammatory response and
the potential pathophysiologic consequences of inflammation in the context of OP toxicity,
and finally suggest how information regarding OP-induced inflammation may provide
insight regarding novel therapeutic strategies for mitigating the neural damage consequent to
OP intoxication.

2.0 Overview of inflammation

Inflammation is the natural response of the immune system to injury or infection. The
inflammatory response is initiated via activation of macrophages in the periphery and
microglia and/or astrocytes in the central nervous system (CNS), which leads to the release
of proinflammatory mediators, such as cytokines. These compounds induce the dilation of
blood vessels to promote migration of leukocytes, typically neutrophils, to the area of injury.
Neutrophils and macrophages induce apoptosis of cellular targets via the release of nitric
oxide and reactive oxygen species (ROS), and macrophages subsequently clear apoptotic
cells via phagocytosis (Duffield, 2003).

Theinflammatory response is essential in maintaining homeostasis, but has the potential to
cause deleterious effectsif not tightly controlled (Hanisch and Kettenmann, 2007).
Overproduction of proinflammatory cytokines and excessive inflammation is characteristic
of many degenerative diseases (Blasko et al., 2004, Eikelenboom et al., 1998, Whitton,
2007), and can lead to systemic shock and sepsis. Anti-inflammatory mediators, such asthe
cytokinesinterleukin-10 (IL-10) and interleukin-4 (I1L-4), transforming growth factor B
(TGF B), and interleukin-1 (IL-1) receptor antagonists, in addition to neuroendocrine
pathways, such as the hypothal amic-pituitary-adrenal (HPA) axis and the sympathetic
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nervous system, serve to regulate the inflammatory response (Elenkov et al., 2000, Paviov et
al., 2003, Turnbull and Rivier, 1999, Webster et a., 2002). A more recently discovered
pathway, termed the cholinergic anti-inflammatory pathway (CAP) is a parasympathetic
pathway designed to reduce inflammatory responses viathe activity of the vagus nerve
(Figure 1). Thiswas first reported by Borovikova and colleagues (Borovikovaet al., 2000)
who demonstrated that acetylcholine suppresses inflammatory cytokine release from
lipopolysaccharide (L PS)-treated human macrophage cultures, and that this activity is
mediated by a.7-nicotinic acetylcholine receptors. Vagotomy in rats increases tumor necrosis
factor a (TNFa) levelsin serum and liver, suggesting efferent vagus nerve signaling is
crucia for reduction of inflammatory cytokine production (Borovikovaet a., 2000).
Stimulation of the efferent vagus nerve induces acetylcholine release, which bindsto a.7-
nNAChRs on macrophages to inhibit NF-xB nuclear translocation and proinflammatory
cytokine release (Pavlov and Tracey, 2006). Additionally, activation of central muscarinic
receptors (M1 and M2) in rats contributes to the reduction of serum TNFa levels during
LPS-induced inflammation (Pavlov et al., 2006).

Evidence of the pathophysiologic relevance of the cholinergic anti-inflammatory pathway is
emerging from studies of the therapeutic efficacy of anticholinergic agents as anti-
inflammatory agents. For example, the AChE inhibitor galantamine has been reported to
reduce levels of LPS-induced TNFa in plasmaand serum (Liu et al., 2010, Pavlov et al.,
2009). This anti-inflammatory response appears to involve activation of CAP, since
vagotomy and non-functional a.7-nicotinic AChRs abolish the anti-inflammatory effects of
galantamine (Liu, Ma, 2010, Pavlov, Parrish, 2009). Additionally, treatment with atropine
sulfate (which crosses the blood brain barrier) reverses the effects of galantamine on serum
TNFa levels, suggesting the importance of central muscarinic AChRs in this pathway
(Pavlov, Parrish, 2009). Further evidence of the role of CAP in modulating inflammatory
responses is provided by arecent report that the anti-cholinergic agent donepezil decreases
LPS-induced TNFa and interleukin-1p (IL-1B) inrat brains and this anti-inflammatory
effect is diminished by administration of an a7-nAChR antagonist (Tyagi et a., 2010).
Thereis also substantial evidence that direct activation of a7 receptors with selective
agonists activates CAP and attenuates inflammatory processes (Bencherif et al., 2011). For
example, the a7-selective agonist GTS-21 reduces LPS-induced TNFa and IL-1p levelsin
human whole blood and monocytes (Rosas-Ballina et al., 2009). GTS-21 also blocks TNFa
release in mouse alveolar macrophages (Giebelen et al., 2007). Nicotine prevents microglial
activation and reduces LPS-induced TNFa inrat brain (Park et a., 2007), and inhibits
cytokine production by synovial tissue within joints (van Maanen et al., 2009).

Increasing evidence suggests that OPs modul ate these inflammatory responses. Table 1
provides a summary of the main effects of OPs on inflammation. However, the
inflammatory response profile is variable, depending in part on the OP, the exposure
scenario, and when after exposure inflammation is assessed. Details of the inflammatory
responses identified following acute or chronic OP intoxication are discussed in the
following sections.

3.0 Acute OP intoxication is associated with increased inflammation

One of theinitial indicators that OPs may initiate an inflammatory response was evidence
linking acute OP intoxication to the activation of microglia and astrocytes. Microgliaare
considered the immune cells of the brain in that they have the capability to respond to
infection or injury in the CNS (Hanisch and Kettenmann, 2007, Kreutzberg, 1996).
Microglial activation in response to neuronal insult is quite rapid (Stence et al., 2001), and
activated microglia are characterized by cellular hypertrophy with fewer, thicker processes
extending from the cell body. Activated microglia release chemokines and proinflammatory
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cytokines (Benveniste, 1998, Feuerstein et a., 1997) which may either protect or damage the
CNS (Duffield, 2003), and have been implicated in many neurodegenerative disorders
(Block and Hong, 2005, Mrak and Griffin, 2005, 2007, Sheng et a., 1996). Microglial-
derived cytokines can activate astrocytes (Kaminska et al., 2009), which are similarly
characterized by hypertrophy of cell bodies and processes in addition to upregulated
expression of glial fibrillary acidic protein (GFAP) (Eng et a., 2000). Activated astrocytes
produce proinflammatory cytokines (Benveniste, 1998), which have been implicated in the
promotion of neuroinflammation. GFAP is often used as a marker of inflammation because
it typically precedes neuronal damage (Dell'Annaet a., 1995), and is readily detectable /n
vivoand in vitro(Monnet-Tschudi et al., 2007). Acute intoxication by OP nerve agents has
been linked to activation of glial cellsin rodent models. Acute soman intoxication
upregulates GFAP expression and activates microgliain many regions of the brain,
including the hippocampus, amygdala, lateral septum, piriform cortex and entorhinal cortex
(Angoa-Perez et d., 2010, Baille-Le Crom et al., 1995, Collombet et a., 20058, Zimmer et
al., 1997), and sarin upregulates GFAP mRNA in the cortex, cerebellum, midbrain, spinal
cord, and brainstem of acutely intoxicated rats (Damodaran et al., 2002, Damodaran et al.,
2006). Interestingly, soman induces a delayed overexpression of GFAP in the medial and
lateral septum and hippocampus of mice 3 days after exposure, and levels remain elevated at
30 days (Collombet, Four, 2005a). It is probable that at |east a subset of OP pesticides
similarly trigger an inflammatory response based on reports that acute exposure to the OP
pesticide parathion elevates GFAP immunoreactivity in both immature and differentiated
cellsin aggregating brain cultures (Zurich et a., 2000). However, the available evidence
suggests that spatiotemporal patterns of glia activation vary between different OPs even
when administered at doses that cause comparable levels of AChE inhibition. Thus, the OP
diisopropylfluorophosphate (DFP) initially decreases GFAP expression in the cerebrum,
cerebellum, brainstem, and spinal cord of hens, but is subsequently upregulated 5-20 days
after exposure in the cerebrum (Damodaran and Abou-Donia, 2000).

3.1. Cytokines upregulated by acute OP intoxication

A major hallmark of the inflammatory response is the release of cytokines and chemokines
from activated macrophages. Cytokines possess a diverse array of functions, including the
ability to activate macrophages, promote leukocyte recruitment, stimulate B-cell and T-cell
differentiation, increase vascular permeability and upregulate major histocompatibility
complex (MHC) antigen expression (Benveniste, 1998, Feuerstein, Wang, 1997).
Chemokines act as chemotactic molecules that attract leukocytes to the site of injury. Acute
intoxication with OP nerve agents can directly increase secretion of proinflammatory
cytokines and chemokines. Transcript and protein levels of the proinflammatory cytokines
TNFa, IL-1B, and interleukin-6 (IL-6) are elevated in the hippocampus, piriform cortex and
thalamus of rats and mice following acute soman exposure (Dhote et al., 2007, Dillman et
al., 2009, Johnson and Kan, 2010, Svensson et a., 2001, Williams et al., 2003). Sarin acts
similarly to soman, increasing levels of TNFa, IL-1f, and IL-6 in the cortex and
hippocampus of rats. Cytokine levels return to control values 1-2 days after exposure, but a
second increase in cytokine levelsis observed in a subset of rats 30 days after exposure,
indicating that inflammation can persist long after the initial exposure (Chapman et a.,
2006).

OP nerve agents and pesticides also modul ate neuroinflammatory responses. Soman induces
the upregulation of genes important for cytokine signaling and neutrophil migration (Dhote,
Peinnequin, 2007, Williams, Berti, 2003), including suppressor of cytokine stimulating-3
(SOCS3), which negatively regulates cytokine signaling (Croker et al., 2003, Fujimoto and
Naka, 2003), as well as intercellular adhesion molecule-1 (ICAM1), vascular cell adhesion
molecule-1 (VCAM1) and endothelial leukocyte adhesion molecule-1 (E-selectin), which
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mediate the binding of leukocytes to endothelia cells during extravasation of leukocytes
from blood vessels into affected tissues (Frijns and Kappelle, 2002). Soman increases
protein levels of the chemokines C-X-C motif ligand-1 (CXCL 1) and macrophage
inflammatory protein-1a (MIP-1a) in the hippocampus, piriform cortex, and thalamus
(Johnson et ., 2011). CXCL1 and MIP-1a guide neutrophils to damaged tissues
(Appelberg, 1992, Shaftel et al., 2007), and activate granulocytes (Rot et al., 1992) which
promote the initiation of neuroinflammatory responses via the generation of
proinflammatory cytokines. Interestingly, sarin aso upregulates gene expression of IL-10,
an anti-inflammatory cytokine (Damodaran, Greenfield, 2006). An acute dose of the OP
pesticide acephate prior to injury reduces immune cell counts and blocks stimulatory effects
of IL-1 onimmune cells, which may lead to a decreased ability to combat infection or
injury. Additionally, acephate exposure concurrent with injury increases neutrophil counts
and enhances the acute-phase response, which may exacerbate cytokine toxicity (Singh and
Jiang, 2002). The pesticide chlorpyrifos has been reported to modulate IL-6 and TNFa/NF-
xB signaling pathways by downregulating genes that encode signaling moleculesin these
pathways (Stapleton and Chan, 2009).

It isinteresting that acute OP intoxication increases both expression of cytokines that
propagate the inflammatory response (TNFa, IL-1f, and I1L-6), and molecules that are
typically considered to be anti-inflammatory (IL-10 and SOCS3). It remainsto be
determined whether OPs directly induce anti-inflammatory molecules, or whether
proinflammatory cytokines secreted from microgliaand glial cells trigger upregulation of
anti-inflammatory cytokines indirectly via negative feedback mechanisms that maintain
homeostasis.

3.2. Prostaglandins and isoprostanoids associated with acute OP intoxication

Prostaglandins (PG) are lipid-derived compounds produced by fatty acid oxidation. They are
synthesized by cyclooxygenase (COX) enzymes following arachidonic acid liberation from
the plasma membrane by phospholipases (Ricciotti and FitzGerald, 2011). Prostaglandin E2
(PGE2) isintimately connected with inflammation, and possesses a wide variety of
functions that include modulation of vascular permeability and blood flow, and induction of
hyperalgesia (Ricciotti and FitzGerald, 2011). | soprostanoids, such as F2-isoprostanes (F2-
IsoPs) and neuron-specific F4-neuroprostanes (F4-NeuroPs), are prostaglandin-like
compounds derived from lipid peroxidation of arachidonic acid, and these are commonly
used as biomarkers of oxidative stress (Milatovic et al., 2006). F2-1SoPs are potent
vasoconstrictors (Cracowski et al., 2001, Kromer and Tippins, 1996), and are generally
considered to be proinflammatory products of oxidative stress, since they are linked to
inflammatory conditions, such as sepsis, asthma, atherosclerosis, and rheumatic disease
(Basu, 2010). I soprostanes enhance neutrophil adhesion to endothelial cells (Zahler and
Becker, 1999), and may potentiate the inflammatory response viaincreased neutrophil
activity.

There are numerous reports of increased prostaglandin production following acute OP
intoxication. Acutely intoxicating doses of sarin decrease PGE2 receptor transcripts in the
brain (Damodaran, Greenfield, 2006) coincident with elevated PGE2 protein levelsin the
cortex and hippocampus of rats (Chapman, Kadar, 2006, Grauer et a., 2008); interestingly,
the duration of increased PGE2 appearsto vary with route of exposure. Additionaly, a
secondary increase in prostaglandins is observed 1-6 months after acute intoxication with
OP nerve agents. Sarin vapor also increases prostaglandin and eosinophil levelsin the
bronchoalveolar lavage of guinea pigs (Levy et al., 2004). Soman increases inducible
cyclooxygenase-2 (COX-2) expression in neurons of the rat hippocampus, piriform cortex
and amygdala (Angoa-Perez, Kreipke, 2010), which is consistent with an increase in PG
synthesis. Interestingly, pretreatment with PGE2 prior to soman exposure reduces toxicity
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and delays the onset of seizure activity by reducing the rate of AChE inactivationin the
brain (Lundy and Frew, 1984). The authors postulated that pretreatment with PGE2
modul ates the central effects of soman by reducing cerebral blood flow, which in turn
reduces soman uptake in the brain.

Acute OP intoxication also stimulates isoprostanoid production. A single acute dose of DFP
elevates both F2-1soPs and F4-NeuroPs in the rat brain (Zaja-Milatovic et al., 2009). This
response is not unique to OPs since increased isoprostanoids are observed following
treatment with other anticholinesterase agents, such as the carbamate pesticide carbofuran
(Milatovic, Gupta, 2006), suggesting that increased levels of isoprostanoids may be a
conseguence of acute AChE inhibition and/or OP-induced seizures. Treatment with
antioxidants or the N-methyl D-aspartate (NMDA) receptor antagonist memantine attenuates
isoprostanoid elevation, indicating that oxidative stress and/or excitotoxicity are also
involved in OP-induced lipid peroxidation.

3.3 OP-induced anaphylaxis

OP-induced cholinergic crisis is often accompanied by toxicity induced by noncholinergic
mechanisms, including anaphylactic shock (Cowan et a., 1996). OP-induced anaphylaxisis
induced by autacoids, such as histamine and platel et activating factor (PAF), and serine
proteases (Cowan, Shih, 1996). Activation and degranulation of mast cells and basophils
release histamine, cytokines (TNFa), el cosanoids (prostaglandin D2 and leukotriene C4),
and other mediators into the extracellular environment which sets the devel opment of
anaphylaxis. Histamine released from mast cells binds to H1 histamine receptors to increase
capillary permeability and initiate vasodilation and inflammatory responses. Histamine also
binds to H2 histamine receptors to regulate the immune response. This includes the
stimulation of cytokine IL-6 and IL-10 production, and the inhibition of interferon-y
(IFN7y), interleukin-12 (IL-12) and TNFa in various cell types (Elenkov et al., 2005). PAF
also contributes to the inflammatory response by promoting vasodilation, aggregation and
chemotaxis of leukocytes, and endothelial cell permeability (Pennaet al., 2011).

There is substantial evidence that at least some OPs induce anaphylaxis via the rel ease of
autacoids from mast cells. Soman exposure induces dose-dependent mast cell degranulation
inrats (Doebler et a., 1985), and induces a cal cium-dependent release of histamine from rat
peritoneal mast cells (Newball et al., 1986). Sarin vapor elevates histamine levelsin
bronchoalveolar lavage of guinea pigs (Levy, Chapman, 2004). Oral exposure to malathion
increases macrophage function, measured by respiratory burst activity of peritoneal
macrophages in mice (Rodgers and Ellefson, 1992, Rodgers and Ellefson, 1990b) and

mal athion-induced macrophage activity isinfluenced by inflammatory mediators released
from mast cells (Rodgers and Xiong, 1996, 1997&). Mal athion metabolites also induce
histamine release from basophils and peritoneal mast cells (Xiong and Rodgers, 1997).
Antihistamines are anti-inflammatory agents that act by preventing histamine release from
mast cells and/or stabilizing histamine receptorsin an inactive conformation. Additionally,
antihistamines inhibit expression of adhesion molecules (ICAM-1), prevent prostaglandin
release, and regulate cytokine release from T lymphocytes and epithelial cells (Nettiset al.,
2005). It is unknown whether antihistamines would attenuate OP-induced toxicity, but these
observations suggest that victims may benefit from their anti-inflammatory properties.

3.4 Acute OP intoxication causes inflammation in peripheral tissues

Inflammation in response to OP exposure is not restricted to the CNS, but has also been
detected in cardiac and pancreatic tissue following acute OP intoxication. An examination of
hearts from 13 patients who died as a result of OP poisoning revealed myocarditis,
pericarditis, and interstitial inflammation and edema, among other histopathological findings
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(Anand et a., 2009). Myocarditis has been documented in other cases of acute OP
intoxication (Chharba et al., 1970, Dalvi et al., 1986) and appears to be a prominent
symptom of OP poisoning. Pulmonary edema, which may have been caused by myocarditis,
was seen in necropsy of individuals poisoned by OPs (Limaye, 1966). The OP pesticide
fenthion induces inflammation, edema, vacuolization, and necrosisin myocardial tissue, and
these features are alleviated by the anticholinergic/antihistaminic agent diphenhydramine
(Yavuz et al., 2008). Pancreatitis (Hamaguchi et al., 2006, Harputluoglu et al., 2003, Roeyen
et a., 2008) and parotitis (Gokel et a., 2002) have also been reported in acute OP poisoning
case studies. Additionally, dogs exposed to low levels of the OP insecticide methidathion for
1 year were reported to experience mild chronic inflammation of the liver, as determined by
lymphocyteinfiltration (Chang et al., 1992).

4.0 Chronic OP exposures and inflammation

While there is clear and compelling evidence that acute OP intoxication is associated with
inflammatory responses, there is still a question as to whether chronic OP exposures that
have been linked to neurobehavioral deficits (Bouchard et al., 2011, Engel et a., 2011,
Rohlman, Anger, 2011) are also associated with inflammation. Certainly traditional
biomarkers of OP exposure (urinary OP metabolites and blood cholinesterase inhibition)
have not been reliably associated with changes in cognitive ability following chronic OP
exposures and there is significant interest in identifying noncholinergic biomarkers that are
better biomarkers of OP neurotoxicity following low-level chronic OP exposure (Farahat et
al., 2011, Rohiman, Anger, 2011). Evidence linking inflammation to neurodegeneration and
cognitive defects (Dziedzic, 2006, McGeer and McGeer, 2003), suggest the possibility that
induction of inflammation by chronic exposure to OPs may be mechanistically related to
deficitsin cognitive ability.

Thereis emerging evidence to suggest a link between chronic exposure to OPs and
inflammation. Rats repeatedly exposed to low doses of sarin vapor have elevated levels of
IL-1B, TNFa, and IL-6 in the brain (Henderson et al., 2002). Administration of low levels of
the OP pesticide malathion for 14 or 90 days increases macrophage function and mast cell
degranulation in mice, but does not elevate histamine levels in the blood (Rodgers and
Xiong, 1997¢, d). Treatment of astrocyte culturesfor 1 week with the OP pesticide
chlorpyrifos upregulates GFAP, I1L-6, and eight genes (LFAP, NYREN18, HSPB2,
PSMB10, PSMB8, PRKCA, IL6R, and PDCD5) involved in the signaling pathway of the
proinflammatory cytokine IFNy (Mense et al., 2006). Parathion and chlorpyrifos induce an
increase in GFAP expression in mixed-cell aggregate cultures from fetal rat telencephal on,
but only parathion induces astrogliosis (Zurich et a., 2004). Consistent with these /n vitro
observations, dermal exposure to subtoxic doses of chlorpyrifos for 7 days increases GFAP
expression and astrocytic density in mouse brains (Lim et al., 2011). High doses of
chlorpyrifos that induce systemic toxicity in dams and fetuses following administration to
pregnant rat dams over gestational days 17—20, increase GFAP expression in the brain of
fetal animals. Postnatal administration of chlorpyrifos causes a sex-specific initial decrease
in GFAP expression followed by arebound of GFAP to levels significantly higher than
controls days after chlorpyrifos exposure is removed (Garcia et a., 2002). The authors
postulate that gestational GFAP elevation is due to astrogliosis, whereas postnatal GFAP
deficits are caused by a depression of cell differentiation during periods of glial
proliferation. A similar decrease in GFAP expression is observed upon a single exposure of
developing rat pups on postnatal day 7 to chlorpyrifos at 2 mg/kg (Ray et a., 2010). This
suggests that developing glia are susceptible to the toxic effects of chlorpyrifos, but that the
effect of chlorpyrifos on GFAP expression varies not only quantitatively but also
qualitatively as afunction of the developmental stage at the time of exposure.
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5.0 Mechanisms contributing to OP-induced inflammation

A key question is whether inflammatory responses to OP intoxication are mechanistically
related to AChE inhibition. Asindicated earlier, AChE inhibition is a hallmark characteristic
of acute OP intoxication, that can result in cholinergic crisis and seizure onset. Experimental
evidence indicates that OP-induced seizures are associated with neuronal damage and the
induction of inflammation. OP-induced seizures are coincident with cytokine and chemokine
elevation, glial activation, increasesin PG production, and neuronal damage in the
hippocampus, piriform cortex and amygdala (Angoa-Perez, Kreipke, 2010, Chapman,
Kadar, 2006, Collombet, Four, 2005a, Dhote, Peinnequin, 2007, Grauer, Chapman, 2008,
Johnson and Kan, 2010, Svensson, Waara, 2001, Zimmer, Ennis, 1997). Administration of
oxime compounds that inhibit sarin-induced seizures also inhibit sarin-induced PG
synthesis, suggesting that elevated PG islinked to AChE inhibition and/or seizure activity
(Levy, Chapman, 2004). This conclusion is strengthened by evidence of adirect correlation
between the duration of seizure activity and the level of expression of inflammatory markers
(Chapman, Kadar, 2006).

However, chronic OP exposure induces inflammation even in the absence of seizures or
significant AChE inhibition. Repeated low-level doses of sarin elevate cytokine levelsin rat
brain in the absence of central AChE inhibition, although blood ChE activity is reduced
(Henderson, Barr, 2002). Chronic chlorpyrifos administration increases GFAP expressionin
the hippocampus of rats without inhibiting serum cholinesterase (Lim, Tay, 2011). This
indicates that prolonged exposure to low-level OPs can trigger inflammatory responses,
even in the absence of AChE inhibition and overt clinical symptoms of OP poisoning. The
mechanism(s) by which chronic OP exposure induces inflammation have yet to be defined,
but one possibility isthat OPs interact directly with inflammatory cells to trigger the release
of inflammatory mediators. There is experimental evidence that OPs can activate
inflammatory cells and trigger inflammatory responses. For example, in mice, the OP
malathion stimulates macrophages to generate ROS and cathepsin D (Rodgers and Xiong,
1997c, Rodgers and Ellefson, 1990a, b), potentiates macrophage phagocytosis and antigen
presentation (Flipo et al., 1992), increases mast cell degranulation in the intestine and skin
(Rodgers and Xiong, 1997b) and causes histamine release from mast cells (Rodgers and
Ellefson, 1992) and basophils (Xiong and Rodgers, 1997). In guinea pigs, inhalation of the
OP sarin increases inflammatory mediators (including histamine, prostaglandins, eosinophils
and macrophages) in the lungs, although the response is complex and varies with dose and
time post-exposure (Levy, Chapman, 2004). Similarly, in rats exposed to asingle or
repeated subclinical doses of sarin, MRNA expression of the pro-inflammatory cytokines
IL-1B, IL-6 and TNFa is upregulated in the lungs (Pena-Philippides et a., 2007). Exposure
of human whole blood cultures to the OP chlorpyrifos potentiated L PS-induced rel ease of
IFNy (Duramad et a., 2006), and gene and protein expression profiling of primary cultures
of human fetal astrocytes demonstrated that chlorpyrifos upregulated key inflammatory
mediators, including IFN-y and IL-6, aswell as GFAP, amarker of inflammatory astrocytes
(Mense, Sengupta, 2006). The latter observation is consistent with a preliminary report that
chlorpyrifos induces expression of the pro-inflammatory cytokines TNFa. and IL-6 in
addition to the chemokine MCP-1 in the mouse brain in atime- and dose-dependent manner
(Hirani et a., 2007).

6.0. OP-induced inflammation: Neurotoxic or neuroprotective?

The general assumption has been that OP-induced inflammation contributes to the pathol ogy
associated with OP neurotoxicity, and in particular, the delayed neuronal cell death and
persistent neurobehavioral deficits observed following acute OP intoxication (Collombet,
2011). Thisassumption is based on the observation that many of the therapeutic agents
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currently used to treat OP poisoning possess anti-inflammatory properties. For example,
benzodiazepines attenuate seizures and convulsions by acting on the GABA-A receptor, but
also antagonize PAF receptors (Bidri et a., 1999, Tanniere-Zeller et a., 1989). Other agents
used to treat OP poisoning, including atropine, oximes, and carbamates, influence
inflammatory responses (Cowan et al., 2003, Cowan, Shih, 1996). Additionally, novel
nonsteroidal anti-inflammatory drugs (NSAID) coupled to a pyridostigmine moiety increase
survival rates and attenuate brain edemain mice challenged with soman (Amitai, Adani,
2006). These data suggest an important role for inflammation in OP-induced toxicity.

Thereis also evidence that neuroinflammation exacerbates neuronal damage due to
excitotoxicity (Morimoto et al., 2002) in part via interactions between proinflammatory
cytokines and glutamatergic pathways (Fogal and Hewett, 2008). These observations have
important implications regarding the pathology associated with acute OP intoxication in that
OP-induced seizures are initially cholinergic, but appear to shift towards noncholinergic
pathways, predominantly glutamatergic pathways, during later stages of intoxication
(Harrison et al., 2004, Lallement et al., 1998, McDonough and Shih, 1997, Shih et al.,
1999). Asillustrated in Figure 2, excessive activation of NMDA receptors leads to elevated
calcium influx into cells, which perturbs mitochondria and increases generation of ROS.
This ultimately |eads to neurodegeneration, as affected cells undergo apoptosis. Whether
anti-inflammatory agents decrease OP-induced excitotoxicity has yet to be systematically
investigated.

While pharmacological studies with anti-inflammatory agents suggest that inflammation
contributes to the pathogenesis following acute OP intoxication, emerging evidence suggests
that inflammatory responses may also serve a neuroprotective role. It has recently been
reported that OP-induced glial activation triggers release of not only I1L-6, TNFa,, and I1L-1p,
cytokines thought to promote inflammatory damage, but also secretion from astrocytes of
neurotrophic and other growth factors that promote angiogenesis and neurogenesis, and
thereby serve to repair OP-induced damage (Collombet et al., 2011). These astrocyte-
derived growth factorsinclude ciliary neurotrophic factor (CNTF), brain-derived
neurotrophic factor (BDNF), fibroblast growth factor (FGF-2), nerve growth factor (NGF),
and vascular endothelial growth factor (VEGF) (Collombet, 2011). Following acute
exposure to soman, a decrease in neural progenitor proliferation isinitialy observed.
However, thistransient depression is followed by an increase above normal levelsin
progenitor proliferation in the subventricular zone and subgranular zone of the dentate gyrus
amonth after exposure. The duration of neurogenesis coincides with the duration of
astroglial cell activation, and delayed neuronal cell death occurs after growth factor levels
decrease, about 2—-3 months after the initial OP exposure (Collombet, Four, 20053,
Collombet et al., 2007).

Collectively, these studies suggest the intriguing possibility that astrocyte activation plays an
integral role in neural repair via secretion of neurotrophic and angiogenic growth factors and
that increasing and/or prolonging the elevated expression of these factors may prove of
therapeutic benefit in treating acute OP intoxication. In support of this hypothesis,
administration of FGF-2 and epidermal growth factor (EGF) to mice acutely intoxicated
with soman has been reported to significantly increase progenitor cellsin the CA1 region of
the hippocampus and amygdala 1 month after soman exposure (Collombet et al., 2005b).
More recently, FGF-2 and EGF co-administration has been demonstrated to accelerate the
rate of neuronal regeneration in the hippocampus, and improved anxiety profilesin soman-
exposed mice as measured by elevated plus maze and fear conditioning (Collombet,
Beracochea, 2011). This treatment did not, however, alter neuronal regeneration in the
amygdala nor did it enhance the restoration of hippocampus-dependent memory-related
tasks (Collombet, Beracochea, 2011). Interestingly, administration of these growth factors
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did not alter the severity or duration of the soman-induced seizures, nor did it decrease
neuronal cell loss during the first 9 days after soman exposure (Collombet, Beracoches,
2011). What has yet to be established is whether endogenous growth factors released by
activated astrocytesin vivo influence neuroregeneration and behavioral recovery following
acute OP intoxication. Nonetheless, these data suggest that inflammation may be
functionally important in the regenerative processes that occur following acute OP
intoxication. However, we are still far from a clear understanding the spatiotemporal profile
of inflammatory mediators that contribute to promoting damage versus repair.

Another interaction that has yet to be examined is the effect of OP intoxication on the
cholinergic anti-inflammatory pathway or CAP (see Figure 1). As discussed above, the
available experimental evidence suggests that enhanced binding to a7-nAChRs reduces
proinflammatory cytokine levels without affecting the release of anti-inflammatory
mediators, and this has been suggested as an effective therapeutic strategy for treating a
broad range of inflammatory diseases (Bencherif, Lippiello, 2011, Brenner et al., 2008,
Rosas-Ballinaand Tracey, 2009). Theoretically, then, it would seem that OP inhibition of
AChE would activate CAP as a conseguence of increased acetylcholine levels, suggesting a
homeostatic mechanism for limiting inflammation following OP exposure. Whether thisis
true and whether it is of physiological relevance following either acute or chronic OP
exposure remains to be determined.

7.0 Conclusions

It is quite clear that acute OP intoxication leads to an inflammatory response that appearsto
be both neurotoxic and neuroprotective. Based on studies of the therapeutic efficacy of anti-
inflammatory compounds and growth factors known to be secreted by activated astrocytes
following acute OP intoxication, amodel emerges in which inflammation isinitialy
detrimental but may then serve to promote repair at later stagesin at least some brain
regions. An intriguing possibility that warrants investigation is that the extent of
inflammatory damage may be determined in part by the level of activation of CAP, and
changesin CAP reflective of changesin AChE levels that can be depressed for significant
periods of time then rebound to levels significantly higher than normal before returning to
pre-exposure levels over a period of months (Duysen and Lockridge, 2011), may contribute
to the complex spatiotemporal profiles of glial activation following acute OP intoxication
(Collombet, 2011). With respect to chronic OP exposures, emerging evidence supports the
hypothesis that these repeated low-level exposures also trigger an inflammatory response
consisting of elevated markers of glial activation and increased levels of proinflammatory
cytokinesin the CNS and periphery. The more significant question, however, of whether
these inflammatory responses contribute to the neurotoxic effects associated with chronic
OP exposure, remains to be answered.

The standard antidote for acute OP intoxication (atropine, oxime, and benzodiazepines)
enhances survival following acute OP intoxication, but does not effectively prevent long-
term neurological damage (McDonough and Shih, 1997). Ideally, novel medical
countermeasures would focus on devel oping therapeutic approaches that selectively interfere
with those aspects of the inflammatory response that promote damage while protecting or
promoting those aspects that function in repair processes. Therapeutic candidates that may
warrant investigation in this context include the selective TNFa inhibitor etanercept (Wong
et al., 2008) and the IL-6 receptor inhibitor tocilizumab (Murakami and Nishimoto, 2011).
Also intriguing to consider are the apha7-nAChR agonists, which may alleviate some of the
inflammatory damage during the initial stages of OP poisoning by suppressing cytokine
release from macrophages (Figure 1). These types of novel therapeutics, in conjunction with
standard antidotes, may protect the brain from neuronal insult following acute OP
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intoxication. Last but not least, these studies raise the possibility of using inflammation as a
biomarker of OP effect to not only identify individuals at risk for OP-induced neurotoxicity,
but also to monitor the therapeutic efficacy of medical countermeasures for OP intoxication.
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Figure 1.

Schematic diagram of the cholinergic anti-inflammatory pathway (CAP). Stimulation of the
vagus nerve induces acetylcholine (ACh) release, which binds to a7-nicotinic acetylcholine
receptors (NAChR) on macrophages. Activation of a7-nAChR initiates the Jak2- STAT3
signaling pathway, and inhibits NF-kB nuclear transocation, leading to the inhibition of
pro-inflammatory cytokine release. OP exposure should activate CAP by inhibiting
acetylcholinesterase (AChE), causing an increase in acetylcholine levels.
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Schematic of the inflammatory response following acute exposure to organophosphate (OP)
agents. Inhibition of acetylcholinesterase (AChE) induces cholinergic toxicity, leading to
neuronal damage viathe release of pro-inflammatory cytokines from activated microglia,
astrocytes. Prostaglandin/isoprostanoid release and neuronal damage due to enhanced
glutamatergic activity (excitotoxicity) are additional consequences of acute OP intoxication.
Astrocytes secrete neurotrophic factors which lead to neurogenesis. Therole of the
cholinergic anti-inflammatory pathway in organophosphate toxicity is not currently known.
Novel or unknown pathways are indicated with grey dashed arrows/bars.
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Summary of inflammatory responses triggered by OPs.
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Inflammatory Response

Exposure Paradigm

Typeof OP

References

Glial Activation

Microglia

Acute

Soman

Collombet et al. 2005a (in vivo,
mouse);
Zimmer et a. 1997 (in vivo, rat)

Increased GFAP expression

Acute

Soman, Sarin

Angoa-Perez et a. 2010 (in vivo,
rat);
Damodaran et al. 2006 (in vivo, rat);
Baille-Le Crom et al. 2005 (in vivo,

rat);
Collombet et al. 2005a (in vivo,
mouse);

Damodaran et a. 2002 (in vivo, rat);
Damodaran et a. 2000 (in vivo, hen);
Zimmer et a. 1997 (in vitro, rat
telencephalon);

Chronic

Parathion, Chlorpyrifos

Limet al. 2011 (in vivo, mice);
Zurich et a. 2004 (in vitro, rat
telencephalon);
Garciaet a. 2002 (in vivo, rat)

Soluble Inflammatory Mediators

Increased cytokine levels

Acute

Soman, Sarin, Chlorpyrifos

Johnson et al. 2011 (in vivo, rat);
Dillman et a. 2009 (in vivo, rat);
Stapleton et a. 2009 (in vivo, rat);
Dhote et al. 2007 (in vivo, mouse);
Chapman et a. 2006 (in vivo, rat);
Damodaran et al. 2006 (in vivo, rat);
Williams et al. 2003 (in vivo, rat);
Svensson et a. 2001 (in vivo, rat);

Chronic

Sarin, Chlorpyrifos

Mense et al. 2006 (in vitro, human
astrocytes);
Henderson et al. 2002 (in vivo, rat)

Altered chemokine levels

Acute

Soman, Acephate

Johnson and Kan, 2010 (in vivo, rat);
Dhote et al. 2007 (in vivo, mouse);
Williams et a. 2003 (in vivo, rat);
Singh and Jiang, 2002 (in vivo, rat)

Increased prostaglandin/isoprostanoid levels

Acute

Soman, Sarin, DFP

Angoa-Perez et al. 2010 (in vivo,
rat);
Zaja-Milatovic et a. 2009 (in vivo,
rat);
Grauer et a. 2008 (in vivo, rat);
Chapman et a. 2006 (in vivo, rat);
Levy et al. 2004 (in vivo, guinea pig)

Anaphylaxis

Increased macrophage activity/mast cell
degranulation

Acute

Soman, Sarin, Malathion

Levy etal. 2004 (in vivo, guinea

pigs);

Xiong and Rodgers, 1997 (in vitro,
rat and human mast cells);
Rodgers and Xiong, 1997a, 1996 (in
Vivo, mouse);

Rodgers and Ellefson, 1992, 1990 (in
Vivo, mouse);

Newball et a. 1986 (in vitro, rat mast
cells);

Doebler et a. 1985 (in vivo, rat)

Chronic

Malathion

Rodgers and Xiong, 1997b, 1997c (in
Vivo, mouse)
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