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1 Organophosphates
The term organophosphate (OP) is used to describe many different types of 

esters of phosphoric and phosphonic acids. Organophosphates are a class of 
highly toxic compounds that include nerve agents and pes�cides, among others 
insec�cides. OPs represent the largest class of insec�cides used worldwide and 
pes�cide poisoning is recognized as a global problem. The risk of human exposure 
mainly arises from the agricultural use of OPs in developing countries in which 
OPs regularly lead to incidents, or are even inten�onally used to inflict self harm, 
totalling approxima�ng 3 million exposures and 200 thousand fatali�es each year 
(Eddleston et al., 2005; Eyer, 2003). 

Development of OP compounds into insec�cides occurred in the late 1930s 
by the German scien�st Dr. Gerhard Schrader. This research led to the discovery 
and development of nerve agents, such as Tabun, Sarin, Soman, and VX (Fig. 1) 
(Newmark, 2004).  
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Figure 1. Chemical formulas of the most well-known nerve agents (A through D) and pes�cides (E and F), all organic 
esters of phosphoric acid. They possess a central phosphorous atom bound to two alkyl groups, a leaving group 
and oxygen (A-D) or sulfur (E-F) atom.  A. Tabun ( O-ethyl-N,N-dimethyl-phosphoramidocyanidate); B. Soman ( 
Pinacolylmethylphosphono-fluoridate);. C. VX (O-ethyl-S-2-diisoprpylaminoethyl-methylphosphonothiolate) D. 
Sarin (Isopopylmethylphosphonofluoridate); E. Parathion, F. Chlorpyrifos.

Although weaponized, nerve agents have not been used in World War II. During 
the ‘Cold War’ nerve agents were stockpiled on both sides of the ‘Iron Curtain’, 
but were again not used (Black and Harrison, 1996). In the Iraq-Iran conflict in the 
1980s, however, sarin and tabun were used on a large scale, causing large numbers 
of casual�es (Newmark, 2004). During the First Persian Gulf War in 1991, the threat 
of Iraq’s chemical weapons was perceived, but the conflict was over before Iraq 
had a chance to use them. In 1995 the world was shocked by a terrorist a�ack with 
sarin in the Tokyo subway by the Aum Shinrikyo cult, killing a dozen people and 
intoxica�ng of few thousand (Croddy, 1995). Later, it became apparent that this cult 
had killed various individuals who hindered them using sarin and VX (Vale, 2005). 
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In 1997 the Chemical Weapons Conven�on (CWC) has entered into force, 
prohibi�ng the development, produc�on, acquisi�on, stockpiling, reten�on, 
transfer or use of chemical weapons by States Par�es. Currently, 98% of the 
global states have ra�fied the CWC. Two states have signed, but not ra�fied the 
conven�on; five states have neither signed nor ra�fied the CWC (OPCW.org). The 
CWC will be more successful because this conven�on covers the whole chain from 
development to use of chemical weapons.

Since the recipes for synthesis of among others nerve agents are readily 
available, there is a reason for concern that such agents will fall into the hands of 
terrorist organiza�ons and may be used against civilians and military personnel.  
Consequently, means of protec�on against nerve agents are needed, both in 
terms of physical protec�on (masks and suits) and medical countermeasures. 
Current medical countermeasures for nerve agents are effec�ve, to reasonable 
extent, yet there is room for improvement. In order to be able to improve medical 
countermeasures a thorough understanding of the routes of entry, fate within the 
body and the mechanism of ac�on is needed.

Due to the similarity in chemical structure (Fig. 1) and in mechanism of ac�on, 
the insight that is acquired by studying nerve agents can also be used to improve 
treatment of intoxica�ons with Ops in general, in par�cular relevant for pes�cides, 
which, as already men�oned above, is a huge and global problem.

Therefore, in order to improve medical management, this thesis focussed on 
improving the design of animal models to further inves�gate the mechanism of 
OP toxicity and treatment efficacy. For that purpose two types of OPs were used: 
soman, represen�ng a highly toxic vola�le OP entering the body via the inhala�on 
route and producing toxic signs very quickly, and VX, represen�ng a much less 
vola�le OP entering the body via the percutaneous route and demonstra�ng a 
clinical delay of toxic signs and long persistence.

2 Toxicity of organophosphates

2.1 Exposure risks
Exposure to OPs occurs via the oral, dermal or inhala�on route. Oral dosing is 

mostly the result of accidental inges�on or in case of suicidal intents. The general 
popula�on may also be chronically exposed to low doses by consump�on of OP 
pes�cide residues in food or as contaminant in drinking water. People working in 
produc�on, transport, mixing and loading and applica�on of pes�cides are at 
highest risk for exposure, mostly via the dermal route (Costa et al., 2008; Costa, 
2006). With regard to nerve agents, these may form a risk for exposure both in 
liquid and in vapour states. At ambient temperatures, nerve agents are liquids. The 
more vola�le agents, soman, tabun and sarin, cons�tute both a vapour and a liquid 
hazard upon dispersion. Agents with lower vola�lity, such as VX, represent primarily 
a liquid hazard, and therefore skin contamina�on forms the highest risk. In addi�on, 
VX is very persistent, because it hardly degrades and is difficult to wash off (van der 
Schans et al., 2003; Sidell, 1997).
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2.2 Acetylcholinesterase inhibi�on
The main toxicological ac�on of OPs is exerted through irreversible inhibi�on 

of acetylcholinesterase (AChE), the key enzyme involved in cholinergic 
neurotransmission. The inhibi�on of AChE leads to excessive buildup of released 
acetylcholine (ACh) at cholinergic synapses resul�ng in a failure of neuromuscular 
transmission and to seizures followed by status epilep�cus. Eventually, poisoning 
with OPs is likely to result in death or long-term neuronal deficits.

AChE is located both in the central nervous system (CNS) and in the peripheral 
nervous system (Massoulie et al., 1993). This enzyme of the serine hydrolase family 
is evolu�onary highly conserved and controls a key step in cholinergic signalling, 
that is the breakdown of the neurotransmi�er ACh. AChE is one of the most 
efficacious and fast-ac�ng mammalian enzymes known, capable of hydrolysing 
20000 molecules of ACh per second (Rosenberry, 2009). Inhibi�on of the enzyme 
at cholinergic synapses leads to death of an organism, due to the uncontrolled 
ac�on of high levels of ACh. Two cholinesterases very similar to AChE in the 
nervous system are found in blood, i.e., the erythrocyte-bound cholinesterase 
and butyrylcholinesterase in plasma. Because these cholinesterases are the first 
targets for OPs entering the blood stream, they act as ini�al buffers and scavenge 
OPs. Inhibi�on levels of both cholinesterases in blood are considered as measures 
of exposure and blood AChE ac�vity closely reflects the AChE ac�vity at the 
neuromuscular junc�on (NMJ) (Thiermann et al., 2009).

Synap�c AChE exists in tetramer units, which are linked to the synapse by 
transmembrane anchors in vertebrate fast muscles and in the CNS. In the CNS, a 
single tetramer is a�ached to a 20 kD membrane spanning protein, whereas at 
the neuromuscular endplate one to three cataly�c subunit  tetramers (AChET) are 
a�ached to a triple-helical collagen tail, which anchors them to the basal lamina 
within the synap�c cle� (Silman and Sussman, 2005; Perrier et al., 2002). 

The enzyme has two sites showing affinity for ACh. The ac�ve cataly�c site is 
located at the bo�om of a deep and narrow gauge. At the top of the gauge, the 
peripheral anionic site is located, where the bisquaternary moiety of ACh interacts 
with the indole ring of Trp279. Near the bo�om of the gauge, close to the cataly�c 
centre of the enzyme, the quaternary group of choline interacts with Trp 84, and 
the acyl moiety of ACh is confined by the acyl pocket consis�ng of Phe 288 and Phe 
290. Actual hydroly�c cleavage of ACh into choline and ace�c acid is achieved by 
the cataly�c triad of  a serine (Ser 200), his�dine (His440) and glutamic acid (Glu 
327) at the bo�om of the gauge (Silman and Sussman, 2005). During hydrolysis, 
AChE forms a very short-lived (~50 ms) acetyl-enzyme intermediate with ACh. A 
nucleophilic a�ack by a water molecule then restores the AChE into its original state 
(Fig. 2A).

Several carbamates have been developed to act as selec�ve reversible AChE 
inhibitors for the use as insec�cides or as drugs in Alzheimer’s disease. Several of 
these compounds have found their way to nerve agent research to be tested as 
pretreatment drugs. Carbamates shield a frac�on of AChE before entrance of the 
OP into the body, and AChE decarbamylates while the circula�ng OP is eliminated 
(Wetherell et al., 2002; Philippens et al., 1998; Wetherell, 1994; Harris et al., 1990). 
A carbamate acts as a compe��ve inhibitor of AChE, by leaving a carbamyl group on 
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Figure 2. A. Schema�c presenta�on of the hydrolysis of ACh by AChE. AChE is represented by the cataly�c triad Glu-
327; Ser-200 and His-440. A short-lived acetyl-enzyme intermediate is formed by Ser-200 and ACh, which is degraded 
by a nucleophilic a�ack by a water molecule, restoring the AChE to its original state. B. The inhibi�on of AChE by the 
carbamate physos�gmine. Physos�gmine acts as a compe��ve inhibitor, leaving the enzyme carbamylated. This 
intermediate persists for minutes to hours, a�er which the enzyme is restored to its original state again. C. Inhibi�on 
of AChE by an OP, in which R is an alkyl chain. The OP forms a stable phosphorylated intermediate with AChE, which 
may persist for hours to days. A secondary reac�on termed “aging” occurs when the alkyl chain of the OP acts as 
leaving group, further complica�ng reac�va�on. D. Reac�va�on of un-aged phosphorylated AChE by an oxime (2-
PAM). An oxime can restore enzyma�c ac�vity by removing the OP from the Ser-200 residue.
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the enzyme (Fig. 2B). The complex has a decarbamyla�on rate ranging from minutes 
to hours depending on the carbamyl group (Wetherell and French, 1991).

Organophosphates inhibit the hydroly�c ac�vity of AChE by ac�ng as a false 
substrate (Fig. 2C). The O=P group reacts with the serine residue in the cataly�c 
triade, forming a OP-enzyme complex which may persist for hours or days, in 
contrast to the short lived intermediate formed with ACh (Silman et al., 1999). 
“Aging” occurs when the alkyl chain of the OP-enzyme complex acts as leaving 
group, rendering the AChE molecule truly irreversibly inhibited (Fig. 2C) (Silman et 
al., 1999; Barak et al., 1997). 

Before the “aging” process has taken place, the enzyme can reac�vate 
spontaneously a�er a few days. The hydrolysis process of an OP can be enhanced 
by an oxime (Jokanovic and Prostran, 2009; Hobbiger et al., 1960). Several oximes 
are used in the current emergency treatment regimen, such as HI-6, 2-PAM and 
obidoxime. These molecules possess a quaternary amine and an oxime (N-OH) 
moiety, which perform a nucleophilic a�ack at the phosphorous atom of the OP-
AChE complex (Fig. 2D) (Dawson, 1994). Both the source of the enzyme and the 
nature of the bound OP influence the reac�va�ng efficiency of the oximes (Taylor et 
al., 1999). When reac�va�on is impossible, AChE ac�vity can only be restored by de 
novo synthesis.

2.3 The cholinergic system

2.3.1 The peripheral nervous system
Two primary types of cholinergic receptors exist in the mammalian body, 

muscarinic and nico�nic receptors, respec�vely G-protein coupled receptors and 
acetylcholine-gated ion channels. These receptors exist both in the peripheral 
nervous system and in the central nervous system. In G-protein coupled receptors 
the G protein binds to an intracellular loop of the receptor upon ac�va�on of the 
receptor by an agonist, i.e., ACh.  In the peripheral nervous system, muscarinic 
receptors are located on end-organs innervated by postganglionic parasympathe�c 
fibers. Peripheral muscarinic receptors at parasympathe�c neurons are s�mulated 
via the nervus vagus, and ac�va�on results in smooth muscle contrac�ons and 
glandular secre�on. In these cases, inhibi�on of AChE may cause miosis, saliva�on, 
abdominal cramps and incon�nence. 

Nico�nic acetylcholine receptors are found at the neuromuscular junc�on of 
striated muscles and at all autonomic ganglia, sympathe�c and parasympathe�c. 
Nico�nic receptors are members of the superfamily of the cys-loop ligand-gated 
ion channels. Muscle type and neuronal type nAChRs belong to this family. Along 
with 5-hydroxytryptamine type 3 (5-HT3) receptors, γ-amino-butyric acid type 
A (GABAA) and type C (GABAC) receptors, glycine receptors and invertebrate 
glutamate and his�dine receptors (Karlin, 2002; Dani, 2001). Nico�ne receptors 
consist of five membrane-spanning subunits, arranged as a ring structure with a 
central pore forming the ion channel. The subunit composi�on of nAChRs differs 
in skeletal muscle, peripheral nervous system and the central nervous system. 
The composi�on of the subunits characterizes the physiological proper�es of the 
receptors, such as agonist affinity, ion permeability and desensi�za�on rates. 
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At the neuromuscular junc�on, ACh is released from synap�c vesicles of the 
nerve terminals in response to a presynap�c ac�on poten�al. When AChE in the 
synap�c cle� is inhibited by an OP, repe��ve ac�va�on of postsynap�c nico�nic 
receptors occurs, resul�ng in paralysis of striated muscle and spasm of smooth 
muscles. Paralysis of respiratory muscles, bronchospasm, bronchorrhea and 
central apnoea may lead to respiratory failure. The presence of nico�nic receptors 
at the target end-organs of sympathe�c fibers may lead to tachyarrhythmias or 
hypertension (Cannard, 2006; Sidell, 1997).

2.3.2 The central nervous system
A common denominator for the effects of OPs entering the CNS is that 

they induce seizures via irreversible AChE inhibi�on causing subsequent ACh 
accumula�on. Cholinergic innerva�on is present in the en�re CNS. Three major 
cholinergic projec�on pathways have been iden�fied (Fig. 3). Two pathways 
originate in the basal forebrain. Neurons in the medial septum, consis�ng of the 
medial septal nucleus and ver�cal diagonal band, project to the hippocampus and 
the parahippocampal gyrus. Neurons in the nucleus basalis project to all areas of the 
neocortex, parts of the limbic cortex and to the amygdala. The cholinergic neurons 
in the pontomesenphalon innervate the hindbrain, thalamus, hypothalamus and 
basal forebrain (Myhrer, 2007; Woolf, 1996; Woolf, 1991).

Throughout the CNS, a widespread expression of 5 different subtypes of mAChRs 
is found, poin�ng to their involvement in many different neuronal processes. A 
prominent role for the high densi�es of M1 mAChRs to learning and memory in the 
cortex and hippocampus has been iden�fied. A�en�on and sleep have also been 
shown to be regulated by involvement of mAChRs (Herrero et al., 2008; Hasselmo, 
2006; Goutagny et al., 2005; Coleman et al., 2004; Levey, 1996). In OP poisoning, 
excessive s�mula�on of mAChRs in the brain leads to seizure development.













  





Figure 3.  Schema�c presenta�on of the main cholinergic (gray arrows) and seizure propaga�ng (black arrows) 
pathways in a lateral view of the rodent brain. Neurons in the medial septum (MS) project to the hippocampus; 
neurons in the Nucleus Basalis (Nb) project to the Amygdala (Am) and to the Cor�cal region and neurons in the 
pontomesenphalon (PM) project to the hindbrain, Thalamus (Th), Hypothalamus (Ht) and basal forebrain (MS 
and Nb). Upon OP poisoning, the piriform cortex (PC) innervates the Perirhinal Cortex (PrC). The MS ac�vates the 
hippocampus (Hip) and the Entorhinal Cortex (EC). The EC projects to the hippocampus via the perforant pathway, 
and to all cor�cal areas including motor areas. Adapted from Myhrer (2007) and Woolf (1991).
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Neuronal nAChRs are widely distributed in the brain, of which the majority is 
located presynap�cally, where they modulate the release of neurotransmi�ers 
such as dopamine, glutamate, and noradrenaline (Albuquerque et al., 2009; Go� 
and Clemen�, 2004). The nAChRs are involved in many aspects of behaviour, 
including locomo�on, nocicep�on, anxiety and learning and memory (Piccio�o 
et al., 2000; Ross et al., 2000; Decker et al., 1995). Because of the diverse roles of 
the different nAChRs in the brain, receptor dysfunc�on is associated with several 
pathophysiological condi�ons, among which nocturnal frontal lobe epilepsy, 
Parkinson’s and Alzheimer’s disease and schizophrenia (Hogg et al., 2003). The 
ubiquitous localiza�on of nAChRs and their diverse func�on, synap�cally and 
extrasynap�cally, causes nAChR-mediated CNS dysfunc�on as a result of OP 
exposure.

2.4 OP-induced seizures and neurotoxicity 
It is proposed that a 3-phased sequen�al recruitment of different 

neurotransmi�er systems is involved in the ini�a�on and maintenance of seizure 
ac�vity (Shih and McDonough, Jr., 1997). The neurochemical event ini�a�ng 
seizure ac�vity in suscep�ble neuronal circuits is the accumula�on of ACh, which 
is characterized as the first, or cholinergic, phase (Bueters et al., 2002; Tonduli 
et al., 1999; Lallement et al., 1992a; Fosbraey et al., 1990). During a transi�on 
phase, excitatory ac�vity rapidly spreads and other neurotransmi�er systems are 
recruited. This is followed by the final phase of seizure progression, which is mainly 
non-cholinergic. At this �me, ACh levels return to normal levels, accompanied by 
increases in dopamine and GABA concentra�ons (Shih and McDonough, Jr., 1997; 
Fosbraey et al., 1990; Liu et al., 1988).

Seizures appear to be generated via specific anatomical routes (Fig. 4). 
The piriform cortex is the first site to be ac�vated in seizure propaga�on, and 
therefore iden�fied as a key site for seizure in�ta�on, followed by the amygdala, 
hippocampus, thalamus, cor�cal areas and striatum (Zimmer et al., 1997). These 
regions show the most severe signs of neuropathology, indica�ng their involvment 
in seizure propaga�on (McDonough, Jr. et al., 1995). 

Two brain areas are iden�fied as seizure controlling areas, i.e., the substan�a 
nigra and the area tempestas, which is located in the piriform cortex. Seizure 
modula�on via the substan�a nigra is only suscep�ble to treatment with GABAergic 
drugs, whereas in area tempestas cholinergic, glutamatergic and GABAergic drugs 
are effec�ve (Myhrer et al., 2008a; Myhrer et al., 2006; Gale, 1988). In the medial 
septal area, soman-induced seizures can be controlled by atropine (Denoyer et al., 
1992; Lallement et al., 1992b). Selec�ve lesions of the area tempestas or medial 
septum are also effec�ve in preven�ng soman-induced seizures (Myhrer et al., 
2007). The area tempestas and the medial septum have been proposed to innervate 
hyperac�vity in the hippocampal region in two ways: First, via direct cholinergic 
input, and second, via cholinergic input into the entorhinal cortex, which in turn 
ac�vates the glutamatergic perforant path. Via the hippocampus, the entorhinal 
cortex innervates other cor�cal areas, including motor areas, thereby propaga�ng 
epilep�form ac�vity. 
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The mechanisms underlying neurotoxicity that follow OP exposure are subject 
to debate. Some evidence exists for direct neurotoxic effects of OPs, both from 
in vitro and in vivo studies. Several OPs have shown to possess cytotoxic ac�vity 
in cultured neuroblastoma cells (Carlson and Ehrich, 2008; Carlson et al., 2000), 
rat hippocampal cell cultures (Bahrami et al., 2009) and in rat cor�cal neurons 
(Wang et al., 2008). Other direct effects of OPs are disrup�on of polymerisa�on of 
microtubules (Grigoryan and Lockridge, 2009), an altered sensi�vity to glutamate 
excitotocity, and a decline in synap�c markers, indica�ng that OPs are able to 
directly induce synaptopathogenesis (Munirathinam and Bahr, 2004). In vivo, low 
doses of OP, not causing acute toxicity, have shown to lead to subtle behavioral 
dysfunc�ons in rats (Verma et al., 2009; Prendergast et al., 1997; Nieminen et al., 
1990). These findings imply that OPs are capable of inducing neurotoxicity, largely 
independent from AChE inhibi�on, and this capaci�y is different amongst OPs.

Higher doses of OPs induce seizure ac�vity and excessive excitatory amino acid 
(EAA) release, which is thought to be the main mediator of OP-induced brain injury. 
Both studies on epilepsy and OP-induces seizures revealed that 40 to 60 minutes of 
seizures are required to induce neuronal death (Baille et al., 2005; Fujikawa, 2005; 
Carpen�er et al., 2000; Shih et al., 1991). The dura�on and intensity of seizures 
has shown to correlate well with the degree of neuropathology (Baille et al., 2005; 
Carpen�er et al., 2001; Carpen�er et al., 2000; McDonough, Jr. et al., 1995). The 
glutamate released as a result of ongoing seizures ac�vates the postsynap�c NMDA 
receptors, leading to excessive calcium influx into neurons. This, in turn, triggers 
ac�va�on of proteoly�c enzymes, phospholipases, neuronal NOS and it triggers 
free radical genera�on, resul�ng in neuronal damage (Fig. 4). 
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Figure 4. Excitotoxicity mediated by OP-induced seizures (le�) and an overview of the CNS response to OP-induced 
neurotoxicity as proposed by Collombet et al. (2007 (right)).

2.5 Responses to OP-induced neurotoxicity: a role for neurogenesis?
A �me course for neuronal and glial responses in the brain upon OP-induced 

seizures was proposed by Collombet et al. (2007) (Fig. 4). A�er a period of acute 
toxicity, in which numerous cells die, microglial cells are ac�vated peaking at day 
3, followed by astroglial ac�va�on peaking at day 8. These cells produce numerous 
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cytokines, neutrophic- and growth factors which might contribute to the prolonged 
survival of degenera�ng neurons 3 to 60 days a�er soman exposure (Liberto et 
al., 2004; Lallement et al., 2002)). A�er returning to normal glial ac�vity at days 
30-60, a period of delayed toxicity is present, in which the damaged neurons 
slowly die, paralleled by glial scar forma�on and par�al repair by neurogenesis. 
Although apopto�c cells are mostly absent, probably due to the rapidity and energy 
dependence of the process (Nicotera and Leist, 1997), degenera�ng cells resul�ng 
from soman-induced seizures show increased expression of proteins related to 
programmed cell death, indica�ng the presence of a hybrid form of cell death 
between apoptosis and necrosis (Baille et al., 2005). 

The long-term deficits as a consequence of OP exposure urge for understanding 
the mechanisms that might s�mulate brain repair and/or diminish mental health 
effects. In the past decade, it has become apparent that in specific parts of the 
adult brain new neurons are formed, a process termed neurogenesis (Schinder 
and Gage, 2004; Gross, 2000; Eriksson et al., 1998; Kuhn et al., 1996). Two main 
regions in the hippocampus, the subgranular zone (SGZ) and the dentate gyrus 
(DG) show prominent levels of neurogenesis (Fig. 5). In these regions, newborn 
neurons undergo migra�on before they eventually maturate (Schinder and Gage, 
2004). Neural progenitor cells are distributed along the SGZ. In this region, they 
proliferate and differen�ate, followed by a superficial migra�on into the GCL. The 
cell bodies remain in the granular cell layer, with their dendrites projec�ng through 
the molecular layer, and the axons projec�ng to the hilus and CA3 region (Schinder 
and Gage, 2004; Has�ngs et al., 2002; Has�ngs and Gould, 1999).

ML

GCL
SGZ

PP

EC

CA3

PL PP

H

PL

NPC

DG

Figure 5. Illustra�on of neurogenesis in the adult dentate gyrus. Neuronal progenitor cells (NPCs) are located in 
the subgranular zone (SGZ), which separates the granular layer (GCL) from the hilus (H). A�er differen�a�on of the 
NPCs into neurons in the SGZ, the neurons migrate into the GCL. Their dendrites project through the molecular layer 
(ML) and the axons project towards CA3 and the hilus. The dendrites receive input from the entorhinal cortex (EC) 
via the perforant path (PP). Adapted from Schinder and Gage (2004). 

The rate of neurogenesis is affected by several factors. Stress and aging suppress 
the levels of neurogenesis in the hippocampus (Heine et al., 2004; Kempermann et 
al., 1998) (Heine et al., 2004; Westenbroek et al., 2004). Cor�costerone injec�ons 
also reduce the levels of hippocampal cell prolifera�on (Cameron and Gould, 
1994). Physical ac�vity is associated with increases in neurogenesis (Van Praag et 
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al., 1999). A role for neurogenesis has been implicated in hippocampal learning 
and memory (Dupret et al., 2007; Dobrossy et al., 2003). It has been shown that 
neurogenesis in the SGZ of rodents is induced by brain injury resul�ng from seizures 
or ischemia shortly a�er injury, also in OP poisoning (Wiltrout et al., 2007; Parent, 
2007; Collombet et al., 2005; Emsley et al., 2005; Sharp et al., 2002). 

Several neurotransmi�ers, among which glutamate, acetycholine and serotonin, 
have been implicated in the regula�on of neurogenesis, poten�ally enabling 
pharmacological inverven�on. NMDA receptor ac�va�on reduces neurogenesis, 
whereas lesion of the Perforant Path, the glutamatergic input from the EC into the 
hippocampus, showed to enhance neurogenesis (Nacher et al., 2003; Cameron et 
al., 1995). Selec�ve serotonin reuptake inhibitors, used as an�-depressants (e.g. 
fluoxe�ne), and atypical an�-psycho�cs (e.g. olanzapine) have shown to increase 
neurogenesis (Paizanis et al., 2007; Kodama et al., 2004; Wang et al., 2004; Wakade 
et al., 2002). Damage to the cholinergic circuitry projec�ng to the hippocampus has 
been shown to suppress neurogenesis (Kotani et al., 2006; Van der Borght et al., 
2005; Cooper-Kuhn et al., 2004), whereas the reversible AChE inhibitor donepezil 
enhanced neurogenesis (Kotani et al., 2008). So, both brain injury resul�ng from 
seizures, as well as from cholinergic impairment following OP poisoning might 
interfere with neurogenesis and accordingly with cogni�on. If so, restora�on of 
neurogenesis might be an a�rac�ve approach for the treatment of long-term 
cogni�ve deficits.

3 Clinical implica�ons of OP poisoning
Since the currently available treatment with atropine and oximes in case of OP 

poisoning is insufficient, vic�ms might suffer from persis�ng adverse effects on 
cogni�ve processes, mood and sleep-wake rhythm in spite of treatment (van Helden 
and Bueters, 1999; Lallement et al., 1998; Shih and McDonough, Jr., 1997; Willems 
et al., 1993). The adverse effects are mostly documented in animal studies and case 
studies of human subjects accidentally exposed to organophosphate pes�cides. 

Farmers exposed either inten�onally or accidentally to organophosphate 
pes�cides displayed  psychological disturbances, such as intellectual impairment, 
anxiety and disturbed sleep pa�erns (Jamal, 1995; Steenland et al., 1994; Minton 
and Murray, 1988; Levin et al., 1976). More recent human data are available from 
two terrorist a�acks with the nerve agent sarin in Matsumoto and Tokyo, Japan, in 
1994 and 1995, when over 6000 people were injured and 12 people were killed. 
Acute and long-term effects in these pa�ents are well-documented (Yanagisawa et 
al., 2006).  

A�er the terrorist a�acks there was a great concern regarding persistent brain 
dysfunc�on and cogni�ve impairment. The dis�nc�on between direct effects of 
the sarin exposure and the effects of uncertainty and fear exerted by the a�acks 
has not been made unambiguously (DiGiovanni, Jr., 1999). Culmina�on of epilep�c 
seizures occurred within a few hours, and EEG abnormali�es were s�ll present for 
a period of approximately 5 years. Such changes were also found in animal studies 
and earlier studies in humans (van Helden et al., 2004; Burchfiel and Duffy, 1982; 
Duffy et al., 1979). Brain func�on tested by event-related poten�als also showed 
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abnormali�es at 6 months and 3 years a�er the exposure (Nishiwaki et al., 2001; 
Murata et al., 1997). At 5 years a�er the sarin a�acks in Tokyo, forge�ulness, lack 
of concentra�on and depressive moods were observed more frequently in exposed 
people (Yanagisawa et al., 2006). However, only a small number of these people had 
suffered from seizures and convulsions. The long-term complaints can therefore 
not with certainty be ascribed to seizure ac�vity. Both structural changes related 
to sarin exposure, as found by Yamasue et al. (2007) and stress-related disorders 
might contribute to long-term psychological problems. Such life-threatening events 
may induce stress-related disorders such as PTSD, resul�ng in signs similar to those 
a�er OP poisoning at long term (Ursano et al., 2008; Kessler et al., 1995).

4 Animal models in OP poisoning
Because experiments with human subjects regarding the mechanisms of OP 

poisoning and therapeu�c efficacy are obviously not possible, several animal 
models, including mice, rats, guinea pigs and occasionally primates were used. 
The choice for a typical animal model depends on, for example, differences in 
suscep�bility to OPs between species. In rats, high levels of carboxylesterase, an 
endogenous scavenger of OPs, are found, which makes the doses required to induce 
toxicity higher than in other species (Karanth and Pope, 2000; De�barn et al., 1999; 
Yang and De�barn, 1998; Maxwell, 1992). However, neurochemical or cogni�ve 
consequences of OP poisoning due to seizure ac�vity are similar in different species, 
making rats and mice suitable animal models to address research ques�ons in this 
respect. In guinea pigs the levels of carboxylesterase are much lower than in rats 
and rabbits, making the guinea pig the preferred model to inves�gate therapeu�c 
or prophylac�c efficacy of carbamates or human butyrylcholinesterase (Leadbeater 
et al., 1985; Inns and Leadbeater, 1983). In most animal models, rela�vely high 
levels of exposure were used, resul�ng in the appearance of severe toxic signs and 
death in a short period of �me. Exposing animals to lower challenging doses would 
improve monitoring the pathophysiological process and treatment efficacy; it may 
reveal new targets for treatment and more effec�ve treatment protocols. The 
research described in this thesis pays a�en�on to this aspect.

5 Countermeasures against OP poisoning

5.1 Physical protec�on and pretreatment 
Under circumstances of chemical threat several precau�ons can be taken. 

First of all, protec�ve clothing and respiratory protec�on will be employed to 
prevent physical exposure to the chemical threat. Addi�onally, pretreatment 
will be available. The current pretreatment regimen consists of pyridos�gmine 
bromide, a quaternary carbamate, which preserves a residual pool of AChE in the 
blood. During the first Gulf war (1991), thousands of soldiers used pyridos�gmine. 
Because pyridos�gmine is not able to enter the brain, it cannot provide sufficient 
protec�on against brain injury. Pretreatment with the carbamate physos�gmine, 
that does enter the brain, showed higher efficacy than pyridos�gmine, but 
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also showed several side effects (Myhrer et al., 2004; Philippens et al., 1996). 
By combining physos�gmine with scopolamine, a muscarinic antagonist, gross 
side effects could be abolished in guinea pigs (Philippens et al., 2000; Philippens 
et al., 1998). However, recent work suggests that this combina�on of drugs does 
induce cogni�ve behavioural side effects in rats, probably precluding use of this 
regimen in humans (Myhrer et al., 2008b). The expected side effects of a carbamate 
pretreatment, its low efficacy and the difficulty to predict nerve agent exposure, 
argues for development of an effec�ve post-poisoning treatment that does not rely 
on pretreatment.

5.2 Current treatment
The current treatment regimen in case of OP poisoning is based on reac�va�on 

of inhibited AChE, protec�on of muscarinic receptors, and suppression of seizures. 
In case of skin contamina�on, decontamina�on is accomplished by swiping the 
contaminated site with hypochlorite or RSDL pouches. Entrance of the nerve agent 
into the circula�on requires immediate treatment using autoinjectors, containing 
an oxime such as HI-6, 2-PAM or obidoxime and atropine as an�-muscarinergic 
agent. Diazepam or pro-diazepam may be added to the autoinjector or in a separate 
autoinjector for immediate an�-convulsant treatment. Follow-up treatment will 
require intensive medical care and hospitalisa�on, to con�nue reac�va�on of 
inhibited AChE and provide an�cholinergic treatment and, if required, suppor�ve 
ar�ficial respira�on. 

Atropine sulphate is the classical an�muscarinergic, which s�ll is the main drug 
in counterac�ng the deleterious effects of excessive ACh build-up to counteract the 
major cholinergic signs, such as saliva�on, and, to a lesser extent, the loss of central 
respiratory drive. Atropine also has some an�convulsant effects (Shih et al., 2007; 
Shih and McDonough, Jr., 1999; Capacio and Shih, 1991), in par�cular during the 
first phase of poisoning. 

Oxime treatment also has several limita�ons. First of all, the central nervous 
system is hardly protected by oximes, because of their quaternary structure 
hampering their entrance into the brain. Although some oximes, such as 
monoisonitrosoacetone (MINA) and diacetylmonoxime (DAM), showed a high lipid 
solubility and ability to enter the brain (Cohen and Wiersinga 1960), further research 
into these compounds was terminated because of the much higher reac�va�ng 
potency towards phosphorylated AChE of quaternary pyridinium oximes, such as 
2-PAM (Hobbiger et al., 1960). 

None of the oximes available today has a broad-spectrum efficacy, meaning 
that efficacy depends of the nerve agent - oxime combina�on. To overcome this 
problem, it is proposed to use combina�ons of oximes to generate a cocktail 
effec�ve against the known nerve agents (Worek et al., 2007). Although the main 
therapeu�c efficacy is proven to be due to enzyme reac�va�on (Maxwell et al., 
2006), there is also evidence that other effects of oximes contribute to therapeu�c 
effects. Experiments in primates have shown that survival of OP-exposed animals 
was not associated with a significant recovery of AChE ac�vity (van Helden et al., 
1996; Hamilton and Lundy, 1989). Oximes were reported to have direct effects on 
the ion channel of the nico�nic receptor, which is characterised as an use-dependent 
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open-channel block (Ta�ersall, 1993; Alkondon and Albuquerque, 1989; Alkondon 
et al., 1988). Neuromuscular recovery of OP-poisoned diaphragm by oximes was 
directly correlated with the level of channel block induced by the oximes. Recently, 
it was found that non-compe��ve blocking of the ion channel was responsible for 
restora�on of the decay of the endplate current allowing repolarisa�on and relief 
of the depolarisa�on block (Turner 2007).

Early termina�on of seizures following OP challenge is crucial in limi�ng 
neuropathology. Benzodiazepine an�convulsants such as diazepam and midazolam 
have shown efficacy in termina�ng seizures up to 40 minutes a�er OP poisoning. 
Benzodiazepines act by increasing the open �me of the chloride channel of the 
GABAa receptor (Twyman et al., 1989). Chloride influx into the cells decreases 
the depolarisa�on probability of the cells by hyperpolarisa�on of the membrane. 
This lowers the number of ac�on poten�als that can be ini�ated, thereby lowering 
the summa�on of ac�on poten�als that would otherwise cause seizure ac�vity. 
Shih et al. (2007) showed that midazolam is more effec�ve than diazepam in 
counterac�ng seizures/convulsions induced by all nerve agents in two animal 
models. Benzodiazepines might aggravate OP-induced respiratory depression 
and must therefore be used with great cau�on (Forster et al., 1980), although in 
animal studies respiratory depression and neuropathology showed to be reduced 
by diazepam treatment.

5.3 New approach for treatment improvement
Since carbamates were shown to be effec�ve as a pretreatment against lethal 

doses of nerve agents, it has been proposed to evaluate whether carbamates 
could also be effec�ve in post-poisoning therapy. For example, administra�on of 
physos�gmine 1 min a�er lethal doses of soman poisoning, appeared to be effec�ve 
(Wetherell et al., 2007; Wetherell et al., 2006). In the la�er studies high doses of the 
oxime HI-6 were given in combina�on with scopolamine hydrobromide. Also the 
reversible AChE inhibitor galantamine showed efficacy when administered shortly 
a�er VX or soman poisoning (Hilmas et al., 2009; Albuquerque et al., 2006). The 
exact mechanism of this treatment is not clear, since both protec�on of AChE by 
compe��on of carbamates with incoming nerve agent for the same binding site, 
as well as an�-nico�nic proper�es of, in par�cular, galantamine might contribute 
to neuroprotec�on.  An important part of this thesis contributes to elucidate the 
ra�onale behind the therapeu�c efficacy of a post-poisoning treatment consis�ng 
of an oxime and a carbamate.
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 6 Goal and outline of thesis
The goal of this thesis was to evaluate the treatment protocols in case of 

poisoning with two OP compounds: soman, a vola�le and fast ac�ng cholinesterase 
inhibitor and VX: a low vola�le agent administered by the percutaneous route. 
Because of the ra�fica�on of the CWC to ban the use of OP nerve agents by most 
countries, the threat of these being used on the ba�lefield is low, and exposures are 
most likely to be unexpected or accidental. In that case, people that are exposed 
will not have received pretreatment, urging the present medical countermeasures 
to be efficacious and not reliant on pretreatment. Specific aims of the thesis were:

1.) Iden�fy toxicological impact on physiology of the different OPs and   
 different routes of exposure

2.) Iden�fy efficacy of treatment protocols and possible  improvements
3.) Inves�gate long term-effects of OP-exposure and possible interven�ons

In Chapter 2, the effects of different treatment regimens in a soman-exposed 
guinea pig model, developed for monitoring biochemical and vital physiological 
parameters, are inves�gated. The efficacy of obidoxime and atropine was tested 
both in at 1 minute a�er challenge, as well as a�er appearance of first clinical 
signs a�er different doses of soman. In addi�on, it was inves�gated whether the 
treatment regimen could be improved by adding the carbamate physos�gmine to 
the treatment.

  The VX-exposed hairless guinea pig model is presented in Chapter 3. VX is a 
low vola�le nerve agent and therefore mainly cons�tutes a contact hazard. Exposure 
via the skin has shown to be unpredic�ve and variable in terms of toxicokine�cs. 
A�er a lag period, VX levels con�nue to rise for several hours. In this chapter, the 
physiological consequences of central ACh levels, clinical signs and AChE ac�vity 
were inves�gated. The model was evaluated for possible indicators for the start and 
maintenance of treatment. 

In Chapter 4 the VX model was extended to inves�gate toxicokine�cs in freely 
moving animals combined with physiology, e.g. respira�on, EEG and heart rate 
effects. A�er full establishment of all parameters, a treatment protocol consis�ng of 
a high dose, one-shot injec�on consis�ng of 3 autoinjector equivalents of atropine, 
obidoxime and diazepam was tested. In addi�on, a treatment protocol using 
repe��ve administra�on of lower doses of atropine, obidoxime and diazepam was 
tested for improved efficacy compared to the one-shot treatment.

 Long-term behavioural deficits of OP-poisoning and a possible interven�on 
by drug-induced neurogenesis were inves�gated in a soman-poisoned rat model 
in Chapter 5. A seizure-inducing dose of soman was used, in combina�on with life 
saving treatment with atropine and HI-6. A�er a 4-week chronic treatment with 
the an�psycho�c Olanzapine, a neurogenesis enhancer, behavioural consequences 
were tested in the Morris Water Maze, and the brains were evaluated for 
neurodegenera�on and levels of neurogenesis.

In Chapter 6, the overall results will be discussed: the different agents and routes 
of exposure are discussed in terms of expected consequences as well as the most 
effec�ve treatment protocols and possibili�es for further improvement.
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