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CHAPTER |

INTRODUCTION

The nervous system is responsible for receiving, integratingyingl and
responding to information from both the internal and external environments.
Anatomically, the nervous system can be broadly divided into two com{onihe
central nervous system (CNS) and the peripheral nervous syste®). (IPhe CNS is
comprised of brain and spinal cord, while the PNS contains neiffee(d and efferent)
and ganglia which mediate local communication and connect the Ct¥® test of the
body. The PNS can be further divided into two major parts, the son&tious system
and the autonomic nervous system. The somatic nervous system controlsryolunt
movements through afferent and efferent innervation to and from thelesuscd
sensory organs, whereas the autonomic nervous system regulates iortgan function.
The autonomic nervous system is comprised of the sympathetic aaslyppathetic
nervous systems, which typically act in an opposing manner to maintain hasieost

The nervous system is made up of different types of cells, ripestagroup being
the neurons. Neurons communicate with each other and with otherpcielarily

through the release of neurotransmitters. Our primary interesves/akurotransmission



mediated by cholinergic neurons and the neurobiology of the neurotreersraieased
by these neurons, acetylcholine (ACh).

Cholinergic neur otransmission

Cholinergic neurons are abundant in both the CNS and PNS. Within thesGNS
cholinergic nuclei (Ch1-Ch6) send axons to innervate differenbmegof the brain
(reviewed in Pope, 2005). In the PNS, cholinergic neurons innervatdtmuscles,
heart, viscera, airways and autonomic ganglia. The cholinergic nersgstem
participates in the regulation of many vital processes indudiremory, learning,
behavioral arousal, sleep, analgesia, respiration and others (Winklalk., et995;
Kitabatake et al., 2003; reviewed in Sarter and Parikh, 2005; Zimmermann, 2008).

Acetylcholine, the transmitter released by all cholinerggarons, is synthesized
in the pre-synaptic nerve terminal from the co-factor acaighzyme A and substrate
choline by the action of synthetic enzyme choline acetyltreasste(Jope and Jenden
1980; Matsuura et al., 1997). Following synthesis, ACh moleculesarsported and
stored into synaptic vesicles by a vesicular acetylcholimspater through an energy
dependent process (Zimmermann, 1987; Parsons, 2000; Rizzoli and Betz, 2004).

During normal cholinergic neurotransmission (as shown in Figurerialeof an
action potential at the pre-synaptic terminal leads to memlal@pelarization and entry
of calcium into the cell through voltage-gated calcium chann@kdi-Cory, 2002). The
entry of calcium into the cell triggers the fusion of ACh-ladesicles with the pre-
synaptic plasma membrane, leading to exocytosis and subsequase & Ch into the
synapse (reviewed in Sudhof, 2004; Martyn, 2009). Several soluble Nreibyhide-

sensitive-factor attachment receptor (SNARE) proteins, gngpsotagmin, syntaxin and



synaptobrevin, are involved in the vesicular fusion process (Heidetbe?2@O7;
Fagerlund and Eriksson, 2009). ACh molecules are released as “quantdie synapse

(Katz, 1971; Wang et al., 2004). The ACh molecules thus released into the synapse act on
post-synaptically located cholinergic receptors (muscarinic amwtimic) thereby
modifying the post-synaptic cell’s activity.

ACh signaling is effectively terminated by the enzyme ydckblinesterase
(AChE, EC 3.1.1.7) (Rosenberry, 1975 and 1979). AChE is a highly conservedesnzy
playing a vital role in cholinergic neurotransmission in speaies fplanaria to man
(Silver, 1974). AChE is abundantly expressed in the CNS and PNS, dsbifound in
blood (primarily in the erythrocytes) (Nigg and Knaak, 2000). A eelaénzyme,
butyrylcholinesterase, is also widely distributed but has no known dum(E&riksson and
Augustinsson, 1979; Masson et al., 1996; Nicolet et al., 2003; Giacobini, 2004).

AChE has an active site which is located at the bottom of & afnatic gorge
(Sussman et al., 1991; Mallender et al., 2000). The active site is made up obsitess
1) anionic subsite and 2) esteratic subsite. The anionic subsitézetalhe choline
moiety of ACh. The esteratic subsite is made up of the catalyad (serine200,
histidine440 and glutamate327). The active site also has an acyl bisitengand
oxyanion hole (Szegletes et al., 1999). The electrophilic oxyanion hblenhoattracts
but also stabilizes the carbonyl oxygen of ACh (Harel et al., 199®)enzyme also has
a peripheral anionic binding site. The negative charge of the peipaeionic site
attracts the positively charged ACh molecule (i.e., the quatenitaogen) leading to the
formation of a transient enzyme-substrate complex (Johnson et al., Pig@3)d binding

at the peripheral anionic site can lead to either activation drifigm of AChE activity.



The serine oxygen of catalytic triad in the active site gattgecks and forms a covalent
bond with the ACh molecule. AChE hydrolyses ACh resulting in trendtion of an
acetylated enzyme and free choline. Deacetylation of AChEpid eand occurs due to a
nucleophilic attack by a hydroxyl ion of water releasing aedtaviewed in Zimmerman
and Soreq, 2006; Colletier et al., 2006). The turnover rate of AChE>ig80i\Ch
molecules per second, one of the most active enzymes in the bodler(La961,
Sultatos, 1994).

Following ACh hydrolysis, approximately 50% of the choline is aydlack into
the pre-synaptic terminal by a high affinity choline transpqit#xCU) and used for the
synthesis of new ACh molecules (Collier and Katz, 1974; Happe andnyid893;
Ribeiro et al., 2006). The HACU system is an ATP dependent precekss highly
specific for cholinergic terminals. In contrast, acetate farimg ACh hydrolysis can be
utilized in intermediary metabolism. The efficient degradationAGh by AChE is
essential in the regulation of cholinergic transmission by ptengeprolonged activation
of muscarinic acetylcholine receptors (mMAChR) and nicotinicy&ttedline receptors

(nAChR) throughout the nervous system (Lawler HC, 1961; Downes and Granato, 2004).



Figurel. General eventsthat occur at the cholinergic synapse
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Following depolarization of a cholinergic neurohetarrival ofan action potential activate
voltage sensitive calcium channdn the pre-synaptic terminahembraneleading to a large
influx in free calcium and activation of proteins/olved in neuraansmitter secretion. Durir
this process, ACladen vesicles fuse with the terminal membraneifgpatb release of AC
molecules into the synapse. The released ACh @ndhtivate muscarinic or nicotinic recept
on the post-synapticell membrane. Urer normal physiological conditions, the acetylche
molecules in the synapse are rapidly cleaved byylatelinesterase into acetate and chol
Choline is taken back up into tpre-synaptiderminal by HACU, a process functionally coup
to synthess of new ACh molecules, and acetate can be usezhfygy metabolisn



Cholinergic muscarinic receptors

As noted above, ACh activates two basic types of cholinergic msepte.,
muscarinic acetylcholine receptors (MAChRs) and nicotinic ktethne receptors
(nAChRs) (Kawashima et al., 1990; Wessler et al., 2001). The mAGARs been
classified pharmacologically as iMM,, M3 and M, subtypes. Based on molecular
cloning techniques, five receptor subtypes have been identified, leM3(Caulfield
and Birdsall 1998; Bonner, 1989; Wess, 2003). The mAChRs are widely sagbrigs
different regions of the brain and in the periphery, and are highlyeneets across
species (Peralta et al., 1987; Bonner, 1989, Dorje et al., 1991). Bemfaheenology
between the subtypes and due to a lack of highly selective liganasadbrreceptor
subtype, it has been difficult to study the role of theseepter subtypes using
pharmacological agonists or antagonists (Wess, 2004 and 2007). Some esxampl
subtype-preferential receptor antagonists are pirenzipine (Mlfhooteamine (M2),
AFDX 116 (M2), AFDX 384 (for M2 and M4), 4-diphenylacetoxy-N-methghkmidine
methiodide (4-DAMP, M) and himbacine (M4). Examples of some agonists used to
study muscarinic receptor function are oxotremorine, carbachol ethdriechol (Eglen
et al., 1985). While these drugs are not entirely selective crepften be used to study
mechanisms of receptor-mediated actions of acetylcholine adliffeeent muscarinic
receptors.

The mAChRs are G-protein coupled receptors. They are made up aof seve
transmembrane domains that span across the cell membrane armzhreeted both
extracellularly and intracellularly by three loops on eade $Wess, 1996; Caulfield and

Birdsall 1998; Nathanson, 2000). M1, M3 and M5 receptors couple to stinyulator



proteins (Gs) and act through phospholipase C (PLC) activation (evigwlshii and
Kurachi, 2006). Stimulation of PLC results in the hydrolysis of phospHuwtabytol bis-
phosphate (PIP2) and production of the signaling molecules inositol tripheg(ha)
and diacylglycerol (DAG). IP3 stimulates the release &f €am endoplasmic reticulum
and activates calmodulin whereas DAG activates protein kinaseot@irPkinase C and
calmodulin can modify the post-synaptic cell's response througbascade of
biochemical reactions (Lanzafame et al., 2003). In contrast, M2 ahdebkptors are
coupled to the inhibitory type (Gi/Go) G proteins and act through indribdf adenylyl
cyclase. M2 receptors are located both pre-synapticallyo(8aial., 1991; Levey et al.,
1991) and post-synaptically (Rouse et al., 1997). A detailed mechanist# aéceptor
activation will be discussed in subsequent sections.

The mAChRs are involved in regulating a variety of physiolalgienctions. M1
receptor is the major muscarinic receptor subtype in ceretwtalx, thalamus, amygdala,
caudate putamen and plays an important role in learning and memoey (feal., 1991;
Wolfe and Yasuda, 1995; Anagnostaras et al., 2003; Oki et al., 2005).sSwitheM1
knockout mice have shown that the M1 receptor is responsible foringlicit
cholinergically-mediated seizures (Hamilton, 1997). The M2 and M3 gebtyarticipate
in contraction of smooth muscles in the gastrointestinal tract amtwar tissues
(Caulfield, 1993; Eglen, 1996; Beroukas et al., 2002; Kitazawa eR@0).) and are
involved in contraction of smooth muscles (detrussor) in the urinary bléléeischer et
al., 2002; Ehlert et al., 2005; Tran et al., 2006). Activation of cartfldcreceptors
reduces heart rate, force of contraction and automaticity (BroddeMachel, 1999;

Stengel, 2000; Krejci and Tucek, 2002; LaCroix et al., 2008). M2 resejptdhe brain



are known to play a role in learning, memory, motor coordination, c¢ognibody
temperature regulation and analgesia (Gomeza et al., 1999; Bernetrdal., 2002,
Tzavara et al., 2003(a); Seeger et al.,, 2004), and appear to beajbre nmuscarinic
autoreceptor in many brain regions. M4 receptors are abundant oerbleral cortex,
corpus striatum and thalamus (Felder et al., 2000). M4 receptorsrafgp@lay an
important role in anti-nociception and are thought to be the primarycanng
autoreceptor in the striatum (Duttaroy et al., 2002; Wess, 2004).

The nAChRs are ionotropic receptors present at neuromuscular ops)cti
autonomic ganglia and throughout the CNS, primarily at pre-synaptiminals
(reviewed in Millar and Denholm, 2007). These receptors are madeé fiye subunits
from at least 17 different subunits that have been identifigeh,(B1-4, v, 6 ande). For
each receptor, these subunits form pentamers around a central noeloihillar, 2003;
Wang et al., 2003; Changeux and Edelstein, 2005). Binding of ACh to the nA&SuRsr
in opening of these ion channels and increased permeability to sodiussiypotand/or
calcium ions (Harkness and Millar, 2002; Khiroug et al., 2002; FagednddEriksson,
2009). Activation of the nAChR at neuromuscular junctions elicits skehetescle
contractions, activation of ganglionic nAChR stimulates parasgmpa and
sympathetic activity, and activation of CNS nicotinic receptgyacally modulates
neurotransmitter release at a variety of cholinergic and non-cholinergiocnag synapses
(Corringer et al., 1999; McKay et al., 2007; Exley and Cragg, 2008).

In summary, following depolarization of the cholinergic pre-synapticiteinthe
ACh released can activate cholinergic muscarinic or nicotageptors. The activation of

these receptors elicits different functions depending on theypal or organ in which



these receptors are located. Continuous activation of these recdpliosing
accumulation of ACh in some neurotoxicological conditions (e.g. OP poisaranggad
to cholinergic toxicity.

Organophosphates

Organophosphorus (OP) compounds (OPs) are an economically important class of
chemical compounds with a variety of uses including pesticides, irdutiids and
therapeutics. OPs are the most widely used insecticides imiteddbtates (Abou-Donia
et al., 2003), leading to widespread potential for environmental expofurdippe de
Clermont synthesized the first OP compound, tetraethyl pyrophosiph&854. During
the Second World War, a number of nerve agents such as sarin, somabuand/ére
synthesized by Gerhard Schrader and his colleagues in Gerreigwed in Costa,

2006; Pope et al., 2005). Later a number of different OP compounds whessyed
and evaluated as insecticides, subsequently replacing many ugke foganochlorine
insecticides that were being banned in the 1970’s. Thirty-eight eliffetOP
anticholinesterases are currently registered for use dxiges in the United States
(Pope, 1999).

OP compounds are generally highly lipophilic and can be easily abistvdie
skin, respiratory and gastrointestinal tracts (Kamanyire andlliGaide, 2004). OP
exposure may occur in occupational settings or around the home. Igetiezal
population, exposure to OPs may be possible through consumption of residuaiéson f
and vegetables or through the household or garden environment. In some countries,
intentional (suicidal) poisonings by OPs are relatively commaltl@Ston et al., 1998;

Van der Hoek et al., 1998). According to a recent study, around 200,000 peopbehi



year in developing countries because of self-poisoning with OPs (Eddleston, 2000; 2008)
According to the World Health Organization, approximately 3iamlpeople are in some
degree exposed to pesticides each year (Walker and Nidiry, 2002).

OP insecticides can be broadly classified into three groups baspesence or
absence of a sulfur atom:

1) Phosphates (no sulfur atom)

2) Phosphorothioates (one sulfur atom)

3) Phosphorodithioates (two sulfur atoms)

The general structure of OPs and also the chemical streci@it®P compounds
used in our studies are shown in Figure 2. In a prototype OP aidectihe R group is
typically either a methyl or ethyl group, and R’ is genertilly same but can be one of a
number of different substituents. The leaving group, X, can be eithamade, halide or
phenoxy moiety. Organophosphorus derivatives are referred to as Hasaagbiosphate
if there is an oxygen bonded to phosphorus at both R and R’, 2) an pinggploonate if
there is one oxygen bonded to phosphorus at either the R or R’ site3) aal
organ@hospinate if there is no oxygen bonded to phosphorus at either the R or R’
group. Thus, use of the term “organophosphate” to refer to all organophosphorus
toxicants can be a misnomer, but this term is in general useeirtothcological

community.
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Figure 2. Chemical Structures of Organophosphorus Anticholinester ases
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Parathion is a prototype OP insecticide (Gaines, 1960). Although itsagdeeen
banned in the US, it is still used as a pesticide in many dewuglopountries.
Chlorpyrifos is one of the most commonly used insecticides in thandSworldwide
(Davis and Ahmed, 1998; Lemus and Abdelghani, 2000). Parathion and clitepyri
elicited different degrees of cholinergic toxicity at dosagesling to similar levels of
cholinesterase inhibition, i.e., parathion-treated rats showed mosesexd signs of
toxicity (Pope et al.,, 1995; Liu and Pope 1998; Liu et al.,, 2002). The catiyear
absence of overt signs of cholinergic toxicity following dosageshiirpyrifos that elicit
extensive cholinesterase inhibition has been the basis for a longtsgarch project
within our laboratory.

Parathion and chlorpyrifos are “parent” compounds which undergo iviataah
by cytochrome P450-dependent monooxygenases to their active oxygen iestabol
(oxons), paraoxon and chlorpyrifos oxon (Sultatos, 1985; Forsyth and Chadf#f9s,
Murray and Butler, 1994; Furlong, 2007). These metabolites are roi§@B+fold more
potent than the parent insecticides at inhibiting cholinesteraskat{s, 1994). Paraoxon
and chlorpyrifos oxon are detoxified by the action of carboxylestsralistributed
throughout the body. In addition, “A-esterases” such as PON1 are thaubbtrhore
important in the detoxification of chlorpyrifos oxon. Comparing thecteffects of
parent compounds relative to their active metabolites can oftendpromportant
toxicokinetic and mechanistic insights.

Anticholinesterases have been used in veterinary medicine footitel| of ticks
and for the treatment of internal parasites such as flukes.hafitiesterases have also

been used in human medicine for the treatment of cholinergic disosdets as
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Alzheimer’s disease and myasthenia gravis (Pope et al., ZD0&3e compounds have
also been used for the treatment of glaucoma, incontinence, to séir@llperistalis, as

well as other purposes (Nagabukuro et al., 2004). Unfortunately, OP compuawels
also been used in chemical terrorism, e.g. sarin use in Jaghe mid 1990’s by the

Aum Shinrikyo terrorist group (Murata et al., 1997).

Cholinerqic toxicity

OPs inhibit AChE by phosphorylating the serine hydroxyl group irathige site
of AChE leading to the formation of a stable, phosphylated enZiRadic and Taylor,
2001; Casida and Quistad, 2005). This covalent modification blocks subsequéntisubs
(ACh) binding and hydrolysis. With extensive AChE inhibition, accumulatbACh
leads to persistent activation of post-synaptic cholinergic recepad signs of
cholinergic toxicity (Pope et al., 2005). The clinical expressiawxtity depends on the
types of receptors prominently activated and their location withirbtiy, which can
also be influenced by the structure of the OP itself @ge anticholinesterases have
difficulty crossing the blood brain barrier and thus primarily cffdhe PNS). When
MAChR in the periphery are activated, autonomic signs including gxeesecretions
(salivation, lacrimation, defecation and urination), nausea, abdomirenps,
bronchorrhea, severe respiratory distress, blurred vision, miosipptemsion,
conjunctival congestion, nasal discharge, ciliary spasm and brddycan be observed
(Lotti, 1995; Paudyal, 2008). On the other hand, activation of mMAChR ibrthe can
lead to anxiety, ataxia, tremors, seizures, hypothermia andsdepreof respiratory
centers (Costa, 2006). Activation of the nAChR results in muscleictdations,

diaphragmatic failure and ganglionic stimulation. During latagess of OP poisoning
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however signaling involving other neurotransmitters such as GABA and gletaarabe
recruited. Death in severe cases typically occurs due to respifailure from increased
airway secretions, decreased respiratory muscle tone, and dapreds central
respiratory control centers (reviewed in Pope et al., 2005).

There are four main types of toxicity elicited by OPs:

1) Acute cholinergic toxicity is due to inhibition of AChE and characterized by signs of
cholinergic toxicity such as SLUD signs and involuntary movemertigs iB due to
prolonged stimulation of post-synaptically located cholinergic recgfty accumulating
synaptic ACh (Nallapaneni et al., 2006).

2) Intermediate syndrome is generally seen 24-96 hours after resolution of acute
cholinergic toxicity following insecticide intoxication. Signs angmgtoms include
paralysis of proximal muscle groups of the face, neck and rempinatuscles and can
lead to rapid onset respiratory failure and death (De Bleecker, $8@%el, 1995; Senel
et al., 2001).

3) Organophosphorous-induced delayed polyneuropathy is seen 2-3 weeks following
OP exposure. This form of OP toxicity is related to the inlobitdof another esterase
enzyme called neuropathy target esterase, and associated getiedsion of selected
nerves in the CNS and PNS. This disorder is characterized Iay ohigscle weakness
which can progress to paralysis. Recovery is very slow, and sigm& may not recover
at all due to CNS involvement (Johnson, 1993; Pope et al., 1993; Johnson and Glynn,
1995; Ehrich, 1997; Singh et al., 2004).

4) Persistent neurological sequelae seen in patients severely intoxicated with OP

insecticides. Symptoms include confusion, lethargy, irritability, irepamemory and
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psychosis (Wesseling et al., 2002; Colosio et al.,, 2003). The moldmasa for such
persistent neurological consequences following acute intoxication is unknown.

Other targets of OPs

The primary target of OP compounds for eliciting acute toxisiyfChE. Several
studies have reported, however that some OPs can bind to other emzyaddgion to
AChE, as well as to some cell surface receptors (Pope, 1999). & atmtve, some OPs
can elicit organophosphorous-induced delayed polyneuropathy by inhibitmgpag¢hy
target esterase. Many OP compounds can bind to and inhibit othexsestauch as
butyrylcholinesterase (Thiermann et al., 2007; Eddleston et al., 2088k et al., 2009)
and carboxylesterases. As noted before, carboxylesterases prapatant role in the
detoxification of many OP compounds (Chanda et al., 1997; Karanth et al.,220d0),
Some OPs can interact directly with muscarinic (Silverialgt1990; Jett et al., 1991;
Howard et al., 2002), nicotinic (Eldefrawi and Eldefrawi, 1983; Rad.e1987; Ray and
Richards, 2001) and glutamate receptor subyioess et al., 1986; Pope et al., 1999).
For example, Liu et al (2002) showed that in presence of the cadantecholinesterase
physostigmine and the non-selective muscarinic receptor blockepirey some OPs
could directly interact with muscarinic autoreceptors in raatsir slices. Interstingly,
paraoxon and methyl paraoxon acted as agonists to decrease kGke revhile
chlorpyrifos oxon acted as an antagonist and increased ACh raléase.et al (1993)
reported that paraoxon and malaoxon blocked binding to the ligandci$3H]
methyldioxolane (CD), an M2 preferential agonist, in rat hippochrmapd cortical

membranes.
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Quistad and coworkers (2001, 2002 and 2006) reported that some OPs can
selectively interact with different components of the endocannabimgmdlsg pathway,
a neuromodulatory pathway that is widely distributed in the maramakrvous system.
These investigators also showed that some OP compounds can inhitait sther serine
hydrolases. Knowledge about the interaction of OPs with non-choliassteargets
could lead to better treatment of OP intoxications (Casidad.,e2@05; Nomura et al.,
2006).

Current ther apeutic approach to OP intoxication and drawbacks

The traditional therapeutic approach for treating OP poisoning invdlves
drugs: 1) a muscarinic receptor antagonist (typically atrogmé)ock the activation of
post-synaptic mAChRs, 2) an enzyme reactivator that dephosphorgladeshereby
chemically restores AChE activity and 3) a benzodiazepine to bloakegiz

There are several potential weaknesses of this treatmemteregiVhile atropine
effectively counteracts some of the muscarinic signs of chgiméoxicity (e.g. excess
salivation), it may block the adaptive activation of pre-synaptioracéptors that
mediate feedback inhibition of ACh release. Blockade of the prapsigally located
autoreceptors can lead to increased ACh in the synapse which has the poterihalteo ac
the nicotinic receptors and can thus exacerbate OP toxicitgevere cases of OP
poisoning such as nerve agent poisoning, seizures may develop. Emmsessare
sensitive to atropine treatment only in the early stages uié antoxication, becoming
resistant to antimuscarinic therapy later. Although seizaresnitiated by accumulating
ACh, they are thought to be maintained by the recruitment ohslio@am glutamatergic

signaling pathways (Shih and McDonough, 1997; Solberg and Belkin, 1993siém
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and Raveh, 2008). Conventional therapy does not consider the excitot@ats edf
glutamatergic signaling. Furthermore, patients treated witpiae to block acute signs
and symptoms can show persistent neurological deficits (Colosio, 003). Atropine
could contribute to these persistent neurobehavioral changes by blodapgva
changes in ACh release. Moreover, atropine can lead to ventridwldations in anoxic
patients, thus exacerbating acute lethality (Bowden and Krenzelok). 19€3dond, the
enzyme reactivator (e.g. pralidoxime) is useful only befgesray (i.e. spontaneous loss
of an alkyl group) of the enzyme-inhibitor complex occurs (Worek et al., 199%4%dd|
et al., 2002; Buckley et al., 2005; Eyer and Buckley, 2006). Once the emggsethe
reactivator is ineffective and actually contraindicated &s$t anticholinesterase activity
on its own. Care should be taken while using pralidoxime and othetivaors since
overdosage can lead to muscle spasms. Another drawback of #teeneé regimen is
that it does not consider effects of nAChR activation throughout tHg, beading to
skeletal muscle fasciculations and incoordinated contractions lagssvemodulation of
neurotransmitter release centrally.

Alter native strategies

The current pharmacological strategy for OP intoxication emptmbinckade of
the effects of accumulating ACh. Drugs that can decrease é&@slmay improve this
overall strategy. Several neurochemical processes could potetgalinanipulated to
decrease ACh release from the pre-synaptic terminal. Inhibiti¢tAGiU, blocking of
synaptic vesicle fusion, or activating muscarinic autoreceptorsd cpatentially be
therapeutically advantageous. A number of pre-synaptically lot&tedoreceptors (e.g.

adenosine, cannabinoid CB1 receptors) may also be therapeutically arsefin fact,
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activation of adenosine receptors to decrease ACh release hgwr&@ensly evaluated

as a therapeutic stratefyan Helden et al., 1998; Van helden and Bueters, 1999; Bueters
et al., 2002 Our studies focused on two pre-synaptic receptors regulating &l€dse,

i.e., muscarinic M2 and cannabinoid CB1 receptors and their role ixphession of OP
toxicity.

We hypothesize that drugs that can enhance endocannabinoid levels (e.g.
inhibitors of enzymes that degrade endocannabinoids) and M2 selagdivista could be
useful for the treatment of OP poisoning and might negate sonhe okgative aspects
of traditional therapy. For example, since eCB signaling camiintiie release of non-
cholinergic neurotransmitters, cannabinomimimetics may not only tnABh release
but may also block the effects of other neurotransmitters sudiutenate that are
thought to be involved in some aspects of cholinergic toxicity. Thexefitizing drugs
that can decrease ACh levels through activation of either pigptg muscarinic M2 or
cannabinoid CB1 receptors may potentially improve the therapy qdd@®ning. Figure
3 shows how muscarinic M2 and cannabinoid CB1 receptors may moduldtiOBy

by regulating ACh release from the cholinergic terminal.
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Figure 3. Role of pre-synaptic M2 and CB1 receptors in regulating ACh release in
OP toxicity.
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As noted aboveAChE inhibition by an OP leads to cholinergiwxicity through the excessi\
stimulation of possynaptic cholinergic recept. This in turn leads to recruitment of otl
signaling pathways. Excess ACh can increase ththesis and release of eCBs, however
activation of M1 and M3 receptorDuring later stage of OP poisoning, accumulation of otl
neurotransmitters (e.gsABA, glutamate) also occursCBs can also be synthesized due
activation of group | mGlul These eCBs that are synthesized in the pasaptic cell diffuse
into the synapse kere they bind to cannabinoid CB1 receptors. Atitivaof CB1 receptorcan
thus potentially reduceOP oxicity by inhibiting the release of ACh arnon-cholinergic
neurotransmitters. Similarly activation of -synaptic M2 receptors malso reduce OP xicity

by decreasing ACh release from the-synaptic terminalThus pharmacological activation

either CB1 or muscarinic M2 receptors may decré&aBetoxicity by reducing ACh release &
the release of other downstream transmi
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Muscarinic receptor-mediated requlation of ACh release

The mAChR subtypes are involved in a variety of physiological fansti
(Caulfield, 1993). The presence of M2 receptors on pre-synaptic tésnmmalies a role
for this receptor in adaptive responses, in particular in feed-legckation of transmitter
release (Rouse and Levey, 1997; Hajos et al., 1998). Previous studiesyasippsomal
preparations, brain slices and microdialysis indicate that Mpt@ceindeed play a role
in inhibiting ACh release from the cholinergic pre-synaptic teain{Levey et al., 1995;
Kitaichi et al., 1999; Galli et al., 2001). Zhang and cowork&haqg et al., 2002) using
brain slices from M2, M4 and M2/M4 knockout mice reported that the M&ptecis the
primary autoreceptor regulating ACh release in cortex and hiopogs, whereas M4
appeared to be the prominent autoreceptor in mouse striatum. Moreovess stade
also shown that ACh levels can be elevated by blocking M2 autooeseding M2
selective antagonists (Quirion et al., 1995; Stillman et al., 19g6hoted before, ACh
accumulation following anti-cholinesterase exposure can activateekkptors, leading
to lesser ACh release, potentially minimizing the accunaradf ACh into the synapse
and thereby the toxicity of anti-cholinesterases. Thus, targefitige M2 receptor may
be useful in modulating cholinergic neurotransmission and impairing fhresston of
cholinergic toxicity.

Binding of ACh to the pre-synaptic M2 receptor activates thpr@ein, which is
a heterotrimeric molecule (comprisedof3 andy subunits) associated with the guanine
nucleotide, GDP. Upon activation, the GDP is exchanged for GTP, arnd fhvetein
dissociates intai and By subunits. Theu subunit inhibits adenylyl cyclase and thereby

reduces the synthesis of cAMPlianas et al., 1983; reviewed in Krejci et al., 2004).
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CAMP activates protein kinases which, among other things, phosphorylasgerol
sensitive calcium channel subunits. Channel subunit phosphorylation enhbanes|c
opening allowing more entry of calcium ions into the terminal. Qalcs required for
the fusion and exocytosis of synaptic vesicles (Beech et al., 1992; Allerr@and B993;
Bajjalien and Scheller, 1995). Since adenylyl cyclase is imdubity M2 receptor
activation, less calcium enters the terminal leading to aredhkiction in transmitter
release. In addition to the subunit, thely subunits can also regulate ACh release. The
By subunits also directly bind to and inhibit voltage-sensitive calcium channelsideadi
decreased influx of calcium into the pre-synaptic terminal ¢Bet al., 1992; Herlitze et
al., 1996). Thedy subunits bind to and activate inwardly rectifying potassium channels
leading to increased efflux of K+ ions and consequent hyperpolariz#tithre terminal
(Logothetis et al., 1987; Yamada et al., 1998). Hyperpolarizatiosn decreases release
of ACh by preveting the activation of voltage-sensitive calcilmanoels. Additionally,
By subunits appear to interact directly with some proteins of theywtamcmachinery,
preventing the fusion of synaptic vesicles with the plasma nesmband thereby
blocking ACh release. Hydrolysis of GTP to GDP by déihesubunit which has intrinsic
GTPase activity results in reassociation of the three subtmitagain form the
heterotrimeric G protein molecule. Thus, the binding of agonist to theebkptor results
in decreased ACh release through multiple mechanisms involving dyo#nd By
subunits.

Previousin vitro andex vivo studies from our lab using rat brain slices suggested
that selective effects on muscarinic autoreceptor function ptay a role in the

differential toxicity of the OP insecticides parathion ancoighyjrifos. To extend these
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studies, we proposed to investigate the role of M2 receptor signal@P toxicity using
a mouse model lacking the M2 receptor. Since the M2 receptoasaets autoreceptor to
inhibit ACh release, we hypothesized that deletion of the M2 recejutold exacerbate
OP toxicity.
Cannabinoids

Natural cannabinoids (phytocannabinoids) are bioactive compounds derived from
the plantCannabis sativa (Gaoni and Mechoulam, 1971). Cannabis and products from it
have been used for centuries for their medicinal and psychoactivet@ep€annabis
has been used for analgesics, antiemetics, antispasmodics gm@dacing euphoria
(Pertwee 2000; Kreitzer and Stella, 2009). The major psychoactive contportbese
extracts was identified as delta-9-tetrahydrocannabinol {T¢@2oni and Mechoulam,
1971). These natural cannabinoids bind to a specific receptor totledoitneurologic
actions, termed the cannabinoid type 1 (CB1) receptor (Devane #988; Matsuda et
al., 1990). The discovery of the specific receptors for phytocanndbited to a search
for endogenous ligands for these receptors. The first endogenousbiocamha
(endocannabinoid, eCB) discovered was arachidonylethanolamide fronmepdm@iin,
referred to as anandamide (Devane et al., 1992). The name “andetiaras derived
from the Sanskrit wor@nanda which means “bliss” or “happiness”, in reference to the
euphoric effects ofCannabis (Vander Stelt and Di Marzo, 2005). Another eCB
subsequently isolated from canine gut was 2-arachidonyl gly¢alG) (Mechoulam,
1995; Sugiura et al., 1995; Pertwee and Ross, 2002). 2-AG is present im highe
concentrations compared to anandamide in the brain and is also maacieds

compared to anandamid€Grotenhermen, 2005). Other endogenous ligands for
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cannabinoid receptors have also been reported such as 2-arachibaeyblgether
(noladin ether) and O-arachidonylethanolamine (virodhamine) (Bisograd.,e2000;
Kano et al., 2002; Porter et al., 2002). Unlike classical neurotraessmithich are pre-
packaged into synaptic vesicles, eCBs are synthesized “on demamubt-synaptic cells
following depolarization and diffuse from the cell into the synapg®rtd to pre-synaptic
receptors, hence eCB signaling is termed “retrograde smgria(Di Marzo, 1999;
Piomelli et al., 1998; Hillard and Jarrahian, 2000; Wegener and Koch, 2009).

Endocannabinoid signaling

The eCB signaling system consists of eCBs, the enzymes rédpoiaos their
synthesis and degradation, specific cannabinoid receptors and a putativerane
transporter for reuptake into the neuron. Anandamide is synthesized\feoachidonoyl
phosphatidyl ethanolamine by the enzyme, N-acyltransferase phaspletitianolamine-
phospholipase D (NAPE-PLD, Freund et al., 2003; Di Marzo et al.,, 200#\wdee
2005). Like anandamide, 2-AG is also synthesized from membranehatipgis, but by
the action of diacylglycerol lipase (DAGL). Endocannabinoid actioth@sight to be
terminated by reuptake into either the pre-synaptic ternanahe post-synaptic cell,
followed by enzymatic degradation. Anandamide is primarily degrdgethe enzyme
fatty acid amide hydrolase (FAAH) while 2-AG is primarnhactivated by the enzyme
monoacylglycerol lipase (MAGL) (Dinh et al., 2002; Wilson and NicdD02;

Hashimotodani et al., 2007).
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Figure 4. Synthesis and degradation of endocannabinoids

Phosphatidylethanolamine Phosphatidylinositol
l N-acyl transferase lPhosphoIipaseC
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l Phospholipase D l Diacylglycerol lipase
Anandamide 2-arachidonoylglycerol

0
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N\~ /C\NH/\/ C\ on
D4 (0 e
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Ethanolamine Arachidonic acid Glycerol

Anandamide and 2-AG are formed from lipid precussuy the action of the enzymes NAPE-PLD and
DAGL and are degraded by the enzymes FAAH and MA@Epectively.

As noted before, cholinergic neurotransmission is mediated by A€4msesl into
the synapse to activate post-synaptic cholinergic receptors. Tivatiao of these
receptors can potentially lead to post-synaptic cell depolanzatediated by M1, M3 or
M5 receptors\fa production of the second messengers inositol triphosphate and diacyl
glycerol). With AChE inhibition ACh accumulates, leading to prolonged-gpgsaptic
MAChR activation, persistent production of second messengers, and sétcrea
intracellular calcium levels and the potential for depolawratiThe synthetic enzymes
for both anandamide and 2-AG are calcium-dependent. Furthermore, M1 and M
receptors are directly coupled to the synthesis and releas€B¥ (Kim et al., 2002;

Ohno-Shosaku et al., 2003). AChE inhibition and consequent ACh accumulabioid s
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therefore increase eCB signaling. During later stagesPopQsoning, release of other
neurotransmitters (e.g. glutamate) is also increased. Grouptdbotropic glutamate
receptors are also directly coupled to synthesis of eCBs, pgaemtially leading to
enhanced eCB signalir{lylaejima et al.,et al., 2001; Ohno-Shosaku et al., 2002).
Similar to the mAChR, the CB1 receptor is a member of the Giprabupled
receptor superfamily (Matsuda et al., 1990; Wiley and Martin, 2002k€eTtezeptors are
made up of seven transmembrane domains, with the extracellular doonéaming the
amino terminal and the intracellular domain the C terminal. A second typarailmaoid
receptor referred to as CB2 has also been identified, but it appeararily associated
with immune cells/functions (Howlett 1995; Kaminski, 1996; Elphick and t&gar
2001). CB1 receptors are the most abundant GPCR in the brain (Herkehhh, 1990;
Pertwee, 1997 and 2001). In the nervous system, CB1 receptors arelypiivoated on
pre-synaptic terminals and act as heteroreceptors, regulangelease of variety of
neurotransmitters including ACh, GABA, and glutamate (Wilson &hcbll 2002;
Takahashi and Castillo 2006). Within the brain, CB1 receptors are ablynebgmtessed
in the substantia nigra pars reticulata, globus pallidus, hippocampuseeatzeltim
(Herkenham et al., 1990). CB1 receptors are also present irfiiphgry in association
with the neurons in organs such as heart, liver and the gastrointéstctalAs noted
above, CB2 receptors are primarily localized in immune-relagsdes and cells such as
spleen, B lymphocytes, monocytes and natural killer cells (redew Howlett et al.,
2002; Pertwee and Ross, 2002; Mackie, 2005). Of interest for CNS functidh, CB
receptors are localized on microglia, the resident macrophéties the brain. CB1 and

CB2 receptors can be activated by both phytocannbinoids and eCBs. Endauaidnabi
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signaling is involved in diverse processes including analgésenbregulation, synaptic
plasticity, food intake, immune function, cognition and a variety béophysiological
functions (Pacher et al., 2006). Furthermore, more recent evideggests that eCBs
may work through additional though yet defined receptor subtypes @3g.Kano et al.,
2009).

Cannabinoid r eceptor-mediated requlation of ACh release

Endocannabinoid signaling modulates neurotransmission throughout the
mammalian brain by modulating the release of neurotransmitigtgling acetylcholine
(ACh) (Misner and Sullivan, 1999; Hajos et al., 2001; Hoffman and Lupica, 200ty
et al.,, 2000; Schlicker and Kathmann, 2001; Takahashi and Castillo, 2006).
Endocannabinoids are the signal molecules controlling depolarization ethduc
suppression of excitation (DSE) and depolarization induced suppression lmfionhi
(DSI), two forms of synaptic plasticity. Inhibition of glutamaedease is the basis for
DSE (Sullivan, 1999; Hajos and Freund, 2002), while inhibition of GABA selaa
responsible for DSI. These processes are referred to as “endoicamhanediated
plasticity” (Mackie, 2008; Herkenham et al., 1990; Kano et al., 2009).

Once released by a post-synaptic cell, eCBs bind to and inhikaigeoffated N-

P/Q and L-type calcium channels, blocking entry of calcium into pieesynaptic
terminal (Caulfield and Brown, 1992; Twitchell et al., 1997; Guo and IK2@l24;
Zhuang et al., 2005). Since calcium is required for vesicular edgisyand transmitter
release, decreased calcium influx into the terminal will bithiurther ACh release.
Cannabinoids also bind to and inhibit inwardly rectifying potassium chansuad

activate voltage sensitive’l€hannels (Deadwyler et al., 1993; Henry and Chavkin, 1995;
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Mackie et al., 1995). These actions result in increased effluX+fons across the pre-
synaptic membrane, normalizing the membrane potential and thet@biting further
release of ACh (Elphick and Egertova 2001; Freund et al.,, 2003; Kin, €2082).
Activation of CB1 receptors also inhibits adenylyl cyclasedilegto decreased cAMP
formation and reduced activation of protein kinase A (PKA) (Howlet, 1B8Bwee and
Ross, 2002). As PKA is important for phosphorylation of a variety oepr®in the cell,
including A-type potassium channels, a net result is the activatidatype potassium
channels, increasing potassium efflux and impairing further depdlanzéMu et al.,
1999; Kulkarni and Ninan, 2001).

Severalin vitro andin vivo studies have suggested the role of CB1 receptor in
regulating ACh release in hippocampus (Carta et al., 1998; Gesta E998; Gifford
and Ashby 1996; Gifford et al., 1997 and 2000). In rats, the synthetic caoithbi
receptor agonist WIN 55,212-2 decreased hippocampal ACh raleaseo, whereas
SR141716A, a CB1 receptor antagonist, increased ACh release (Teawahra2003(b).
CB1 receptor antagonists increased extracellular ACh levdlppocampus, a response
that was absent in tissues from CB1 knockout mice (Degroot e2Qflg). Previous
studies from our lab showed that WIN 55,212-2 reduced the acute yoxidihe OPs
paraoxon and DFP (Nallapaneni et al., 2006, 2008). We hypothesized thaiga@ig
plays an important role in the expression of OP toxicity. As A€lumulation can lead
to increased synthesis and release of endocannabinoids by post-sgaebgtincreased
activation of CB1 receptors could inhibit further release of AGhison et al., 2001;

Yoshida et al.,, 2002 and Ohno-Shosaku et al., 2003) and decrease expression of
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cholinergic toxicity. We hypothesize that in the absence of G8§, ¢f the inhibition of
ACh release will increase sensitivity to OP anticholinesterases.

The pre-synaptic regulation of neurotransmitter release magfdine be a target
for modulation of anticholinesterase toxicity. In our studies, we facasewo different
pre-synaptic regulatory signaling pathways for controlling A€lbase, i.e., signalinga
the M2 autoreceptor and the CB1 heteroreceptor. Our overall hymothdakiat genetic
deletion of either the M2 or the CB1 receptor will enhance theeegjan of cholinergic
signs of OP toxicity by disrupting adaptive changes in adatlilze release following OP
exposure.

Specific aims

We hypothesized that deletion of the M2 or CB1 receptor would irereas
sensitivity to OP toxicity due to loss of the feedback (or geade) inhibition of ACh
release. As OPs lead to excess ACh accumulation, activatiorthef 12 or CB1
receptors should decrease functional signs of toxicity assoortedOP poisoning.
Thus, both M2 and CBL1 receptor activation can decrease ACh reletisthe potential
to influence expression of anti-ChE toxicity.

Knockout mice can serve as viable models to study the role aftiaydar gene.
We used M2 and CB1 knockout mice to understand the role of cholinergic and
cannabinergic signaling in modulating OP toxicity as wellhesregulatory role of M2
and CBL1 receptors as autoreceptors and heteroreceptors inioegolatacetylcholine
release. The project was designed as three specific aims.

Specific Aim 1. To evaluate the effects of M2 receptor deletion on acutetisgysio

selected OP compounds.

28



Specific Aim 2: To evaluate the effects of CB1 receptor deletion on acutetisgnsd
selected OP compounds.
Specific Aim 3: To evaluate ACh release as affected by OP expaswieo andex vivo

in slices from M2-/-, CB1-/- mice and their respective wildtygeidihates.
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CHAPTER Il

METHODS

Chemicals

Chlorpyrifos (CPF, O,0O’-diethyl-O-(3,5,6-trichloro-2-pyridinyl-phospbibrioate,
99% purity), chlorpyrifos oxon (CPO, O, O’-diethyl-O-(3, 5, 6-tricbl@-pyridinyl-
phosphate, 99.1% purity), parathion (PS, O, O’-diethyl-O-4-nitrophenyl-
phosphorothioate, 99% purity) and paraoxon (PO, O, O’-diethyl-O-4-nitrophenyl-
phosphate, 99.1% purity) were purchased from Chem Service (WeseCHhos) and
stored in a desiccator under nitrogen ‘.4

Acetylcholine iodide (acetylH; specific activity = 76.0 mCi/mmol), choline
chloride (methyl-*H; specific activity = 66.5 Ci/mmol) were purchased from Perkin
Elmer (Boston, MA) and stored at “T0 Ethanol, atropine sulfate, Tris (hydroxymethyl
aminomethane), sodium hydroxide, hydrochloric acid, ethylenediamiseaettic acid
(EDTA), heparin, acetylcholine iodide, polyethylenimine (PEI), sodthioride, sodium
sulfate, potassium phosphate (mono and dibasic), triton X-100, chloroaudtisadium
potassium tartrate, bovine serum albumin (BSA), cupric sulfate, saridmonate, Folin
& Ciocalteu’s phenol reagent, p-nitrophenol, p-nitrophenyl acetatéP@), ethidium

bromide, agarose, sodium borate dehydrate, boric acid, sodium phosplhat&Ec)di
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potassium chloride, magnesium sulfate, calcium chloride, d-glucose, sbabarbonate,
hemicholinium-3, PPO  (2,5-diphenyloxazole), POPOP (1,4-bis[5-phenyl-2-
oxazolyllbenzene) and acetylcholinesterase (Type V-S), WIN 55,212(2)-[BR3-
dihydro-5-methyl-3-(morpholinyl)methyl]pyrrolo[1,2,3-de]-1,4-benzoxgi{A-
napthalenyl)methanone mesylate, oxotremorine (1-[4-(1-Pyrrol)dalputynyl]-2-
pyrrolidinone) were all purchased from Sigma-Aldrich (St. Loui§)Msoamyl alcohol,
toluene and acetone were purchased from Fisher Scientific (Hodst@nPrimers for
genotyping were also purchased from Sigma-Aldrich (St. Louis, M@O). PCR, all
buffers and enzymes were purchased from Takara (Shiga, Jageagent grade

chemicals were used for all studies.

Animals

M aintenance and breeding of knockout and wildtype mice

M 2 knockouts

A breeding pair of M2 knockout (KO) mice was a generous gift flmJurgen
Wess at the National Institute of Diabetes and Digestive adidel diseases (NIDDK,
Bethesda, MD) These M2 knockouts were a cross between CF1 and 129J1 strains
(50%/50%). The mice were initially produced by replacing a Ri®base Nhel-Nsil
fragment with PGK-neomycin resistance gene (Gomeza et al.,.X0@%sbred wildtype
mice (WT) with the same genetic backgrounds (i.e., without itiée controls) were

used in our initial studies.
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CB1 knockouts

Two breeding pairs of homozygous CB1 KO mice were obtained frandir
Pickel at the National Institute of Neurological Disorders amdk® (NINDS, Bethesda,
MD). The mice were initially generated by disrupting the cgdegion of the CB1 gene
between the amino acids 32 and 448 with PGK-neomycin construct in entbsgem
cells. Chimeric mice obtained from these embryonic stens eadre bred to C57BIl/6
mice. Homozygous CB1 KO mice were then generated by intengsatf heterozygotes
(Zimmer et al., 1999). C57BI/6 (i.e., CB1 WT) mice were purchased from Cliivles

For breeding purposes, two adult females (8 weeks of age) wereavitepdne
male. Nesting squares were kept in each cage to encourageg.méie mice were placed
in polycarbonate cages and maintained on a 12-h light/dark cycle. Tdee ware
provided Mouse Diet 5015 (PMI, Walnut Creek CA) and wairibitum. Pregnant
females were separated from cage-mates upon visible evideposgaancy. After birth,
pups remained with the dam until 21 days of age, after which they sexed and
weaned. Male mice at 8 weeks of age were usethfaro studies whereas the females
were either discarded or used for further breeding. In all cgeestype was confirmed
by PCR using tail DNA. All procedures involving animals wemeaiccordance with
protocols of NIH/NRC “Guide for the Care and Use of Laboratorymfaté” and were
approved by Institutional Laboratory Care and Use Committee (I3)Caf Oklahoma
State University prior to use.

M aintenance and breeding of +/+ and -/- littermates

For obtaining littermate (LM) controls of both M2 and CB1 KO epitwo adult

WT females (8 weeks of age) were housed with one KO male &noleterozygote
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progeny (HZ). Male and female HZ at 8 weeks of age were pleged together for
breeding to obtain +/+, +/- and -/- LM mice. WT/LM and KO maliee at 8 weeks of
age were used for the subsequent studies. HZ male and female mice wereseigihdedi
or used for further breeding. Confirmation of the genotype wasQiy &f tail DNA.
Mice were ear notched after genotyping for subsequent identification.

Genotyping

Extraction of tail DNA

The distal tail (about 2 cm) was collected for DNA extractitails were cut into
small pieces to ensure efficient digestion and extractionMA.DThe Qiagen DNeasy
blood and tissue kit for isolation of genomic DNA was used accordinghéo
manufacturer’s instructions (Qiagen Inc, Valencia, CA). In pbi&D ul of ATL buffer
and 20 pul of proteinase K were added to Eppendorf tubes containing tissues and vortexed.
The tissues were allowed to lyse in the buffer mixture at 566 to 8 hours. Later, 200
pl of AL buffer and 200 ul of absolute ethanol were added. The mwiasethen passed
through a DNeasy mini spin column and centrifuged at 60§@x 1 minute. The flow-
through was discarded. AW1 (500 pl) buffer was added, followed by fogyation at
6000 xg for 1 minute. The same process was repeated with AW2 buffer, &aulldoy
centrifugation at 20,000 g for 3 minutes. Again, the flow through was discarded.
Finally, 200 pl of AE buffer was added directly into the DNeasgi spin column,
followed by incubation for 1 minute at 3€°and centrifugation at 6000gxfor 1 minute.
The flow-through was collected for use into sterile Eppendorf tubescentration of
DNA in the sample was estimated using a spectrophotometer (Ngnédoducts,

Wilmington, DE).
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PCR

M2 KO and WT mice

The following primers were used for M2 KO mice:

M2-A6: 5-GCT ATT ACC AGT CCT TAC AAG ACA- Forward primer
NEO-1: 5-CAG CTC ATT CCT CCC ACT CAT GAT —Reverse primer
The following primers were used for WT mice:

M2-A6: 5'-GCT ATT ACC AGT CCT TAC AAG ACA-Forward primer
M2-B5: 5'-CCA GAG GAT GAA GGA AAG AAC C —Reverse primer

CB1KO and WT mice

The following primers were used for CB1 KO mice:
CTGCTATTGGGCGAAGTG - Forward primer
TAGCCAACGCTATGTCCTG - Reverse primer

The following primers were used for WT mice:
CCCTCTGCTTGCGATCATGGTGTATG — Forward primer
TATCTAGAGGCTGCGCAGTGCCTTC — Reverse primer
The following reaction mixture was used for PCR of tail DNA:
DNA 5ul (10 ng/ul)

H>O 5.25 pl

PCR Buffer (10 X) 2.5 pl

dNTP (2.5 mM) 2 ul

Forward primer 5 ul (10 ng/ul)
Reverse primer 5 pl (10 ng/pl)
TaKaRa Taq 0.25 ul (5 U/ul)
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900 bp
800 bp

700 bp
600 bp
500 bp

400 bp
300 bp

200 bp

100 bp

Total: 25

PCR Conditions:

95°C for 5 min; 95C for 30 sec; 5% for 30 sec; 7Z for 1 min (30 cycles and 72C
for 10 min Sample werstored at 4C.

PCR was done using DNA isolated from the tail s@spPCR products we
loaded onto a 1.5% agarose gel vethidium bromide. 1x SBuffer (19.9 mM sodiun
borate decahydrate and 7.7 mM boric acid for livafer;pH = 8.0)was used to prare
the gel. The PCR products were dilute times with loading bufferwith 15 pl of the
diluted samples beinigaded into the wells. For comparison of molecwarghts, a 1 ki
DNA ladder was loadedhto one lanePCR products were electrophoreticallparated
at 100 volts for 30 min. The separated productewesualized using a UV Gel Doc (C
Doc 2000; BioRad Laboratories, Hercules, C
The following bands for MKO and WT mice were obtained (Gomezaal. 1999):

1. M2-A6+M2-B5 --- M2 WT band435 bp and

2. M2-A6+NEO-1--- M2 KO band476 bp

Standard Kol Wil Ko2 Wt2

Figure 5: Genotyping of
WT and M2 KO mice.

M2 receptor PCR products
the expected size we
observed for both wildtyp
(435 bp) and M2 knockot

(476 bp) mic.
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The following bands for CB1 KO and WT mice were obtained (Zimmer et al., 1999)
1. WT bandl99 bp

2. CB1 KO bandi00 bp

CB1
Standard WT1 WT2 KO1 KO2 -ve ctrl

Figure 6: Genotyping of WT
and CB1 KO mice.

CB1 receptor PCR products of the
expected size were observed for both
wildtype (199 bp) and CB1 knockout

| |
0t N (400 bp) mice

In vivo studies

Evaluation of functional signs of OP toxicity

Involuntary movements were graded for severity as describedobgrivdt al. (1988):
2 = normal quivering of vibrissae, head and limbs; 3 = mild, fine tréypically seen in
the forelimbs and head; 4 =whole body tremor; 5= myoclonic jerks6andlonic
convulsions. Autonomic signs of cholinergic toxicity (salivation, lactiomg urination,
diarrhea commonly called as SLUD) were graded as: 1 = normal, no excessaetess;
2 =slight, one SLUD sign or very mild multiple signs; 3 = moderateltiple overt
SLUD signs and 4 = severe multiple, extensive SLUD signs.

Dose deter mination studieswith WT and M2 KO mice

Research from our laboratory has primarily focused on rat moolets/éluating
toxicity of OP compounds. Since there was relatively little rimfation available in the

literature for sublethal dosages of parathion in mice, prelipidase response studies
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were conducted in WT and M2 KO mice. Peanut oil was used as esdbichll OP
compounds. Parathion was prepared in peanut oil and administered subcutafiggusly
25 or 35 mg/kg, 1 ml/kg) using a 100 ul Hamilton syringe with a @6gg needle.
Control mice were treated with peanut oil only. Mice werewatald for functional signs
of toxicity at 2, 4, 8, 12 and 24 hrs after dosing. Following the Bbakrvations, mice
were sacrificed and tissues were collected for biochemical assays.

Initial studiesusing M2 KO without litter mate controls

M2 KO and WT mice (n = 4-6/treatment group) were treatdt parathion (35
mg/kg), chlorpyrifos (300 mg/kg), paraoxon (1 mg/kg) or chlafpg oxon (5 mg/kg).
All the doses used were based on preliminary dose response studiegy Tollowing
exposure to the oxons (i.e., paraoxon and chlorpyrifos oxon) is rapid fwhdgonal
toxicity occurs later after exposure to the parent insectciéf@nctional signs were
therefore evaluated for four hrs (paraoxon and chlorpyrifos oxon), 24 hmeghjpa) or
72 hrs (chlorpyrifos). The onset of cholinergic signs of toxicity W#ferent following
parathion and chlorpyrifos exposure. Hence different timepoints wéretad for studies
with parathion and chlorpyrifos. Following the final functional observatidits]y
weights were recorded, mice were sacrificed by decapitatontissues were collected
for biochemical assays.

Initial studiesusing CB1 KO without litter mate controls

CB1 KO and WT mice (n = 4-6/treatment group) were treatdd wehicle
(peanut oil), parathion (20 mg/kg) or chlorpyrifos (300 mg/kg) and functisigals of
toxicity were evaluated for 48 hrs. The dose of parathion wadeglbased on previous

studies with FAAH knockout mice (which also has a C57bl/6 geneticgbackd).
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Following the final functional observations, body weights were dsmhr mice were
sacrificed by decapitation and tissues were collected for biochergzalsa

M2 KO studieswith WT/LM controls

Subsequent studies comparing toxicity in M2 KO used littermate asntr
following heterozygote breedings and genotyping of the progeny. MakdOWT/LM
mice (n = 4-6/treatment group) were treated with vehiclar(peoil), parathion (27.5 or
35 mg/kg), chlorpyrifos (300 mg/kg) or the muscarinic agonist oxarem® (0.5 mg/kg).
Parathion treated mice were evaluated for functional signs dfitioxgraded for 24-48
hrs whereas chlorpyrifos treated mice were evaluated forrg2 Hor studies with
oxotremorine, WT/LM and KO mice were treated with either Mehideionized water, 1
ml/kg) or oxotremorine and observed for cholinergic signs of toxioityp0 minutes. At
the end of each study, body weights were recorded, mice aenéced by decapitation
and tissues were collected for biochemical assays.

CB1 KO studieswith WT/LM controls

Our initial studies evaluating toxicity in CB1 KO (without LM cuools)
suggested differences in the extent of cholinesterase inhibitowing exposure to
either parathion or chlorpyrifos (see results). To control progerlysuch differences,
WT littermates were used for all subsequent toxicity studiB4. KO and WT/LM mice
(n = 4-6/treatment group) were treated with vehicle (peanutpabathion (20 or 27.5
mg/kg) or chlorpyrifos (300 mg/kg) and functional signs of tibxievaluated for 24-48
hrs. At the end of each study, body weights were recorded, weoce sacrificed by

decapitation and tissues were collected for biochemical assays.
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Biochemical assays

Tissue collection and preparation

Brain, liver, heart, blood (for plasma) and tail were collecteghpbltampus,
cerebellum and cortex were dissected from whole brain. Tag s rinsed with 10
mM Tris buffer (pH 7.4) containing 1 mM EDTA and minced before fregz_iver was
rinsed in normal saline solution. Blood was collected into heparinizechl1Eppendorf
tubes (20 ul heparin; 10,000 units/ml) and immediately centrifug&d,@00 rpm for 10
minutes to separate plasma. All tissues were stored at -701@ss#@yed. Cholinesterase
was measured in hippocampus, cortex, cerebellum and heart. Theleatovrselecting
these brain regions was because of the high abundance of cholsigrgiling and also
due to involvement of these regions in memory, learning and motor control
Carboxylesterase activity was measured in plasma and @reithe day of the assay,
tissues were thawed on ice, weighed and an appropriate volume of 50otabsium
phosphate buffer, pH 7.0 added based on the specific tissues (hippocathpakimes;
cortex, 40 volumes; cerebellum, 40 volumes; heart, 30 volumes and liver, 20eg)!
Tissues were homogenized using a Polytron PT 3000 homogenizer (Bmimkma
Instruments, Westbury, NY) at 28,000 rpm for 20 seconds. For heart, thedrtisstees
were washed with normal saline solution, blotted on tissue papehamddmogenized
two times for 30 seconds each, with a 20 second between homogenizateash case,
tissue homogenates were used for cholinesterase or carboxgestamsays. Protein
content in homogenates was measured using the method of Lowry anikemi(1951)

using bovine serum albumin as the standard.
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Cholinester ase assay

Cholinesterase activity was measured using a radiometricochéfohnson and
Russell, 1975). Briefly, twenty pl of tissue homogenate was add&@l jid of 1% Triton
X-100 in potassium phosphate buffer (50 mM, pH 7) in 7 ml scintillatiors \aald
vortexed. Twenty pl of 5 mM*H]acetylcholine iodide (1 mM final concentration) was
added at staggered intervals (10 seconds), vortexed and incubadedhaiemperature.
Incubation times were preselected for each tissue based omingttiinear rates of
substrate hydrolysis. For a positive control in each assay, puelBettic eel AChE was
used in duplicate vials to determine complete substrate hydroR@i determining non-
enzymatic hydrolysis of the substrate, paired blank samplesamatgzed containing no
tissue (or other enzyme source). The reaction was stopped lgditieraof 100 ul of an
acidified stop solution, which not only terminates the reaction bot @stonates the
acetate product essential for the analysis of enzymatic activitysisytbiem. Five ml of a
toluene-based organic scintillation cocktail was then added to the folldsved by
vortexing to separate aqueous and organic phases, after which radioactivitgassed
directly in the reaction vial. ChE activity in the samples ween normalized by protein
content and expressed as nmol ACh hydrolyzed/min/mg protein.

Preparation of purified AChE (electric edl)

AChE (electric eel) was purchased as a lyophilized powder (10#8/mg
protein). Working stocks of eel AChE were prepared by dissolvingirb® enzyme
activity in 1 ml of 50 mM potassium phosphate buffer (pH 7.0). Aliqus®s(l) were
stored at -70°C. On the day of each assay, twenty pl of eel A@idk solution was

added into paired vials and maximal substrate hydrolysis determined.

40



Preparation of radiolabeled substrate ([*H]acetylcholine iodide)

The radiolabeled substrate for the cholinesterase assay waedrbpalissolving
1 mCi of PH]acetylcholine iodide in 2 ml of 50 mM potassium phosphate buffer (pH
7.0). An aliquot (150 pl) of this stock radioligand solution was added to 10 9rd@132
mM non-radiolabelled acetylcholine iodide, and the volume was adjust2d tol by
adding 9.85 ml of 50 mM potassium phosphate buffer (pH 7.0). Aliquots of sebstrat

solutions were then aliquoted (800 ul each) and stored at -70°C until use.

Preparation of the reaction terminating solution
Stop solution was prepared from chloroacetic acid (1 M), sodium hger¢®.5
M) and sodium chloride (1.9 M) in deionized water. This solution wasdtatr4°C until

use.

Preparation of organic scintillation cocktail for the cholinesterase assay

The scintillation cocktail for the cholinesterase assay waggoed by mixing the
scintillants  2,5-diphenyloxazole (PPO; 226 mM) and 1,4-bis[5-phenyl-2-
oxazolyllbenzene (POPOP; 0.8 mM) in 100 ml of isoamyl alcohol and 9@® tmluene.

This cocktail was vortexed until in solution and stored at room temperature.

Carboxylester ase assay

The assay for carboxylesterase activity was conducted edlsents described by
Clement and Erhardt (1990), as modified by Karanth and Pope (2000)efin16riul of
tissue homogenate or plasma was added to 240 ul of 0.1 M Tris-HCi (piffe7.8)

containing 2 mM EDTA. This mixture was then pre-incubated forid @ 37°C. The
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reaction was initiated by the addition of 10 pl of 12.5 miitrophenyl acetate (NPA) in
100% acetone (0.5 mM final concentration). The reaction time wasteel from
preliminary time course assays to elicit linear ratesib§sate hydrolysis. Absorbance at
405 nm was recorded against a blank that contained only buffer arichsib& standard
curve with p-nitrophenol was used to determine carboxylesterase activity hwies

expressed as nmoles@NPA hydrolyzed/min/mg protein or /ml of plasma.

Estimation of protein content in tissue samples

Protein content was estimated using the method of Lowry et al. (1851)
standard curve was made for each assay with different coattensr of bovine serum
albumin (BSA). Paired tubes contained 0, 10, 25, 50, 75 or 100 pug of BSA and were
processed along with unknown samples. An equal volume of buffer correspamtiiagy t
amount of buffer in unknown samples was added to each of the BSArstdandes to
account for any influence on protein estimation. The volume wastedjts 200 pl in
both standard and unknown sample tubes with deionized water. Later, 2notkirfig
reagent 1 (see below) was added to all tubes including the standaltdwed by
incubation at room temperature for 10 min. After this incubation, |206f working
reagent 2 (see below) was added to all tubes. The tubes wenettexed and incubated
for 30 min at room temperature. Absorbance was read using a 8V-Vi
Spectrophotometer (Beckman-Coulter, Fullerton, CA) at 720 nm. Praietert in the

unknown samples was then estimated based on absorbance changes in the staedard cur
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Preparation of BSA
Working stock solutions of BSA were prepared by dissolving BSAeionized

water (1 mg/ml) and these were aliquoted and stored at -20°C until use.

Preparation of working reagents 1 and 2 for the protein assay

Working reagents 1 and 2 were prepared fresh on the day of the ¥ésrking
reagent 1 was prepared by adding 1 part of 0.5% copper sulfate andof 1?6 sodium
potassium tartrate to 100 parts of 2% sodium carbonate in 0.1N sodiuoxidgd The
copper sulfate and sodium potassium tartrate solutions were prepaggt/ance in
deionized water and stored at 4°C. The sodium carbonate solution in GdliNns
hydroxide was stored at room temperature. Working Reagent 2 wzesrguieby adding

equal parts of Folin & Ciocalteu’s Phenol reagent and deionized water.

Ex vivo studies

M2 KO studies with WT/LM controls

M2 KO and WT mice (n = 4-6/treatment group) were treated wehicle (peanut
oil, 1 ml/kg) or parathion in peanut oil (27.5 mg/kg). Mice were graded!8 hrs for
functional signs of OP toxicity. After the final functional obhsdions, mice were
sacrificed by decapitation and hippocampus, cortex and striatuen ragidly dissected
on ice and slices were prepared as described below to meastylehextine releasex
Vivo.

CB1 KO studieswith WT/LM controls

CB1 KO and WT mice (n = 4-6/treatment group) were treatéd wehicle,

parathion (27.5 mg/kg) or chlorpyrifos (300 mg/kg) and graded for funt¢tsgias of
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toxicity for 24-48 hrs. Mice were then sacrificed by decapitatand ACh release
subsequently evaluated in hippocampal and striatal slices prepared as destbked be

Ex vivo acetylcholinereleasein brain slices

Brain slices were prepared essentially as described b&fioaad et al., 2002). In
brief, mice were sacrificed by decapitation and whole brais nwamediately removed
and dissected on ice to separate the different brain regions. dippat striatal and
cortical slices (250 um, unidirectional) were prepared using bwslia Tissue Slicer.
These slices were dispersed by gentle trituration (4-5 tk) avpasteur pipette. The slices
were first pre-incubated for 20 min at 33°C under constant oxygarnatKrebs Ringer
Bicarbonate buffer (KRB: 1.3 mM Calll.2 mM KH,PO, 4.7 mM KCI, , 1.2mM
MgSQOy, 25 mM NaHCQ, 118 mM NacCl, and 11 mM d-glucose). The slices were then
washed with fresh KRB and then incubated with 2 ml of KRB containing|16f
[*H]choline (113 nM final concentration, specific activity 66.5 Ci/mnfol) 30 min at
37°C. Hemicholinium-3 (10 uM) was added to all buffers to block high gffeholine
uptake (this allows measurement of released acetylcholine evenn whe
acetylcholinesterase is active; Liu et al.,, 2002). The skesm® then transferred to a
superfusion apparatus (SF12/Brandel Inc., Gaithersburg, MD) andseeériuth KRB
containing hemicholinium-3 (0.5 ml/min for 60 min, 37°C). ACh releasestiasulated
twice by perfusing the slices for five minutes (i.e., at 20 - 5] [and 60 — 65 [S2]
minutes) with depolarizing buffer (25 mM NaHgQ.2 mM MgSQ, 1.3 mM Ca(Cl, 11
mM d-glucose, 10 puM hemicholinium-3 containing elevated potassium andatsmily
reduced sodium levels). The concentration of KCl and NaCl in theerbwfiried

depending on the tissue: cortex; 30 mM KCI, 87.7 mM NacCl, hippocargpusiM KCI
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92.7 mM NaCl, and for striatum; 20 mM KCI, 97.7 mM NaCl. Twenty B-finactions
were collected. At the end of the assay, 250 pl of the eadiofracas pipetted into 7 ml
scintillation vials, 4 ml of scintillation fluid was added, thelsiwere vortexed and the
radioactivity in each vial was measured using a liquid sltibh counter. The tissue
slices from each well were transferred carefully fromdhambers to tubes containing 2
ml of 1N NaOH and allowed to digest for 1 hr at 72°C. After 1280 pl of each tissue
digest was transferred to 7 ml scintillation vials, and thal t@sidual radioactivity in
tissues was measured using liquid scintillation counting. Althougessivere stimulated
twice with depolarizing buffer, for thex vivo release studies only data from the S1 peak
was used to determine OP-related effects. The size of tlhke(Pepwas related to total
amount of radioactivity in all fractions and the residual tissdgects of in vivo OP
exposure on release were related to release in the respective vehietedosdrols.

In vitro studies

M2 KO studieswith WT/LM controls

Thein vitro effects of OPs on ACh release were studied in cortical, hgpppal
and striatal slices from WT and M2 KO mice. Brain slices=(8-8 animals/treatment
group) were exposed to either vehicle, paraoxon (100 uM) or chlorpyxos (100
KM) and changes in acetylcholine release were evaluated. 10@toul solutions of
oxons were prepared in absolute ethanol and then serially diluted o &bt pM
concentrations. The muscarinic agonist, oxotremorine (10 pM) ves assa positive

control.
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CB1 KO studieswith WT/LM controls

Hippocampal and striatal slices from WT and CB1 KO mice weesl to study
the in vitro effects of OPs on ACh release. Brain slices (n = 6-8 anifimetment
condition were exposed to either vehicle, to paraoxon (100 uM) or chfogpxon
(100 pM). The cannabinoid agonist, WIN 55,212-2 (1 uM) was used as &eosit
control.

In vitro acetylcholinereleasein brain slices

The ACh release method forvitro studies was essentially the same as described
above forex vivo studies. To study the effects of an exogenous chemical (e.gxpaja
on ACh release, either vehicle or the chemical under studydded 20 minutes before
the second pulse of potassium (S2). The ratio of S2/S1 was then usetbasalized
index of ACh release under the influence of the exogenous test chemical.

Statistical Analyses

The body weight data and biochemical data (acetylcholinesterase,
carboxylesterase and ACh release) were expressed ast#standard error (SE) and
analyzed using one-way ANOVA ambst hoc analysis using Tukey’s test. Functional
data (IM and SLUD signs) were expressed as median * intdtgqueange (IQR).
Functional data were transformed (square root) and were anafgzedtatistical
significance by two-way ANOVA angost hoc analysis was performed with Bonferroni
correction. In the absence of normally distributed data such asdrabkervations, data
transformations including the square root transformation can be condudted

subsequent statistical analysis by parametric methods (Setgat., 2004). For all
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statistical analyses the GraphPad Prism® statistical amdtwvas used. Statistical

differences were considered significant at p < 0.05.
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CHAPTER Il

RESULTS

Studieswith Muscarinic M2 Receptor Knockout Mice

Specific Aim 1A: To evaluate the effects of M2 receptor deletion on acute sensitivity

to selected OP compounds: | nitial Studies

We used four different OPs (parathion, chlorpyrifos, paraoxon and chfospy
oxon) for these studies. Wildtype and M2 knockout mice of 8 weekgeoivare used for
all studies. Dose determination studies were first conducted.

A) Parathion toxicity in wildtypes and M2 knockouts

Preliminary dose-response studies were first conducted with marakfice were treated

with parathion (0, 15, 25 or 35 mg/kg, sc) and functional signs of tpxigte graded at

2,4, 8,12 and 24 hrs after dosing. Figure 7 shows the dose dependent effects of parathion
on involuntary movements. Wildtype mice exposed to the lowest dosaged/ky)
exhibited tremors at 24 hrs while the same dosage had no effgl& kmockout mice.

With 25 mg/kg, parathion elicited tremors in wildtype mice by 8 dfter treatment and
significant differences were noted between wildtypes and knockougsl dirs after

dosing. The highest dosage of parathion (35 mg/kg) elicited morensesde and
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severe tremors by 12 hrs after dosing, persisting until the ernd afbiservation period.
The extent of tremors elicited by parathion at 35 mg/kg exposase significantly

different in wildtype and M2 knockout mice at both 12 and 24 hrs aftenglogvhen

tremors (involuntary movements) were used as the toxicity en¢gpoidtypes exhibited

more severe responses than M2 knockouts.

Figure 8 shows the effects of parathion in wildtypes and M2ptecé&nockouts
on autonomic indicators of toxicity (i.e., SLUD signs). All thidesages of parathion
elicited SLUD signs in wildtype mice at 12 and 24 hrs after exjgosThe two higher
dosages (25 and 35 mg/kg) elicited SLUD signs in the knockout mit2 and 24 hrs
after dosing. A significant difference in the expression diiBlsigns was noted between
wildtype and knockout mice at 12 hrs following exposure to the highest eld8&g
mg/kg).

Figure 9 shows inhibition of hippocampal cholinesterase activityoviatg
parathion exposure in wildtype and M2 receptor knockout mice. Parathionteahibi
cholinesterase activity in both wildtypes and knockouts, but more exdemhibition
was noted in tissues from wildtypes. Interestingly, all threeagkss caused relatively
similar degrees of cholinesterase inhibition in wildtype micenig®kg, 85.7 £ 0.4%; 25
mg/kg, 89.8 £ 0.2%; 35 mg/kg, 91.2 = 0.8%). In M2 knockouts, significdother
inhibition was noted with the lowest dosage, but the two highest dodabest elicit
different degrees of inhibition (15 mg/kg, 47.5 £ 5.6; 25 mg/kg, 76.1 = 63%Mmag/kg,
74.5 £ 7.7%). As both functional and biochemical analyses suggestetltigpe mice
were more sensitive to the acute toxicity of parathion, furthetied were conducted

with the highest dosage of parathion (35 mg/kg).
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Figure 7. Dose-related effects of parathion on involuntary montsria wildtype and
M2 knockout mice.

Mice (n = 4-7/group) were exposed to either vehicle or parathion (15,Z%mg/kg, sc)
and were graded for functional signs of toxicity as described ithade section.
Functional signs were expressed as median * interquartile rAngesterisk indicates a
significant difference between wildtype control and wildtypetimnesmt group. A dollar
sign indicates a significant difference between knockout control ankdéumbtreatment
group. A pound sign indicates a significant difference between ypadtand M2
knockout mice. Mice in wildtype and M2 knockout control group did not show gng si

throughout the observation period.
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Figure 8: Dose-related effects of parathion on SLUD signs loitype and M2 knockout
mice.

Mice (n = 4-7/group) were exposed to either vehicle or parathion (15,35 mg/kg, sc)
and were graded for functional signs as described in methotignsdeunctional signs
were expressed as median = interquartile range. An asterikaies a significant
difference between wildtype control and wildtype treatment groupdoBar sign
indicates a significant difference between knockout control and knodkeaiment
group. A pound sign indicates a significant difference between ypédtand M2
knockout mice. Mice in wildtype and M2 knockout control group did not show gng si

throughout the observation period.
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Figure 9: Dose-related effects of parathion on hippocampal chigliase activity in
wildtype and M2 knockout mice.

Mice (n = 4-7/group) were exposed to either vehicle or parathion (15,35 mg/kg, sc)
and were sacrificed 24 hrs after treatment. Hippocampus wastedlland subsequently
analyzed for cholinesterase activity. Data (mean * standaod) gapresent enzyme
activities (nmol of substrate hydrolyzed/minute/mg protein) anck&@peessed as percent
of respective control values. An asterisk indicates a signifiddfgrence compared to
controls, a pound sign indicates a significant difference betwdedtype and knockout
treatment groups, and a dollar sign indicates a significantelite with respect to other
dosing groups within wildtype or knockout mice. Cholinesterase activityppocampus
of control animals was 36.4 = 1.6 nmol/min/mg protein in wildtypes and B872

nmol/min/mg protein in M2 knockouts.
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Effect of parathion (35 mg/kd, sc) on functional signs and esterase activities in wildtype

and M2 knockouts

Mice were treated with vehicle or parathion (35 mg/kg, sc)veer@ observed for
functional signs of toxicity for 24 hrs. Parathion exposure redboeg weight in both
wildtype and M2 knockout mice with no significant differences betwthe treatment
groups (WT: 14.6 £ 2.2%; KO: 11.1 + 3.5%).

Figure 10 shows the effects of parathion on cholinergic signsoxtity
(involuntary movements, excessive secretions, i.e. SLUD signs) anthedtetase
inhibition in hippocampus.

Tremors were seen in wildtypes at 8 hrs after dosing, whichreepeaogressively
more severe by 24 hours. Tremors were also seen in M2 knockouts, b@ddnty after
dosing. The extent of involuntary movements in wildtypes was signific different
from M2 knockouts at 8, 12 and 24 hrs after parathion treatment.

Parathion exposure elicited SLUD signs in wildtypes by &fies dosing, which
increased in intensity by 12 hours. Moderate SLUD signs werevaasat 24 hrs after
dosing in wildtypes. In contrast, M2 knockout mice showed relativalySeUD signs at
12 hrs but these gradually increased in severity by 24 hrs ddgteng. A significant
difference in SLUD signs between wildtype and M2 knockout mice atserved at both
8 and 12 hrs after dosing.

Basal cholinesterase levels were similar between wigdtgnd M2 knockout
mice. Extensive inhibition was observed in both wildtype and knockout (wWde 91.2
+ 0.9%, KO: 75.3 + 7.4%). Table 1 summarizes cholinesterase inhibitiothén brain

regions following parathion exposure in these same animals. Paralgnificantly
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reduced cholinesterase activity in both wildtypes and M2 knockout$ lomaath regions
but a moderately greater reduction was noted in the wildtypbstimhippocampus and
cortex. In contrast, relatively similar degrees of ceraba&holinesterase inhibition were
noted between wildtypes and knockouts. Extensive inhibition was noted in ibadtypes

and M2 knockout mice in heart (WT: 85.5 + 1.0%, KO: 72.4 + 6.6%).

Again, basal liver carboxylesterase levels were sinmldyoth wildtype and M2
knockout mice. Parathion inhibited liver carboxylesterase in both widignd M2
knockout mice (WT: 88.6 = 0.9%, KO: 71.3 = 2.9%). Interestingly, M2 knockouds ha
significantly higher basal plasma carboxylesterase levelspamd to wildtypes.
Parathion caused relatively similar changes in plasmaogglesterase activity in both
wildtype and M2 knockout mice (WT: 30.9 = 6.1%, KO: 31 + 10.6%). To summarize
parathion exposure elicited severe functional signs and extensive tegional
cholinesterase inhibition, with somewhat greater cholinesterasetiohiln wildtype

mice compared to M2 knockout mice in selected tissues.
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Figure 10: Effects of parathion treatment on
a) involuntary movements b) SLUD signs c)

hippocampal cholinesterase activity in

wildtype and M2 knockout mice.

Mice (n = 4-7/group) were exposed to either
vehicle or parathion (35 mg/kg) and were
graded for functional signs of toxicity for 24

hrs as described in methods section. At the
end of 24 hrs mice were sacrificed and
hippocampus collected and analyzed for
cholinesterase activity. Functional signs were
expressed as median % interquartile range.
Cholinesterase data (mean * standard error)
represent enzyme activities (nmol of

substrate hydrolyzed/minute/mg protein) and
are expressed as percent of control values.
An asterisk indicates significant difference

compared to respective control and a dollar
difference

sign indicates a significant

between knockout control and knockout

group.
significant difference between wildtype and

treatment A pound indicates
knockout mice. Cholinesterase activity in
hippocampus of control animals was 36.4 +
1.6 nmol/min/mg protein in wildtypes and
38.7 £

knockouts.

0.2 nmol/min/mg protein in M2



B) To evaluate compar ative sensitivity of wildtypes and M2 knockouts to chlorpyrifos

Mice were treated with either vehicle (peanut oil) or chlofpy (300 mg/kg, sc)
in peanut oil. Mice were graded for functional signs of toxicty the subsequent 72
hours. Body weights were monitored before and 72 hrs after tnetati@blorpyrifos
produced a significant reduction (21 £ 6%) in body weight in wildtyee, but had no

effect on weight in M2 knockouts.

Figure 11 shows the effects of chlorpyrifos on involuntary mowvesnand
cholinesterase inhibition in hippocampus. Chlorpyrifos treatment hatvedjalittle
effect on autonomic signs (SLUD) of toxicity in either wildtypes or kioodk.

Mild tremors were observed in wildtype mice, at 48 and 72 hrs,dsanafrom
M2 knockout mice during the 72 hrs after dosing.

Significant inhibition of hippocampal cholinesterase was observedoth
wildtype and M2 knockout mice, but markedly greater inhibition was notedhan t
wildtypes (WT: 80.4 + 4.4%, KO: 37.5 = 13.7%). Table 1 summarizes chanasst
inhibition following chlorpyrifos exposure in the other brain regions weatad in
wildtype and M2 knockout mice. Chlorpyrifos exposure elicited siganiily greater
inhibition in wildtypes compared to knockouts in hippocampus and cerebellum. In cortex,
chlorpyrifos exposure was associated with significant inhibitiory anl wildtypes.
Chlorpyrifos had relatively similar effects on heart choliessse activity in wildtypes
(87.5 £ 2.6%) and M2 knockouts (59.2 + 6.3%).

In contrast to the differing degrees of cholinesterase intwbitioted above,
relatively similar inhibition of liver carboxylesterase waseasled in wildtypes and M2

knockout mice (WT: 79.1 = 0.4%, KO: 81.2 = 2.3%). We also evaluated plasma
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carboxylesterase inhibition following chlorpyrifos exposure. Chlofpgriresulted in
significant inhibition of plasma carboxylesterase activity in bafldtype and M2
knockout mice, with greater inhibition observed in M2 knockouts (WT: 29.6 + 3.7%,
KO: 46.5 = 1.6%). Similar to results from the parathion dosing study rstedyove,
wildtype mice appeared somewhat more sensitive to chlorpydeed on the extent of
cholinesterase inhibition, but showed either similar or lesser immbitof

carboxylesterase activity in liver and plasma.
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Figure 11: Effects of Chlorpyrifos treatment on a) involuntargvements b) hippocampal

cholinesterase activity in wildtype and M2 knockout mice.

Mice (n = 4-7/group) were exposed to either vehicle or chlorpyrifos (300 mg/kg) aedjeeed
for functional signs of toxicity for 72 hrs as described inhrods section. At the end of 72 hrs
mice were sacrificed and hippocampus collected and analyzed fonedtefase activity.
Functional signs were expressed as median * interquanite.r&holinesterase data (mean *
standard error) represent enzyme activities (nmol of siwbstyarolyzed/minute/mg protein) and
are expressed as percent of control values. An asterisk eslisighificant difference compared
to respective control and a dollar sign indicates a signifiaéfietehce between knockout control
and knockout treatment group. A pound indicates significant differbetween wildtype and
knockout mice Cholinesterase activity in hippocampus of contrahasi was 36.4 + 1.6

nmol/min/mg protein in wildtypes and 38.7 + 0.2 nmol/min/mg protein in M2 knockouts.
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C) Effect of paraoxon and chlorpyrifos oxon in wildtype and M2 knockout mice

As noted above, wildtypes and M2 knockouts appeared differentiallytigertsi
both parathion and chlorpyrifos, based on functional signs of toxicity aedtent of
cholinesterase inhibition. As both parathion and chlorpyrifos require hiaggch
(Sultatos et al., 1985) the differences noted could be due to differienomactivation of
the parent insecticides. We therefore compared the toxicity cddiinee metabolites of
these insecticides in wildtype and M2 knockout mice.

1) Sensitivity of wildtypes and M2 knockouts to paraoxon

Mice were treated with either vehicle or paraoxon (1 mg/kgasd)graded for
functional signs of toxicity for 4 hours Paraoxon elicited significandy weight
reductions in both wildtypes and M2 knockouts, with more extensive chawoges in
M2 knockouts compared to wildtype mice (WT: 4 £ 2%, KO: 11 + 5%).

Figure 12 shows the effects of paraoxon on cholinergic signs otitioxi
(involuntary movements, excessive secretions, i.e. SLUD signs) anthedtetase
inhibition in hippocampus.

Tremors were observed in both wildtype and M2 knockout mice by Ttdwr a
dosing but differed significantly from controls only in wildtyp&evere tremors were
observed at 2 hours and continued throughout the experimental period iniloibgbev
and M2 knockout mice. Moderate SLUD signs were observed in both wildaypes2
knockouts which were significantly different from controls at 2n@ & hrs after dosing.
There were, however no differences in the expression of funct®gas of toxicity

between wildtypes and M2 knockouts.
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Paraoxon markedly inhibited hippocampal cholinesterase activity in both wildtype
and M2 knockout mice (WT: 75.1 £ 5.8%, KO: 94.2 + 0.8%). Table 1 summarizes
cholinesterase inhibition in other brain regions following paraoxon expoBaraoxon
significantly reduced cholinesterase activity in both wildtyped M2 knockouts in all
brain regions, with greater reduction in M2 knockouts (Table 1). Paracxased a
significant reduction in heart cholinesterase activity but rgnifstant differences
between wildtypes and M2 knockouts (WT: 78.4 + 3.5%, KO: 83.8 + 2.9%).

Paraoxon elicited significant inhibition of liver carboxylestesasa M2
knockouts (30 £ 6%), but no effect in wildtypes. Relatively similangea were noted in
plasma carboxylesterase, i.e., paraoxon reduced plasma carboagkesiar M2
knockouts (40 = 6%) but had no effect on plasma carboxylesteraseyactivitidtypes.

In contrast to our studies with the parent insecticide parathion, wildtype and M2 knockout
mice exhibited relatively similar signs of cholinergic tw#y following paraoxon
exposure, although knockouts showed significantly greater body weidbtti@ns.
Moreover, more extensive brain cholinesterase and carboxylestatab#ion were
observed in M2 knockouts compared to wildtype mice, the reverse ofwelsanoted in

response to parathion.
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Figure 12: Effects of paraoxon treatment on a)
involuntary movements b) SLUD signs c)
hippocampal cholinesterase activity in

wildtype and M2 knockout mice.

Mice (n = 4-7/group) were exposed to either
vehicle or paraoxon (1 mg/kg) and were
graded for functional signs of toxicity for 4
hrs as described in methods section. At the
end of 4 hrs mice were sacrificed and
hippocampus collected and analyzed for
cholinesterase activity. Functional signs were
expressed as median * interquartile range.
Cholinesterase data (mean + standard error)
represent enzyme activities (nmol of substrate
hydrolyzed/minute/mg protein) and are
expressed as percent of control values. An
asterisk indicates significant difference
compared to respective control and a dollar
sign indicates a significant difference between
knockout control and knockout treatment
group. A pound indicates significant
difference between wildtype and knockout
mice. Cholinesterase activity in hippocampus
of control animals was 364 * 1.6
nmol/min/mg protein in wildtypes and 38.7 +

0.2 nmol/min/mg protein in M2 knockouts.



2) Sensitivity of wildtype and M2 knockout mice to chlor pyrifos oxon

Mice were treated with vehicle or chlorpyrifos oxon (5 mg/kgy,and graded for
functional signs of toxicity for 4 hours. Chlorpyrifos oxon exposureulted in
significant body weight reductions in wildtypes (8 + 2%) but hadeffect in M2
knockouts.

Figure 13 shows the effects of chlorpyrifos oxon on cholinergic :gtaxicity
(involuntary movements, excessive secretions, i.e. SLUD signs) anthedtetase
inhibition in hippocampus.

Both wildtype and M2 knockout mice exposed to chlorpyrifos oxon exhibited
involuntary movements, but the onset of signs was eatrlier in tdéypas. The extent of
involuntary movements was significantly different in wildtypes pared to M2
knockout mice at 1, 2 and 3 hrs after dosing. Only wildtypes exhiblteddigns, the
extent of which was significantly different from M2 knockout mite8and 4 hrs after
exposure to chlorpyrifos oxon. Thus based on both involuntary movements amyl SLU
signs, wildtype mice exhibited more extensive functional signspeoed to M2
knockouts following chlorpyrifos oxon exposure.

Extensive inhibition of hippocampal cholinesterase activity was wéderbut
with no significant differences between wildtypes and M2 knockouts: (98T+ 1.1%,
KO: 91 + 2.1%). Similar findings were also observed in othambregions (Table 1).
We also observed a marked and similar degree of inhibition of healihesterase
activity in both wildtype and M2 knockout mice (WT: 90 + 2%, KO: 89 + 2%).

Chlorpyrifos oxon exposure had relatively little effect in wifgtg, whereas it

elicited more extensive inhibition in M2 knockouts (WT: 12 + 7%, KO: 38%). In
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plasma however, there was significant inhibition of carboxylesteaasivity in both
wildtype and M2 knockout mice, with no significant difference betwthe groups (WT,
47 + 2%, KO: 54 £ 1%). Data based on changes in functional signsupgsssed that
wildtype mice may be more sensitive than knockouts at earliergomts after exposure.
Wildtype and M2 knockout mice appeared equally sensitive to chlorpyakas

exposure at later time points, however.
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Figure 13: Effects of chlorpyrifos oxon
treatment on a) involuntary movements b)
SLUD signs c) hippocampal cholinesterase

activity in wildtype and M2 knockout mice.

Mice (n = 4-7/group) were exposed to either
vehicle or chlorpyrifos oxon (5 mg/kg) and
were graded for functional signs of toxicity
for 4 hrs as described in methods section. At
the end of 4 hrs mice were sacrificed and
hippocampus collected and analyzed for
cholinesterase activity. Functional signs
were expressed as median * interquartile
range.Cholinesterase data (mean + standard
error) represent enzyme activities (nmol of
substrate hydrolyzed/minute/mg protein)
and are expressed as percent of control
values. An asterisk indicates significant
difference compared to respective control
and a dollar sign indicates a significant
difference between knockout control and
knockout treatment group. A pound
indicates significant difference between
wildtype and knockout mice. Cholinesterase
activity in hippocampus of control animals
was 36.4 + 1.6 nmol/min/mg protein in
wildtypes and 38.7 + 0.2 nmol/min/mg

protein in M2 knockouts.



Table 1: Effect of selected OPs on cholinesterase activitgritex and cerebellum from

wildtype and M2 knockout mice.

Tissue/ Control Parathion | Chlorpyrifos| Paraoxon Chlorpyrifos
genotype oxon
Cortex/WT 395+21 ?ég)t 0.4ab 2.576)2 + 3.6 Zéi)i 1.2 ?ég)t 0.4
Cortex/KO 31.7+1.9 (96.2)1 2.4a ?_5126)1 10.2 (2;(9))1 0.5° (5é:53)i 0.8
Cerebellum/WT | 12.2 +0.5 ?7.4;)1 0.2a (27'2)i 0.8 (27'g)i 0.3 (73;%1 0.6'
Cerebellum/KO | 14.9 £ 0.9 (562)1 Lia (Séi)i 0.8 (1é(5))i 0.1 (742)1 0.7

Mice (n = 4-7/group) were exposed to either vehicle or selézRsiand were graded for
functional signs of toxicity as described in methods section. Miee sacrificed and
tissues analyzed for cholinesterase assay. Data (mean trdtanaa) represent enzyme
activities in terms of nmol of substrate hydrolyzed/minute/mgtgm. Values in

parentheses indicate percent cholinesterase inhibition with respect to colies| va

indicates a significant difference compared to respective control.

b indicates a significant difference between wildtype and M2 knockout mice
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Specific Aim 1B: To evaluate the effects of M2 receptor deletion on sensitivity to

+/+

different OP compounds: Studieswith ** and ™" litter mates

Our preliminary studies reported above compared the acute sénsitiwildtype
and M2 knockout mice to the OPs parathion and chlorpyrifos. In contrast to our
hypothesis, wildtype mice exhibited higher sensitivity (based oni@uatsigns) than
M2 knockouts to both OPs. Interestingly, the more extensive sigtoxiofty noted in
wildtypes were associated with more extensive brain regidmainesterase inhibition.
There did not appear to be differences in the extent of carboxglesténhibition
between wildtype and M2 knockout mice, however. Parathion and chfospwre both
parent insecticides which require bioactivation by cytochrome RASA%0) enzymes to
their active oxygen metabolites, paraoxon and chlorpyrifos oxon. Diffesein the
degree of cholinesterase inhibition in this context could therefore b dliiéerences in
bioactivation between wildtypes and M2 knockouts. To evaluate futitseepossibility,
relative sensitivity to paraoxon and chlorpyrifos oxon was then stifdee above). Both
wildtypes and M2 knockouts exhibited relatively similar signs of iaeofjic toxicity
following paraoxon treatment. Interestingly, paraoxon led to saamfly higher
inhibition in M2 knockouts compared to wildtypes. Chlorpyrifos oxon exposticited!
cholinergic signs in both wildtype and M2 knockout mice, but the signs were
extensive in wildtype mice compared to M2 knockouts in spite ofivelgtsimilar
changes in cholinesterase activity. Such differences in setysitould be due to
differences in liver detoxification since more extensive carlestgrase inhibition was
observed in M2 knockouts. These results suggested that continuous inbiafedorg

littermates could potentially be responsible for changes in buadictn and/or
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detoxification between the wildtype and M2 knockout mice used inrotalistudies.
We concluded that additional studies using appropriate litternoateots were required
to investigate the role of M2 receptor deletion on OP toxicitiarédeding program was
initiated using heterozygous mice to obtain homozygous wildtypeMihdknockout
littermates for all further studies reported below.

A) Comparative effects of parathion (35 ma/kg, sc) on body weight, functional signs and

esterase activities in wildtype/LM and M2 knockout mice

Mice were treated with either peanut oil or parathion (35 mg/ky, asd
functional signs of cholinergic toxicity were graded at 8, 12 and 24fies dosing.
Parathion led to relatively similar body weight reductions in lvatttype/LM and M2
knockouts (WT/LM: 15 + 1%; KO: 14 + 4%).

Figure 14 shows the effects of parathion on cholinergic signsoxtity
(involuntary movements, excessive secretions, i.e. SLUD signs) anthestetase
inhibition in cortex.

Parathion elicited signs of cholinergic toxicity in both wildtypd/ and M2
knockout mice. The extent of involuntary movements in wildtype miceswgasficantly
different from M2 knockout mice at 12 and 24 hrs after dosing. Paragxpasure
elicited moderate to severe SLUD signs in both wildtype/LM Et#dknockout mice
which were significantly different from control mice at 8, 12 anch! Differences in
the degree of SLUD signs between wildtype/LM and M2 knockout mice wleserved
at 12 hrs after exposure to parathion. At this dosage, parathigedcekubstantial and
relatively similar proportionate lethality in both wildtype/LNich knockout mice (WT:

5/9; KO: 7/13).
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Extensive inhibition of cortical cholinesterase activity was oleserin both
wildtype/LM and M2 knockouts, but with no significant difference betwte groups
(WT/LM: 96 £ 0.2%, KO: 96 = 0.8%). Similar findings were also olsedrin cerebellum
(Table 2). Marked inhibition of heart cholinesterase activity alas observed in both
wildtype/LM and M2 knockout mice (WT/LM: 98 + 0.4%, KO: 98 £ 0.2%).

Carboxylesterase was extensively inhibited in wildtype/LM andkii&kouts in
both liver (WT/LM: 87.4 + 0.6%; KO: 88 + 1.4%) and plasma (WT/L80.5 + 1.1%;
KO: 78.3 = 1.1%). There were no differences in the degree of inhibatfoeither
cholinesterase or carboxylesterase activities betweenypddtM and M2 knockout
mice following parathion exposure. In contrast to studies wheranrldter controls were
not used, both WT/LM and M2 knockout mice exhibited similar, severe fns
cholinergic toxicity, although the wildtype/LM mice did appeagtdliy more sensitive

early after exposure.
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Figure 14: Effects of parathion treatment on
a) involuntary movements b) SLUD signs
c)

wildtype/LM and M2 knockout mice.

cortical cholinesterase activity in

Mice (n = 4-7/group) were exposed to either
vehicle or parathion (35 mg/kg) and were
graded for functional signs of toxicity for

24 hrs as described in methods section. At
the end of 24 hrs mice were sacrificed and
collected and for

cortex analyzed

cholinesterase activity. Functional signs
were expressed as median + interquartile
range.Cholinesterase data (mean * standard
error) represent enzyme activities (nmol of
substrate hydrolyzed/minute/mg protein)
and are expressed as percent of control
values. An asterisk indicates significant
difference compared to respective control
and a dollar sign indicates a significant
difference between knockout control and
group.
indicates significant difference between
wildtype/LM

knockout treatment A pound

and  knockout  mice.
Cholinesterase activity in cortex of control
animals was 57 = 0.9 nmol/min/mg protein
in wildtype/LM and 67 = 6 nmol/min/mg

protein in M2 knockouts.



B) Comparative effects of parathion (27.5 ma/kg, sc) on body weight, functional signs

and esterase activities in wildtype/LM and M2 knockout mice

The high dosage of parathion used in the studies above (35 mg/kgdso |
almost complete inhibition of cholinesterase in both wildtype/LM 2dknockouts, and
also caused marked lethality in both wildtype/LM and M2 knockouts. Oplarea¢ion
for the lack of obvious differences in sensitivity to parathion betwwildtype/LM and
M2 knockouts could be that the M2 receptor only has a protective rolednlating OP
toxicity when less extensive acetylcholinesterase inhibitiomrscavith less extensive
accumulation of synaptic ACh levels. To evaluate this possibiigystudied the effects
of M2 receptor deletion in response to a lower parathion dosage.

Mice were treated with vehicle or parathion (27.5 mg/kg) and observed for
functional signs of toxicity for 48 hrs. Under these conditions, parathobiol relatively
similar reductions in body weight in both wildtype/LM and M2 knockout3 {MW¥1: 18.5
+ 4.5%; KO: 20 £ 7%).

Figure 15 shows the effects of parathion on cholinergic signsoxtity
(involuntary movements, excessive secretions, i.e. SLUD signs) anthedtetase
inhibition in cortex.

Tremors were noted in both wildtype/LM and M2 knockouts, the extenhahw
was significantly different from controls at 24 and 48 hrs afteindoSigns of toxicity at
this dosage were less extensive than noted in studies using ltlee thagage of parathion
(35 mg/kg). There were no differences in involuntary movemerigele@ wildtype/LM
and M2 knockouts following exposure to this lower parathion dosage. Slgub were

significantly different from controls at 12 and 24 hrs in wildtyp&/mice and at 24 hrs
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in M2 knockout mice. Thus, there appeared to be little difference inidnattresponse
between wildtype/LM and M2 knockouts at the lower dosage of parathione Wee,
however, a difference in lethality noted, with wildtypes showirmgér lethality than M2
knockouts (WT/LM: 4/10; KO: 1/7). It should be stressed that if angthihis higher
lethality in wildtype mice argues against a protective roldafreceptors in expression
of OP toxicity.

Relatively similar degrees of inhibition were seen in both wietyM and M2
knockout mice in cortex (WT/LM: 81.5 + 2.6%, KO: 89.5 + 0.8%) and sinfitadings
were also observed in cerebellum (Table 2). Again, relatiggtyilar degrees of
inhibition were observed in wildtype and M2 knockout mice in heart/0MT 83 +
2.5%, KO: 87.7 + 1.5%)

Significant inhibition of liver carboxylesterases was observed inh bot
wildtype/LM and M2 knockouts, with no differences between the groupsL(M/T88 *
0.7%, KO: 87 + 1.3%). Plasma carboxylesterases were also inhibitedoth
wildtype/LM and M2 knockout mice following exposure to parathion (WT/LM: +
3.5%, KO: 73 £ 3%). Thus, wildtype/LM and M2 knockout mice appearedasiyn
sensitive to a lower dosage of parathion (27.5 mg/kg). These finduggest that M2
receptor deletion has relatively little effect on the expoes®f classical signs of
cholinergic toxicity following parathion exposure, but may indeed redethality under

some dosing conditions.
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Figure 15: Effects of parathion treatment on
a) involuntary movements b) SLUD signs c)

cortical cholinesterase activity in

wildtype/LM and M2 knockout mice.

Mice (n = 4-7/group) were exposed to either
vehicle or parathion (27.5 mg/kg) and were
graded for functional signs of toxicity for 48

hrs as described in methods section. At the
end of 48 hrs mice were sacrificed and
collected and for

cortex analyzed

cholinesterase activity. Functional signs
were expressed as median + interquartile
range. Cholinesterase data (mean * standard
error) represent enzyme activities (nmol of
substrate hydrolyzed/minute/mg protein)
and are expressed as percent of control
values. An asterisk indicates significant
difference compared to respective control
and a dollar sign indicates a significant
difference between knockout control and
group.
indicates significant difference between
wildtype/LM

knockout treatment A pound

and knockout mice.
Cholinesterase activity in cortex of control
animals was 57 + 0.9 nmol/min/mg protein
in wildtype/LM and 67 + 6 nmol/min/mg

protein in M2 knockouts.



C) Comparative effects of chlorpyrifos on body weight, functional signs and esterase

activities in wildtype/LM and M2 knockout mice

Wildtype/LM and M2 knockout mice were treated with a high dosage of
chlorpyrifos (300 mg/kg, sc) and observed for functional signs of tgxior 72 hrs.
Chlorpyrifos had no effect on body weight or cholinergic signs ofcityxin any
treatment groups (data not shown). We did not observe any involuntarymmeioise
following chlorpyrifos exposure in wildtype/LM and M2 knockout micemfarly, no
SLUD signs were noted following chlorpyrifos exposure in eithddtype/LM or M2
knockout mice.

Figure 16 shows cholinesterase inhibition in cortex following exposore
chlorpyrifos. Extensive reduction in cortical cholinesterase #&gtivas observed in both
wildtype/LM and M2 knockout mice (WT/LM: 79 + 1.7%, KO: 85 + 4.6%). Sami
results were obtained in cerebellum (Table 2). Chlorpyrifo® afhibited heart
cholinesterase activity in both wildtype/LM and M2 knockouts, but witlsigaificant
differences between groups (WT/LM: 76 + 4.4%, KO: 80 £ 3.8%).

Chlorpyrifos caused significant inhibition of liver (WT/LM: 89 + 0.7%0: 87 +
4.0%) and plasma (WT/LM: 78 = 3%, KO: 83 + 1.2%) carboxylesterdsssagain with
no significant differences between groups. Thus, wildtype/LM and M2kkubanice
showed few signs of cholinergic toxicity in spite of extensiveinbholinesterase

inhibition (~80%).
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Figure 16: Effect of chlorpyrifos on cortical cholinesterastvity in wildtype/LM and
M2 knockout mice.

Mice (n = 4-5/group) were exposed to either vehicle or chlogs/ (800 mg/kg, sc) and
were graded for functional signs for 72 hrs. Mice were sacrifinddccartex collected and
analyzed for cholinesterase activity. Data (mean = standaod) ggpresent enzyme
activities (nmol of substrate hydrolyzed/minute/mg protein) aneég@peessed as percent
of control values. An asterisk indicates a significant diffeeeoompared to respective
controls.Cholinesterase activity in cortex of control animlas was 65 iél/min/mg

protein in wildtype/LM and 61 + 3.8 nmol/min/mg protein in M2 knockouts.
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Table 2: Effect of selected OPs on cholinesterase activitycerebellum from

wildtype/LM and M2 knockout mice.

Tissue/genotype Control Parathion Parathion | Chlorpyrifos
(35 mg/kg) | (27.5mg/kg) | (300 mg/kg)
Cerebellum 114+08 31+03a |19+0.f 41+05
WT/LM (73) (83) (64)
a
Cerebellum/KO 12.7+0.6 26052 1192 0_? 41+0.4
(80) (85) (68)

Mice (n = 4-5/group) were exposed to either vehicle or selézRsiand were graded for
functional signs of toxicity as described in methods section. Miee sacrificed and
tissues analyzed for cholinesterase inhibition. Data (meataadard error) represent

enzyme activities in terms of nmol of substrate hydrolyzed/reimg protein. Values in

parentheses indicate percent cholinesterase inhibition with respect to coloies| va

indicates a significant difference compared to respective control.

75



D) Effect of oxotremorine on functional signs and body temperature in wildtype/LM and

M2 knockout mice

Parathion (27.5 and 35 mg/kg, sc) elicited involuntary movements (&gnmor
both wildtype/LM and M2 knockouts (Figures 14 and 15). Interestinglyjque studies
(Gomeza et al., 1999) reported that the non-selective muscagorast (oxotremorine)
did not elicit tremors in mice lacking the M2 receptor. To detee whether tremors
could be elicited by oxotremorine in M2 knockouts in our hands, we ewvdluate
involuntary movements in wildtype/LM and M2 knockouts in response torthgsarinic
agonist.

Wildtype/LM and M2 knockout mice were challenged with oxotremorine (0.5
mg/kg, sc) and observed for involuntary movements, SLUD signs andalsloainges in
body temperature. Body temperatures were recorded before érdasmd at 30 and 60
minutes after dosing.

Figure 17 shows the effects of oxotremorine on cholinergic sign®xidity
(involuntary movements, excessive secretions, i.e. SLUD signs) agddiagerature in
wildtype/LM and M2 knockout mice.

Oxotremorine did elicit severe tremors in wildtype/LM micdile/ tremors were
absent in the M2 knockouts. Oxotremorine also produced moderate SLUDrsigoih
wildtype/LM and M2 knockouts, a response thought to be primarily nestlidtrough
M3 muscarinic receptors. There was a significantly greatiration in body temperature
(another function mediated primarily through M2 receptors) in ypeli.M compared to
M2 knockouts at 30 and 60 minutes after treatment. These resultstiveeeéore in

general agreement with those of Gomeza and coworkers (1999) ggebktsthat the M2
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receptor is essential for cholinergically-mediated trenaos hypothermia. The basis for
involuntary movements elicited by anti-cholinesterases is untleasgver, as they were

elicited in mice lacking the M2 receptor.
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Figure 17: Effects of oxotremorine on A)
involuntary movements, B) SLUD signs,
and C) body temperature in wildtype/LM

and M2 knockout mice.

Mice (n = 4/group) were exposed to either
vehicle or oxotremorine (0.5 mg/kg) and
were graded for functional signs for 90
minutes as described in methods section.
An asterisk indicates significant difference
between wildtype/LM and knockout mice.
SLUD signs (Figure B) were significantly
different when compared to the respective
controls but M2 receptor deletion had no

significant effect on them.



Specific Aim 3: To evaluate ACh release as affected by OP exposure ex vivo and in

vitro in dlicesfrom M 2-/- and their respective wildtype/L M mice.

A) Effect of parathion on ex vivo ACh release in wildtype and M2 knockout brain slices

Wildtype/LM and M2 knockout mice were exposed to parathion (27.5 mg/kg, sc)
and were graded for functional signs of toxicity for 48 hrs. At the @ 48 hrs mice
were sacrificed and brain was immediately dissected on ieén Blices were prepared
later to measure ACh releasevivo as described in methods section.

Table 3 shows that parathion exposure had no apparent effect on A&eezle
vivo in cortical, hippocampal or striatal slices from either wipd M or M2 knockout

mice.
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knockout mice.

Table 3: Effect of parathion exposure envivo ACh release in wildtype/LM and M2

Tissuelgenotype Control Parathion
\(fvoTr/tm 57+0.5 5.9+0.6
Eg”ex 6.9+0.7 7.8+10
C'Vi%’fl\‘;lampus 2.6+0.7 2.3+0.3
Eigpocampus 2.3+04 2.1+£0.1
\?ﬂj‘t‘&m 83+1.1 8.9£0.2
Saatum 8.1+0.9 7.9+04

Mice (n = 4-6/group) were exposed to either vehicle or parathion (2g/kg) and were
graded for functional signs for 48 hrs. Brain slices were inedbaith PH]choline to

label endogenous acetylcholine. Prelabeled slices were then loadesl sofrafusion
apparatus. Release was stimulated by exposing the slicescoacéepolarizing buffer
containing a high concentration of KCI as described in method®mseblues (mean +
standard error) shown are proportionate (percent) release, i.etptéheamount of
radioactivity in the peak following depolarization compared to totdiloeativity in all

other fractions and the residual tissue (x 100).
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B) Effects of the muscarinic agonist oxotremorine and selected OP compounds on ACh

releasein vitro in brain slices from wildtype/LM and M2 knockout mice

Mice were sacrificed and brain was immediately removed tpapeeslices as
described in methods section. ACh release was then measured in hipalbazaortical
and striatal slices from wildtype/LM and M2 knockout mice. We stutle effects of
oxotremorine (10 uM), paraoxon (100 pM) and chlorpyrifos oxon (100 pMi @itro
ACh release in wildtype/LM and M2 knockout brain slices. The 3degadid not differ
between wildtype/LM and M2 knockout brain slices.

Figure 18 shows the effect of oxotremorine and the two oxons witro ACh
release in cortical slices. Oxotremorine resulted in aifsignt decrease in ACh release
only in wildtype/LM cortical slices (WT/LM: 10.9 £ 2.8%; KO: 85:1%). Paraoxon had
no effect on ACh release in cortical slices while chlorpyrd@en caused a significant
decrease in ACh release in both wildtype/LM and M2 knockout mice/l(MWT16.8 +
3.4%; KO: 23.8 £ 2.5%).

Figure 19 shows the effect of oxotremorine and the two oxons witro ACh
release in hippocampal slices. A significant reduction in releess observed in
hippocampal slices from wildtype/LM mice following exposure to cemwrine, while a
much lesser and statistically insignificant effect wasidaeslices from M2 knockouts
(WT/LM: 29.8 + 2.4%; KO: 7.7 = 1.6%). Paraoxon had no effect in slice® feither
wildtype/LM or M2 knockout mice. Surprisingly, chlorpyrifos oxon cadis significant
increase in ACh release in hippocampal slices from wildtydeMVT/LM: 9.1 £+ 2.9%).

In contrast, chlorpyrifos oxon had no effect on release in slices from M2 knockouts.
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Figure 20 shows the effect of oxotremorine and the two oxons witro ACh
release in striatal slices. Oxotremorine caused a signifidecrease in ACh release in
slices from both wildtype/LM and M2 knockout mice (WT/LM: 14.4 + 3.20Q@: 18.5 £
1.8%). Similarly, paraoxon decreased ACh release in slices framviloltype/LM and
M2 knockout mice (WT/LM: 12.1 + 4.5%; KO: 16.8 = 2.1%). Similar to changssd
in hippocampal slices, chlorpyrifos oxon increased ACh release (44.394) in striatal
slices from wildtype/LM mice, but had no effect in tissues from M2 knockouts.

The muscarinic agonist oxotremorine decreased ACh release tinatand
hippocampal slices of wildtype/LM mice; release was unadtech slices from M2
knockouts, suggesting that the decrease in ACh release in 8msestis mediated by the
M2 receptor. These findings are similar to those reported byngZlea al., (2002). In
contrast, oxotremorine decreased ACh release in striatakdiiom both wildtype and
M2 knockout mice, suggesting that pre-synpatic modulation of ACh reledisis tissue
is independent of M2 receptors. Again, these findings are simoiltralse reported by
Zhang et al., (2002). Several studies reported that the M4 recpitype plays an
important role in regulating ACh release in striatum. The dsergastriatal ACh release
seen here is likely mediated by activation of M4 receptors andritacs in tissues from
both wildtype and M2 knockout mice.

Paraoxon affected (decreased) ACh relaasdtro only in the striatum, but in
tissues from both wildtype/LM and M2 knockout mice, i.e., suggestindltheeceptor
may be involved in modulating ACh release in this brain regiorr &kposure to
paraoxon or its parent insecticide (parathion). Chlorpyifos oxon dsmsmesCh release in

cortical slices from both wildtype/LM and M2 knockouts. Chlorpyrito®©n actually
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increased ACh release in hippocampal and striatal slices dfyp@/LM mice. Thus, the
effects of these oxons on brain regional ACh release and theatualihature of the
changes themselves suggest a complex interaction between Qiourais and pre-

synaptic control.
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Figure 18: Effect of oxotremorine, paraoxon and chlorpyrifos oxon on i&asein
vitro in cortical slices from wildtype/LM and M2 knockout mice.

Cortical slices (n = 4-7) were incubated witfHJcholine to label endogenous
acetylcholine. Prelabelled slices were then loaded into a sujrafapparatus and
perfused with physiological buffer. Release was stimulatedetwW®l and S2) by
exposing the slices to a depolarizing buffer containing high comtiemtrof KCI (30
mM). Drugs were added 20 minutes before the second pulse of pota3$ia ratio of
S2/S1 is a normalized index of ACh release. Data (mean + stibadar) represent ACh
release expressed as percent of control values. An astadstates a significant
difference compared to respective control. ACh release (S2/SDninol animals was

0.79 £ 0.02 in wildtype/LM and 0.85 £ 0.02 in M2 knockouts.
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Figure 19: Effect of oxotremorine, paraoxon and chlorpyrifos oxon on &asein
vitro in hippocampal slices from wildtype/LM and M2 knockout mice.

Hippocampal slices (n = 4-7) were incubated witH]¢holine to label endogenous
acetylcholine. Prelabelled slices were then loaded into a sujrafapparatus and
perfused with physiological buffer. Release was stimulatedetwW®l and S2) by
exposing the slices to a depolarizing buffer containing high comtiemtrof KCI (25
mM). Drugs were added 20 minutes before the second pulse of pota3$ia ratio of
S2/S1 is a normalized index of ACh release. Data (mean + stibadar) represent ACh
release expressed as percent of control values. An astadstates a significant
difference compared to respective control and a pound indicatesificarg difference
between wildtype and M2 knockout hippocampal slices. ACh release (S@/&adntrol

animals was 0.83 = 0.1 in wildtype/LM and 0.82 £ 0.1 in M2 knockouts.
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Figure 20: Effect of oxotremorine, paraoxon and chlorpyrifos oxon on i&asein
vitro in in striatal slices from wildtype/LM and M2 knockout mice.

Striatal slices (n = 4-7) were incubated witfH]choline to label endogenous
acetylcholine. Prelabelled slices were then loaded into a sujrafapparatus and
perfused with physiological buffer. Release was stimulatedetwW®l and S2) by
exposing the slices to a depolarizing buffer containing high comtiemtrof KCI (20
mM). Drugs were added 20 minutes before the second pulse of pota3$ia ratio of
S2/S1 is a normalized index of ACh release. Data (mean + stibadar) represent ACh
release expressed as percent of control values. An astadstates a significant
difference compared to respective control and a pound indicatesificarg difference
between wildtype and M2 knockout striatal slices. ACh relg&S1) in control

animals was 0.8 = 0.03 in wildtype/LM and 0.8 £ 0.05 in M2 knockouts.
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Studies using CB1 receptor knockout mice

Specific Aim 2A: To evaluate the effects of CB1 receptor deletion on acute

sensitivity to selected OP compounds: Preliminary studies

A) Parathion toxicity in wildtypes and CB1 knockouts

Wildtype and CB1 knockout mice were treated with parathion (20 mgzkagnsl
observed for functional signs of cholinergic toxicity for the follow#) hrs. Parathion
treatment led to a significant reduction (27 + 3%) in body weigltihe CB1 knockouts
but no significant effect in the wildtype mice.

Figure 21 shows the effect of parathion on involuntary movements, 3idi3
and hippocampal cholinesterase activity in these same mice. CBkokim®exhibited
significantly more severe tremors than wildtypes at 24 and 4&ftes dosing, with
essentially no sign of tremors in the wildtypes. DetectabldBkigns were noted only
in the CB1 knockouts.

Extensive hippocampal cholinesterase inhibition was noted in both wildayjks
CB1 knockouts (WT: 64 = 6.9%, KO: 78.4 + 0.6%). Surprisingly, signifigagiteater
inhibition was noted wildtypes despite similar basal cholinesteeasds. Relatively
similar findings were also observed in other brain regions (catek cerebellum) as
shown in Table 4. Parathion also inhibited heart cholinesterasetyaativaoth wildtype
and CB1 knockout mice. While a trend towards greater inhibition of bkalinesterase
activity was also noted in the knockouts, there was no significaetelite between the
groups (WT: 69.3 £ 5.2%, KO: 80.1 = 1.1%).

Basal liver and plasma carboxylesterase levels wereasimildtype and CB1

knockout mice. Parathion exposure led to extensive inhibition of Iadrogylesterases
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in both wildtype and CB1 knockouts (WT: 70 £ 3.9%, KO: 84 = 1.2%). Sigmifica
inhibition of plasma carboxylesterase activity was observed folpwarathion exposure
in both wildtype and CB1 knockout mice (WT: 56 £ 4.2%, KO: 62.5 + 1.8%). Tieget
these data suggest that CB1 knockout mice were more sensitivareohtp wildtype

mice to both functional and biochemical indicators of toxicity.
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Figure 21: Effects of parathion on A)
involuntary movements, B) SLUD signs, C)

hippocampal cholinesterase activity in

wildtype and CB1 knockouts.

Mice (n = 4-6/group) were exposed to either
vehicle or parathion (20mg/kg) and were
graded for functional signs for 48 hrs as

described in methods section. At the end of

48 hrs mice were sacrificed and
hippocampus  collected to  measure
cholinesterase activity. Functional signs

were expressed as median * interquartile
range. Cholinesterase data (mean + standard
error) represent enzyme activities (nmol of
substrate hydrolyzed/minute/mg protein) and
are expressed as percent of control values.
An asterisk indicates significant difference
compared to respective control and a dollar
difference

sign indicates a significant

between knockout control and knockout

group.
significant difference between wildtype and

treatment A pound indicates
knockout mice. Cholinesterase activity in
hippocampus of control animals was 30.5 +
0.5 nmol/min/mg protein in wildtypes and
26.7 = 1.4 nmol/min/mg protein in CB1

knockouts.



B) Effect of chlorpyrifos on functional signs and esterase activities in wildtype and CB1

knockout mice
Wildtype and CB1 knockout mice were exposed to chlorpyrifos (300 mgfgand
observed for functional signs of cholinergic toxicity for 48 hrs.

Figure 22 shows the effect of chlorpyrifos on involuntary movementslDS
signs and cholinesterase inhibition in hippocampus in the differentireat groups. CB1
knockouts showed marked tremor activity following chlorpyrifos exposwurigh
substantial lethality (5 of 7) occurring by 24 hours after treatnHowever, in wildtypes
treated with chlorpyrifos only mild tremors were noted. Sevet®J[5 signs were
observed in CB1 knockout mice, while wildtype mice exhibited WD signs. A
statistical analysis was not performed on these data howeveto dioe low number of
survivors (2 of 7) in the knockout group exposed to chlorpyrifos.

Extensive inhibition of hippocampal cholinesterase activity wasrobde(WT:
78.4 + 4.9%, KO: 88%). Cholinesterase inhibition was also observed in othar br
regions as shown in Table 4. There was a trend towards more e&tehsiinesterase
inhibition in the CB1 knockouts in hippocampus and cerebellum. However degrees
cholinesterase inhibition did not seem to be different between widdgnd CB1
knockout mice in cortex (Table 4). Extensive inhibition was noted arthe both
treatment groups (WT: 76.1 + 3.9%; KO: 82%).

Chlorpyrifos exposure resulted in marked inhibition of liver (WT: 80.5%;
KO: 87.7%) and plasma (WT: 70 £ 2.2%; KO: 67%) carboxylesteraslesth treatment
groups. Again, statistical analysis was not possible as only 2 knockomtised this

initial study. Similar to findings in animals treated with phien, CB1 knockout mice
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appeared more sensitive to chlorpyrifos, although biochemical assagonly possible

in limited numbers of survivors.
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Figure 22: Effects of chlorpyrifos on A)
involuntary movements, B) SLUD signs,
C) hippocampal cholinesterase activity in

wildtype and CB1 knockouts.
Mice (n = 2-6/group) were exposed to
either vehicle or chlorpyrifos (300mg/kg)

and were graded for functional signs for 48
hrs as described in methods section. At the
end of 48 hrs mice were sacrificed and
hippocampus collected to measure
cholinesterase activity. Functional signs
were expressed as median % interquartile
range. Cholinesterase data (mean =+
standard error) represent enzyme activities
(nmol of substrate hydrolyzed/minute/mg

protein) and are expressed as percent of
control values. Cholinesterase activity in

hippocampus of control animals was 30.5
+ 0.5 nmol/min/mg protein in wildtypes

and 26.7 + 1.4 nmol/min/mg protein in

CB1 knockouts. Statistical analysis was
not performed owing to the less number of

survivors in knockout treatment group.



Table 4: Effect of parathion and chlorpyrifos on cholinesteraseitgcin cortex and

cerebellum from wildtype and CB1 knockout mice.

Tissue/genotype Control Parathion | Chlorpyrifos
Cortex/WT 381443 | 117%16 |44+102
(69) (88)
b
Cortex/KO 30.3+25 29+04° | ¢ (88)
(93)
a
Cerebellum/WT 21.4+18 58+08" |3.95+0.88
(73) (82)
N ab
Cerebellum/KO 172+08 | L7 (—98)-2 1.42 (92)

Mice (n = 4-6/group) were exposed to either vehicle or parath2én nig/kg) or
chlorpyrifos (300 mg/kg, sc) and were graded for functional signd8 hrs. Mice were
sacrificed and tissues collected for cholinesterase aBsdg. (mean + standard error)
represent enzyme activities in terms of nmol of substrate hyddiminute/mg protein.
Values in parentheses indicate percent cholinesterase inhibitibrrespect to control

values.

%indicates a significant difference compared to respective control.

b indicates a significant difference between wildtype and CB1 knockaet mi

93



Specific Aim 2B: To evaluate the effects of CB1 receptor deletion on sensitivity to

different OP compounds: Studies using ** and 7 litter mates

Similar to our initial studies in M2 receptor knockouts, the inisaldies with
CB1 knockouts compared acute sensitivity to OPs in homozygous CB1 knoclaaut mi
and control C57BI/6 mice (obtained from Charles River, the vendor Wwbmh the
knockout was derived). CB1 knockouts appeared more sensitive to both O but
degree of cholinesterase inhibition was different compared to theotcamtxct mice.
Additional studies using appropriate LM controls therefore appeasshtes to model
the role of CB1 receptor in sensitivity to OPs. Littermatésvildtype ("*) and CB1
knockout (") mice were used in all subsequent studies.

A) Effect of parathion on body weight, functional signs and esterase activities in

wildtype/LM and CB1 knockouts.

Wildtype/LM and CB1 knockout mice were treated with vehicle or paat(20
mg/kg, sc) and observed for functional signs of cholinergic tgxfoit the following 24
hrs. Parathion similarly decreased body weight in both wildtypediosll CB1 knockout
mice (WT/LM: 16.8 + 3.3%; KO: 16.9 + 6.1%).

Figure 23 shows the effect of parathion on cholinergic signs ofcitgxi
(involuntary movements and SLUD signs) and cholinesterase inhibitionoitex
following parathion exposure in these same mice. Wildtype/LM antl IC®ckout mice
exhibited increased involuntary movements at both 12 and 24 hrs afireg.d@arathion
elicited moderate SLUD signs in both wildtype/LM and CB1 knockout maicke and 24

hrs after exposure.
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Similar, marked inhibition of cortical cholinesterase actiwgs observed in both
wildtype/LM and CB1 knockout mice (83 + 4%). Relatively simi@ductions in activity
were also noted in both groups in the cerebellum as shown in Tabld@/ANMW78.8 +
2.7%; KO: 83.7 £ 2.1%). Parathion also had essentially the safeet ein heart
cholinesterase activity in both wildtype and CB1 knockout mice (WIT/ES + 2%; KO:
75 + 13%).

Similar, extensive degrees of liver carboxylesterase (WT/@R16 + 0.5%; KO:
92 + 0.7%) and plasma carboxylesterase (WT/LM: 67.5 £ 4.6%; KO: 7238B%)
activities were also observed in wildtype/LM and CB1 knockout niibes, in contrast
to our previous studies without littermate controls, wildtype/LM and &Bockout mice
appeared remarkably similar in sensitivity to parathion, withilar changes in esterase

activities as well as functional signs of toxicity.
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Figure 23: Effects of parathion on A)
involuntary movements, B) SLUD signs,
C) cortical cholinesterase activity in
wildtype/LM and CB1 knockouts.

Mice (n = 4-5/group) were exposed to
either vehicle or parathion (20 mg/kg) and
were graded for functional signs for 24
hrs as described in methods section. At
the end of 24 hrs mice were sacrificed and
cortex collected to measure cholinesterase
activity. Functional signs were expressed
as median £ interquartile range.
Cholinesterase data (mean % standard
error) represent enzyme activities (nmol
of  substrate hydrolyzed/minute/mg
protein) and are expressed as percent of
control values. An asterisk indicates
significant  difference compared to
respective control and a dollar sign
indicates a significant difference between
knockout control and knockout treatment
group. Cholinesterase activity in cortex of
control animals was 355 + 19
nmol/min/mg protein in wildtype/LM and
40.6 + 2.3 nmol/min/mg protein in CB1

knockouts.



B) Effect of parathion on body weight, functional signs and esterase activities in

wildtype/LM and CB1 knockouts.

In contrast to our earlier studies without littermate controls,dwe not note
significant differences in sensitivity to parathion (20 mg/kg, with deletion of CB1
receptor. One explanation for lack of differences in sensitivity in CB1 knockoul lse
that endocannabinoid signaling only influences cholinergic transmisgien there is
more extensive acetylcholine accumulation. To evaluate thishildgswe increased the
parathion dosage to 27.5 mg/kg in subsequent studies, a dosage thaemtieaextent
of cholinergic toxicity and thus presumably leads to more exterspetylcholine
accumulation. Mice in these studies were exposed to this highagelas parathion
(27.5 mg/kg) and observed for functional signs of toxicity for 24 hrs.

Parathion caused relatively similar body weight reductions in bdttype/LM
and CB1 knockouts, with no significant difference between the gravps {5 = 3%;
KO: 18 + 1%). Figure 24 shows the effect of parathion on cholineigits of toxicity
(involuntary movements and SLUD signs) and cholinesterase inhibitionoitex
following parathion exposure in these same mice. Parathion elinieel severe tremors
(compared to the lower dosage of 20 mg/kg) at 12 and 24 hrs afteg.dbse extent of
involuntary movements was significantly higher in the wildtype/LM, but ontii@ 12 hr
timepoint. Parathion also elicited SLUD signs in both wildtype/Lid £€B1 knockout
mice at 12 and 24 hrs. Thus, both wildtype/LM and CB1 knockout mice showed mor
severe signs of cholinergic toxicity with this higher dosagepafathion, but their

functional responses were relatively similar. The differenndbe earliest timepoint (12
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hrs) suggests there may be a difference in onset, but inafjether expression of
functional signs was similar in the presence and absence of CB1.

Extensive, similar degrees of inhibition of cortical cholinestedevity were
observed in both wildtype/LM and CB1 knockouts (WT/LM: 94 + 1%; KO: 93 3.2%
Similar results were also found in cerebellum (Table 5) and (@& /LM: 92 + 0.6%;
KO: 91 + 1.5%).

Similar group-related effects were noted with carboxytasee inhibition in liver
(WT/LM: 94 £ 0.6%, KO: 92 £+ 0.7%) and plasma (WT/LM: 74 + 5%, KO: 73%).
Thus, as with the studies using the lower dosage of parathion (20)maikijype/LM
and CB1 knockout mice treated with the higher dosage (27.5 mgikipited relatively

comparable signs of cholinergic toxicity and similar degrees ofasst@nhibition.
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Figure 24: Effects of parathion on A)
involuntary movements, B) SLUD signs, C)

cortical cholinesterase activity in

wildtype/LM and CB1 knockouts.

Mice (n = 4-5/group) were exposed to either
vehicle or parathion (27.5 mg/kg) and were
graded for functional signs for 24 hrs as
described in methods section. At the end of
24 hrs mice were sacrificed and cortex
collected to measure cholinesterase activity.
Functional signs were expressed as median £
Cholinesterase data

interquartile  range.

(mean + standard error) represent enzyme
activities (nmol of substrate
hydrolyzed/minute/mg protein) and are

expressed as percent of control values. An

asterisk indicates significant difference

compared to respective control and a dollar
difference

sign indicates a significant

between knockout control and knockout

group.
significant difference between wildtype/LM

treatment A pound indicates
and knockout mice. Cholinesterase activity
in cortex of control animals was 35.5 + 1.9
nmol/min/mg protein in wildtype/LM and

40.6 + 2.3 nmol/min/mg protein in CB1

knockouts.



C) Effect of chlorpyrifos on body weight, functional signs and esterase activities in

wildtype/LM and CB1 knockout mice

Mice were treated with a high dosage (300 mg/kg, sc) of mplidbos and
observed for functional signs of cholinergic toxicity for 48 hrs. ghsicant reduction in
body weight (WT/LM: 21 £+ 2%, KO: 26 + 3%) was observed in botldtype/LM and
CB1 knockout mice, but no significant difference was noted between the groups.

Figure 25 shows the effect of chlorpyrifos on involuntary movementsDS
signs and cortical cholinesterase activity in wildtype/LM anB81Cknockout mice.
Tremors in wildtype/LM mice following chlorpyrifos exposure wesignificantly
different from control at 12, 24 and 48 hrs. However, the onset of tremof81
knockout mice appeared somewhat delayed and was significarfdyedif from control
only at 24 and 48 hrs. Similar findings were also observed with Ssigiis as shown in
Figure 25b.

Chlorpyrifos elicited extensive, similar degrees of corticdlolinesterase
inhibition in both wildtype/LM and CB1 knockout mice (WT/LM: 92 + 1%; K@b *
1%). Similar findings were also observed in cerebellum (Tabén8)heart (WT/LM: 88
+ 1%:; KO: 88 + 2%)

Chlorpyrifos also elicited extensive inhibition of liver (WT/LIE8 £ 0%; KO: 91
+ 0.5%) and plasma (WT/LM: 70 = 3%; KO: 63 £ 8%) carboxylestegdivities, with
no significant differences between the groups. Thus at this dosageycifiis elicited
severe signs of cholinergic toxicity (both involuntary movements andDSsigns) in
both wildtype/LM and CB1 knockout mice, with very similar degreesesterase

inhibition. While similar degrees of esterase inhibition were ch@tethe end of the
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observation period, CB1 knockouts appeared to have a somewhat delayedaxpfess
functional signs of toxicity. This could suggest that cholinesteragbition was also
delayed within the timeframe of the study, or that neurochenmegsponses to
cholinesterase inhibition were different between the groups, leadingnt altered
functional response. Cholinesterase was only measured at the emel albservation

period however, and thus it is unclear whether this may have contributed.
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Figure 25: Effects of chlorpyrifos on
A) involuntary movements, B) SLUD

signs, C) cortical cholinesterase
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Time after treatment (hrs) Mice (n = 4-5/group) were exposed to
either vehicle or chlorpyrifos (300
mg/kg) and were graded for functional
signs for 48 hrs as described in
methods section. At the end of 48 hrs

mice were sacrificed and cortex

Score

collected to measure cholinesterase

activity.  Functional signs  were
- WT/CPF -e= KO/CPF

expressed as median = interquartile
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120+
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1004

expressed as percent of control values.
An asterisk indicates significant

difference compared to respective
control and a dollar sign indicates a

significant difference between

ChE activity (% control)
(@]
o
[

0 knockout control and knockout
K treatment group. A pound indicates
& L .

N significant difference between

wildtype/LM and knockout mice.
Cholinesterase activity in cortex of control animals was 35.5.% nmol/min/mg protein in

wildtype/LM and 40.6 + 2.3 nmol/min/mg protein in CB1 knockouts.
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Table 5: Effect of parathion and chlorpyrifos on cholinesteraseitgcin cerebellum

from wildtype/LM and CB1 knockout mice.

Tissue/genotype| Control Parathion | Parathion | Chlorpyrifos
(20 mg/kg) | (27.5mg/kg)| (300 mg/kg)

a a a
Cerebellum | ., -, 15| 48£06 | 1.4£02" |24£03
WT/LM (79) (94) (89)

a a a
Cerebellum o5+00 | 44+06 1.9+04 |27+0.7
KO (82) (92) (89)

Mice (n = 4-5/group) were exposed to either vehicle or parathiowr(27.5 mg/kg) or
chlorpyrifos (300 mg/kg, sc) and were graded for functional sidicee were sacrificed
and tissues collected for cholinesterase assay. Data (metandard error) represent
enzyme activities in terms of nmol of substrate hydrolyzed/raimg protein. Values in

parentheses indicate percent cholinesterase inhilitbrrespect to control values.

%indicates a significant difference compared to respective control.
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Specific Aim 3: To evaluate ACh release as affected by OP exposure ex vivo and in

vitro in slices from CB1”" and respective wildtype/L M mice.

A) To evaluate effects of parathion and chlorpyrifos on ACh release ex vivo in wildtype

and CB1 knockout mice

Mice were exposed to a high dosage of parathion (27.5 mg/kgr stilorpryrifos
(300 mg/kg) and tissues were collected 24 hrs later (for pamtbr 48 hrs later (for
chlorpyrifos) to measure ACh releasevivo. Figure 26 showsx vivo ACh release in
hippocampal slices from wildtype/LM and CB1 knockout mice followiegtiment with
parathion or chlorpyrifos. Parathion markedly decreased hippocampalrél€ase in
both wildtype/LM and CB1 knockout mice (WT/LM: 54 £ 3%, KO: 49 * 4%)thwno
significant differences between the treatment groups. Chlorpyafes significantly
decreased hippocampal ACh release in both wildtype/LM and CB1 knodkutitsM:
52 £ 5%, KO: 36 + 7%), but in this case a significantly greaduction in release was
observed in tissues from wildtype/LM mice.

Figure 27 illustratesex vivo ACh release in striatum following exposure to
parathion or chlorpyrifos. Parathion caused a significant reductiéi€h release in both
wildtype/LM and CB1 knockouts (WT/LM: 12 + 3%, KO: 25 + 8%). Chloifns also
elicited a significant and similar reduction in ACh releasetigsues from both

wildtype/LM and CB1 knockouts (24 + 6%).
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Figure 26: Effects of parathion and chlorpyrifos on ACh releasévo in hippocampal
slices from wildtype/LM and CB1 knockout mice.

Mice (n = 4-6/group) were exposed to either vehicle or OP and wyerded for
functional signs. Hippocampal slices were incubated witH]choline to label
endogenous acetylcholine. Prelabelled slices were then loaded intgrafusion
apparatus and perfused with physiological buffer. Release was stimulagddsing the
slices to a depolarizing buffer containing high concentration of KCI r(fd8) as
described in methods section. Data (mean * standard error)aeppesak ACh release
(S1) and are expressed as percent of control values. An asterisktesda significant
difference compared to respective control. A pound signs indicategyraficant
difference between wildtype/LM and knockout treatment groups. AChseeléal) in
hippocampus of control animals was 3.8 £ 0.3 in wildtype/LM and 3.5 £ 0.2Bih C

knockouts (calculated as a percentage of the total radioactivity).

105



= -
o [
o o
[ [
—
—

©
o
[]

| *

804

a1

o
[]

-

AChrelease (S1, % control)

Figure 27: Effects of parathion and chlorpyrifos on ACh releasg&vo in striatal slices
in wildtype/LM and CB1 knockout mice.

Mice (n = 4-6/group) were exposed to either vehicle or OP and wyerded for
functional signs. Striatal slices were incubated witH]d¢holine to label endogenous
acetylcholine. Prelabelled slices were then loaded into a sujprafapparatus and
perfused with physiological buffer. Release was stimulatedxmppsing the slices to a
depolarizing buffer containing a high concentration of KCI (20 mM) axrdeed in
methods section. Data (mean * standard error) represent A€iseg|S1) expressed as
percent of control. An asterisk indicates a significant differeamepared to respective
control. ACh release (S1) in striatum of control animals was 054n wildtype/LM

and 8.1 + 0.7 in CB1 knockouts.
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B) To evaluate the effects of the cannabinoid receptor agonist WIN 55,212-2 and selected

OPson ACh releasein vitro in tissues from wildtype/LM and CB1 knockout mice

Mice were sacrificed by decapitation and brain was immdygiagenoved. Slices
were prepared as described earlier in methods section and A@Rerateeasured in
hippocampal and striatal slices as described above. The compafigess of WIN
55,212-2 (WIN, 1 uM), paraoxon (100 uM) and chlorpyrifos oxon (100 uM) on ACh
releasen vitro were evaluated. WIN was used as a positive control.

Figure 28 shows thm vitro effects of WIN, paraoxon and chlorpyrifos oxon on
ACh releasen vitro in hippocampal slices. WIN can reduce ACh release in hippocampus
but has no effect on ACh release in striatum (Gifford et al., 198thrKann et al., 2001).

In our hands, WIN reduced hippocampal ACh release in slices\ii@dtype mice, but

had no effect on release in tissues from CB1 knockouts. Paraoxoncsigityf reduced

ACh release in hippocampal slices from wildtype/LM mice (153.1%), while it had
essentially no effect in slices from CB1 knockouts. Chlorpyrifos osigmificantly
reduced release in hippocampal slices from both groups (WT/LM: 20.3 + B@%40.3

+ 2.4%). It should be noted, however, that the magnitude of the reduction was
significantly greater in slices from wildtype/LM mice. Thumsvitro, paraoxon appeared

to have a greater effect on hippocampal ACh release in tissuastte wildtype mice,
suggesting a possible role of CB1 in these comparative neurochemical responses

Figure 29 shows tha vitro effects of WIN and both oxons on ACh release in
striatal slices. As expected, WIN did not influence stri&i@h release in tissues from
either wiltypes or knockouts. In contrast, paraoxon significaeijuced ACh release in

tissues from both wildtype/LM and CB1 knockout mice (WT/LM: 14.1 + 2.B%; 8.7
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+ 3.8%). Interestingly, chlorpyrifos oxon significantly increasednA@€lease in tissues
from both groups (WT/LM: 10.7% = 5.6; KO: 10.2 + 6.4%). In striatum, theas
therefore no suggestion of a differential effect of chorpyrdasn on ACh release,

mediated in some way by CB1.
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Figure 28:In vitro effects of paraoxon and chlorpyrifos oxon on hippocampal ACh
release in slices from wildtype/LM and CB1 knockout mice.

Hippocampal slices were incubated withicholine to label endogenous acetylcholine.
Prelabelled slices were then loaded into a suprafusion apparatupednded with
physiological buffer. Release was stimulated twice (S1 andy2xposing the slices to
a depolarizing buffer containing high concentration of KCI (25 mM). Bwgre added
20 minutes before the second pulse of potassium. The ratio of S2&homlnalized
index of ACh release. Data (mean + standard error) represeimtrédlease expressed as
percent control. An asterisk indicates a significant differecam@pared to respective
control. A pound sign indicates a significant difference betweedtypié/LM and CB1
knockout brain slices. ACh release (S2/S1) in hippocampus of control ammagal0.8 +

0.1 in wildtype/LM and 0.9 £ 0.1 in CB1 knockouts.
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Figure 29:1n vitro effects of WIN, paraoxon and chlorpyrifos oxon on striatal ACh
release in tissues from wildtype/LM and CB1 knockout mice.

Striatal slices were incubated witffH|choline to label endogenous acetylcholine.
Prelabelled slices were then loaded into a suprafusion apparadupeafused with
physiological buffer. Release was stimulated twice (S1 and2xposing the slices to
a depolarizing buffer containing high concentration of KCI (25 mM). Bwgre added
20 minutes before the second pulse of potassium. The ratio of S2étosnalized
index of ACh release. Data (mean * standard error) represémtrédlease expressed as
percent control. An asterisk indicates a significant differecm®pared to respective
control. ACh release (S2/S1) in striatum of control animals &8s+ 0.01 in both

wildtype/LM and CB1 knockouts.
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CHAPTER IV

DISCUSSION

EVALUATION OF THE ROLE OF M2 MUSCARINIC RECEPTOR FUNCTION
INOPTOXICITY

Effects of acute parathion and chlorpyrifosin wildtype and M 2 knockout mice

OPs typically elicit cholinergic toxicity by inhibiting agétholinesterase, leading
to accumulation of the neurotransmitter ACh in neuronal synapses arahusgular
junctions throughout the body. ACh activates post-synaptic cholinergeptogs to
mediate neurotransmission, and can also activate pre-synaplocaigd autoreceptors
to modulate ACh release. Typically, activation of M2 autorecemnrthe pre-synaptic
cholinergic terminal leads to decreased ACh release (Quiriah, €995; Stillman et al.,
1996; Galli et al., 2001; Zhang et al., 2002). We hypothesized that gdelkiion of the
M2 receptor would increase sensitivity to OP toxicity by blockhyadaptive inhibition
of ACh release during conditions of ACh accumulation. Genetic deletiathe M2
receptor had little effect on overt phenotype in mice (Gomeah, €it999; Tzavara et al.,
2004). We thus proposed that this model would be appropriate for evaldléng

receptor’s role in neurochemical and neurotoxicological responses to Ofgballe
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A considerable number of studies from multiple laboratories haaleaed many
aspects of OP toxicity in rats (Eells and Brown, 2009; Lassiter &08I8; Nallapaneni et
al., 2008; Karasova et al., 2009; Masoud et al., 2009; Ray et al., 200&)ntiast,
relatively few studies on OP toxicity have been conducted ge.mihus, preliminary
studies were necessary to determine appropriate dosing conditiomsdoBages we
selected for further study were in some cases (e.g. paraoxon aidigg relatively
high compared to those used in rats. Rats showed higher acute vignaitid
cholinesterase inhibition than mice following exposure to the OP caoki
diisopropylphosphorofluoridate (Kamp and Collins, 1992). Several specieshoivére
less sensitive than rats to both paraoxon and parathion but sinmskmlsitive to
chlorpyrifos oxon (Murphy et al., 1968; Benke et al., 1974; Johnson and Wallace, 1987).

With rats, 27 mg/kg has been reported to be the maximum toleratadedof
parathion in our laboratory (Karanth et al., 2007). Dose-response studigisd were
initially conducted with parathion dosages bracketing this exposure((eVib, 25 or 35
mg/kg, sc). We observed a dose-related increase in involuntargnmeoxs, a classical
sign of OP toxicity, in wildtype mice (Figure 7). In contrabe M2 knockouts exhibited
involuntary movements only at the highest dosage evaluated, and the afxtembors
was lower than noted in WT with either 25 or 35 mg/kg parathion erpdBigure 7).
Relatively similar findings were also observed with SLUDnsidFigure 8). All three
dosages elicited relatively similar degrees of cholinesteirgsbition (~85-90%) in
wildtype mice. In contrast, lesser inhibition was noted in M2 knockoiits the lowest
dosage (15 mg/kg, ~50% inhibition) and with higher dosages (25 and /8§, m@5%

inhibition; Figure 9). Thus, these initial findings suggested thadtypes were more
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sensitive than M2 knockouts to parathion, but possibly due to differehtlhesterase
inhibition. Based on these pilot studies, we selected 35 mg/kg parébhisnbsequent
evaluations.

Comparative sensitivity of wildtype and M2 knockout mice to the parent
insecticides parathion (35 mg/kg, sc) and chlorpyrifos (300 mgJkge then evaluated.
Numerous studies from our laboratory have studied the effects of higlgebo (250-280
mg/kg, sc) of chlorpyrifos in rats (Pope et al., 1991, 1992; Chaudhuri et al., 1993; Liu and
Pope, 1998; Karanth and Pope, 2003; Karanth et al., 2006). Mice were oblerved
cholinergic signs of toxicity for either 24 hrs (parathion) or 72 (chlorpyrifos), based
on differences in functional recovery between the two pesticides.

Studies by Churchill et al., (1985) suggested that body weight redeetiobe a
sensitive indicator of organophosphate toxicity in rats. Parathion expdsdreo
relatively similar body weight reductions in both wildtype an@ Mnockout mice;
however wildtype mice exhibited more functional signs of toxichgtli involuntary
movements and tremors) compared to the M2 knockout mice (Figure 10¢ dats
provided further evidence of higher sensitivity to the acute toxicftyparathion in
wildtype mice compared to M2 knockouts.

Cholinesterase activity was extensively inhibited in all bragions evaluated
(hippocampus, cortex and cerebellum, Figure 10 and Table 1) and in hebdthi
wildtype and M2 knockout mice. There were no differences in basahebktdrase levels
between wildtype and M2 knockout mice. Surprisingly, as seen in oul wilbastudy,
more extensive cholinesterase inhibition was noted in wildtype miagmost tissues

(hippocampus and cortex) following parathion exposure.
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Soranno and Sultatos (1992) reported that mouse liver had remarkably high
detoxification capacity against parathion. A number of studies hawesvns that
carboxylesterase plays an important role in the detoxificatisoofe organophosphate
compounds, including paraoxon (Fonnum et al., 1985; Dettbarn et al., 1999;hKamant
Pope, 2000; Li et al., 2000). Basal carboxylesterase levels veilarsin liver of both
wildtype and M2 knockout mice. Parathion had relatively similaeatsf on liver
carboxylesterase in both wildtype and M2 knockout mice. Interégtibgsal levels of
plasma carboxylesterase were significantly higher in tisfoe® M2 knockouts
compared to wildtype mice. The relative degree of inhibition plasanboxylesterase
following parathion exposure was similar between wildtype and Mackout mice,
however. As plasma carboxylesterase levels have been negaiwetlated with age-
related sensitivity to parathion (Karanth and Pope, 2000), this differenpéasma
carboxylesterase activity in M2 knockouts could have toxicological relevance.

Chlorpyrifos elicited a significant reduction in body weight indtyipe mice but had
no effect on body weight in M2 knockout mice. The degree of body wesghttion in
these mice was relatively similar to reductions noted in adtdtfollowing exposure to
279 mgl/kg chlorpyrifos (Karanth et al., 2006). Chlorpyrifos elicitedd tremors in
wildtype mice, but tremors were completely absent in the M2 knocKéigsre 11).
Exposure to chlorpyrifos had no effect on SLUD signs in either yp&ibr M2 knockout
mice. Chlorpyrifos elicited few signs of cholinergic toxicity either wildtype or M2
knockout mice. Previous studies from our laboratory using rats have cesoméar
findings (Pope et al., 1991, 1992; Chaudhuri et al., 1993; Liu and Pope, 1998; Karanth

and Pope, 2003; Karanth et al., 2006). As noted before, this relative elufeypical
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signs of cholinergic toxicity in rats following chlorpyrifos posure, in the presence of
extensive brain cholinesterase inhibition, has been the basis for detamngesearch
project in our laboratory. It was previously hypothesized that thiéfeeences in toxicity
could be due to differential direct effects on autoreceptor functitmwimlg exposure to
these OPs.

Similar to results in mice treated with parathion, chlorpyrieogosure elicited
greater brain cholinesterase inhibition in both hippocampus and cerehelhriidtype
mice compared to M2 knockout mice (Figure 11, Table 1). Surpnsingd did not see
any cholinesterase inhibition in the cortex of M2 knockout mice whiéition was
noted in the cortex of wildtype mice. We have relatively littiBormation on the time
course of inhibition and recovery of cholinesterase following chlomgréxposure in
mice. It could be that greater inhibition would have been detectedrkr timepoints
after exposure. In general, however, this dosage of chlorpyrifos disk caxtensive
inhibition of brain regional cholinesterase activity at the time-points elelua

Wildtype mice also exhibited more extensive cholinesterase immbin the heart
compared to M2 knockout mice. Relatively similar degrees of liaed plasma
carboxylesterase inhibition were observed in both wildtype and M2 knookoat Thus,
similar to findings in mice treated with parathion, the wilds/pppeared more sensitive
to the functional toxicity of chlorpyrifos, and these differenqgseared to correlate with
differential cholinesterase inhibition.

In contrast to our hypothesis, wildtype mice exhibited higher setsithan M2
knockouts to both parathion and chlorpyrifos. Although basal tissue cholisestevals

appeared similar between wildtypes and M2 knockouts, more extems$ilmgtion of
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brain regional and heart cholinesterase activity was noted iloitypes following

exposure to either parathion or chlorpyrifos. Differential cholerase inhibition
between wildtypes and knockouts could be due to a strain-relatadgehin

biotransformation (bioactivation and/or detoxification). For exampléefM2 receptor
gene deletion was in some way associated with a changé5@-rRediated oxidative
desulfuration, paraoxon production could be affected, leading to differelegaées of
cholinesterase inhibition. On the other hand, if expression of detdixfcanzymes (e.g.
carboxylesterases) was altered, paraoxon could circulate lofigasing more extensive
tissue cholinesterase inhibition.

Carboxylesterases are important in the detoxification of m@ms including
parathion, but have relatively little influence on chlorpyrifos tibxi¢Karanth et al.,
2001). Studies from our laboratory have shown that carboxylesterases tpp&ay an
important role in the detoxification of paraoxon (and thus in paratbeaaoity) (Karanth
and Pope, 2000; Karanth et al., 2001). We therefore evaluated the cfftbetse OP
toxicants on tissue carboxylesterase levels to determirfgeyf may be differentially
affected. The degree of carboxylesterase inhibition did not diftereles wildtypes and
M2 knockouts following exposure to either parathion or chlorpyrifos. Tthese data
suggest that the differences in cholinesterase inhibition noted dretwtltypes and M2
knockouts were not likely based on differences in detoxification (ast leia
carboxylesterase) capacities. Differences in bioactivatiorthef parent compounds
between wildtype and M2 knockouts could play a role, however. Severalsshalie
shown that cytochrome P450 enzymes mediate the bioactivation of phospiaisothi

compounds such as parathion and chlorpyrifos to the respective oxorso&Sulo85;
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Forsyth and Chambers, 1989; Murray and Butler, 1994; Chambers and Carr, 1995;
Furlong, 2007). Differences in cholinesterase inhibition between yp#dtand M2
knockout mice noted herein could therefore be due to strain-relateztedies in
bioactivation. Toxicity studies with the direct acting oxons wherdfore conducted to
determine if similar differences in toxicity would also be ndtdldwing exposure to the
active metabolites of these insecticides.

Compar ative effects of paraoxon and chlorpyrifos oxon in wildtype and M 2

knockout mice

Based on the findings from our toxicity studies we hypothesized thaih s
differences between the wildtypes and M2 receptors knockouts ledffevediial
biotransformation of the parent insecticides. If these differemcessponse were due to
differences in bioactivation, comparative toxicological responseélseobxons would be
devoid of this confound and the role of the M2 receptor in OP toxicity ruthese
conditions may be more clearly evident. Sensitivity of wildtype and M2 knockimét to
the metabolites of both parent compounds, i.e., paraoxon and chlorpyrifos o»on, wa
studied.

Paraoxon (1 mg/kg, sc) led to significant body weight reductiobsth wildtype
and M2 knockout mice, but the degree of reduction was greater in th&okiec
Paraoxon elicited relatively similar signs of toxicitysee tremors and SLUD signs) in
wildtype and M2 knockout mice (Figure 12). Thus, wildtype and M2 knockout mice
appeared similarly sensitive to paraoxon-induced cholinergic tpxR#raoxon inhibited
cholinesterase activity in all brain regions evaluated (Fig2rand Table 1) and in the

heart of both wildtype and M2 knockout mice. Interestingly, the degfebran
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cholinesterase inhibition was now significantly higher (90 vs 8@Btbition) in tissues
from the M2 knockouts compared to wildtype mice.

Paraoxon inhibited liver and plasma carboxylesterase activity Ankivbckout
mice, but had no effect in wildtypes. As carboxylesterases myrestoichometric
binding sites for these OPs, their inhibition suggests that fexar molecules would be
available for binding to cholinesterase molecules. This would ledelst inhibition of
cholinesterase in the M2 knockout tissues, but in fact, the reverseotess Thus, these
findings suggested that the higher sensitivity to parathion utypés was not reflected
in higher sensitivity to paraoxon. In contrast to the above studiasparathion wherein
wildtype mice exhibited more extensive signs of toxicity and highnain cholinesterase
inhibition, relatively similar signs of cholinergic toxicity veepbserved in wildtype and
M2 knockout mice following paraoxon dosing and if anything, more a&steinhibition
was noted in the knockouts suggesting that the differences isityoseen earlier with
parathion could be at least partially due to strain-dependent differencesatiation.

Chlorpyrifos oxon treatment elicited a significant decreasédady weight in
wildtype mice but no effect in the M2 knockouts. Involuntary movements @alep seen
in both groups following chlorpyrifos oxon exposure. In this case, the ohsgns was
somewhat earlier in the wildtypes compared to M2 knockouts (FigdireThere were
relatively few SLUD signs in wildtype mice and no SLUD sigmghe M2 knockouts
(Figure 13). Together, these results suggested that wildtype wece more sensitive
than the M2 knockouts to chlorpyrifos oxon, with a delay in onset of funtsogres and

a significant reduction in body weight in wildtypes but not in knockouts.
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Chlorpyrifos oxon significantly inhibited brain (Figure 13 and Tablarid heart
cholinesterase activity, with essentially no difference betwieergroups. Interestingly,
while wildtypes and M2 knockouts showed differences in the extent ofidnat signs
following chlorpyrifos oxon exposure, there were no differences im lmtadlinesterase
inhibition between the groups. Significant liver carboxylesterasditidn was seen in
M2 knockout mice with no effect in wildtype mice. In contrast, plasarboxylesterase
was inhibited similarly in both wildtype and M2 knockout mice. Agalthaugh liver
carboxylesterases were inhibited in the knockouts, potentially remoximig molecules
from possible interaction with cholinesterase molecules, siagrees of cholinesterase
inhibition were generally noted between wildtype and M2 knockout misesd results
suggest that differences in toxic response could be elicited éetthese two groups
under conditions of similar changes in cholinesterase activity. stimies with both
oxons revealed that the differences in toxicity seen withnpa@@mpounds could be due
to differences in bioactivation. As the M2 receptor (in the CNS$)rimarily considered
an autoreceptor, there could be differences in ACh release betiaes groups that
contribute to these functional differences.

We hypothesized that mice lacking the muscarinic M2 recepboiidibe more
sensitive to OP anticholinesterases. Surprisingly, wildtype appeared more sensitive
to parathion and chlorpyrifos, while both groups appeared similarly isengi
paraoxon, and the wildtypes appeared only slightly more sensitivddipyrifos oxon.
There were, however, differences in esterase inhibition batwiétypes and knockouts
that confounded interpretations of relative responses to the taxicBogether, the

studies with parent compounds and the oxon metabolites suggested thatiocent
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inbreeding of the M2 knockouts may have led to genetic variatgitirey in changes in
biotransformation that could contribute to differential responseshéustudies using
control animals that were littermates of the knockouts werdeate® investigate further
the role of M2 receptor in OP toxicity. Wildtype/LM and M2 knoaok mice were
obtained by breeding of heterozygous mice, and confirmed by subsequent genotyping.

Effects of acute parathion and chlorpyrifos exposurein wildtype and M 2 knockout

+/+

mice: studieswith " and " litter mate controls

Comparative sensitivity of wildtype/LM and M2 knockouts following se@n of
** and” mice was evaluated using the same dosages of OPs that \eerénusur
preliminary studies above. Wildtype/LM and M2 knockouts appeared pheratypic
similar (body weight, color, fur, etc) at the time of initigt studies (eight weeks of age).
Parathion (35 mg/kg) led to relatively similar reductions in bodygkten both wildtypes
and M2 knockouts, with no significant differences between the groupsoBsestudies
suggested that adult rats lost approximately 15% of their pagatent body weight
following exposure to 27 mg/kg dose of parathion (Karanth et al., 200¥)sieilar to
the degree of reduction we observed here. Severe signs of chalirtergcity
(involuntary movements and SLUD signs) were observed in both wildtggeM2
knockout mice following treatment with parathion, but with no sigaiftcdifference
between the groups (Figure 14). Relatively similar signs of chigimeoxicity were
observed in adult rats exposed to 27 mg/kg parathion (Karanth et al., R0&Ked
lethality was observed in both wildtype/LM and M2 knockout mice Yalhg parathion
dosing (WT: 5/9; KO: 7/13), again with no significant differencénreen the groups.

The reason for lethality seen in the knockouts here as opposed to itllesindies with
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non-littermates could be due to increased cholinergic signs ofityoxaad higher
cholinesterase inhibition. These data suggested that mice labking2 receptor, when
compared to wildtype littermates, exhibited relatively simsansitivity to parathion
toxicity.

Extensive cholinesterase inhibition in brain (Figures 14 and Tabém@)heart
was observed in both wildtype/LM and M2 knockouts following parathion doagagn
with no significant differences between the groups. It appearedvtiiet M2 7~ and**
littermates exhibited relatively similar degrees of chol@ese inhibition in brain and
heart, the extent of inhibition was somewhat higher compared to thimysestudies
lacking littermate controls. This degree of brain cholinestenalsibition is relatively
similar, however to that reported by Karanth and coworkers (200/@ts treated with
parathion (27 mg/kg, sc).

In contrast to our initial studies, there was little evidence férénces in acute
sensitivity to parathion between wildtype/LM and M2 knockouts. Wildtyideand M2
knockouts exhibited relatively similar signs of cholinergic tdxicsimilar degrees of
brain and heart cholinesterase inhibition, and relatively similanibition of
carboxylesterases. In these studies, parathion (35 mg/kgleelicery high (>95%)
inhibition of brain regional cholinesterase activity. We postdldabat M2 autoreceptor
function may not sufficiently counteract cholinergic toxicity ifxcessive
acetylcholinesterase inhibition and consequent ACh accumulation ov¢ertherefore
conducted subsequent studies using a lower dosage of parathion (27.5 mg/kbesc)
lower dosage of parathion (27.5 mg/kg, sc) elicited a signifdaatease in body weight

(~19%) in both wildtype/LM and M2 knockouts. Moderate signs of cholingoyicity
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were observed in both wildtype/LM and M2 knockout mice with no differenceise
degree of signs between the groups (Figure 15). Lethality appdagber in
wildtype/LM mice (4/10), however than in M2 knockouts (1/7).

Marked inhibition of brain (Figure 15 and Table 2) and heart (Figure 51)
cholinesterase was observed in both wildtype/LM and M2 knockouts, wdlffacences
between the groups. Inhibition of liver and plasma carboxylesterasenoted in both
wildtype/LM and M2 knockouts, again with no differences betwdwngroups. From
these studies, it is relatively clear that deletion of the arusc M2 receptor had little
influence on acute sensitivity to parathion, but may actually dserkethality following
exposure to lower dosageBhis is in contrast to our hypothesis, i.e., that loss of M2
autoreceptor function would increase sensitivity to OP toxicitghbuld also be noted
that these results are different than findings from our initiadies that did not include
M2*"* littermate controls for comparison. In those studies, differeimiaibition of
cholinesterase was noted, while in the studies with appropriaaméte controls, we
noted very similar changes in esterase activities. Thus, the later stutthié®tter control
conditions provides the strongest evidence that the M2 receptor afiphaxe relatively
little influence on cholinergic toxicity elicited by parathion in mice.

Mice treated with chlorpyrifos showed essentially no signdhofiergic toxicity
or any effects on body weight, regardless of the genetic siththe M2 receptor. There
was marked inhibition of cortical, cerebellar (Figure 16 and T&bleand heart
cholinesterase activity, however, in both wildtype and M2 knockout mieer land
plasma carboxylesterase was also inhibited similarly betwesups. Similar to findings

following parathion exposure, there were no statistical diffegna the degree of
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inhibition of either tissue cholinesterase or carboxylesterateitias between the
treatments groups. Again, as noted above, these findings were in ctmthasste studies
evaluating chlorpyrifos toxicity without M? littermate controls. It should be noted that
the dosage of chlorpyrifos used herein was the same as used studies with CB1
knockouts, where extensive, typical signs of cholinergic toxicityifsignt body weight
reductions and extensive cholinesterase inhibition were noted. fipmremt that the
genetic background of the mice can dramatically influeneesipression of cholinergic
toxicity following chlopyrifos exposure.

The M2 knockouts were a cross between CF1 and 129J1 mice, wherdaB1
knockout mice had a C57BI/6 background. Several studies have shown that gfeai@
differences can contribute to differences in toxicity follogviexposure to cholinergic
compounds (Van Abeelen, 1972; Marks et al., 1981; 1983). Out of three di&a@ns
of mice exposed to the same dosage of the organophosphate anti-thaigees
diisopropylphosphorofluoridate, C57BI/6 mice were the most sensitivel¢anet al.,
1985 1986). Previous studies in outbred rats have noted relatively few cfigosicity
following high subcutaneous dosages (280 mg/kg) of chlorpyrifos (Popé, €t991,
Chaudhuri et al., 1993; Karanth and Pope, 2003). It was previously hypothésite
selective, enhanced activation of M2 autoreceptor function by chifompympaired the
expression of toxicity in the presence of extensive acetylclstéireese inhibition (Pope
et al., 1995). Earlier studies suggested that chlorpyrifos oxon Igiregctind to M2
receptors (Huff and Abou-Donia, 1994; Bomser and Casida, 2001; Howdré&ape,
2002), had qualitatively different effects on striatal ACh sdga vitro compared to

paraoxon (Liu et al., 2002), and selectively blocked M2 receptor inteahah and
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phosphorylation (by G-protein receptor kinase 2)nivitro cell models (Zamora et al.
2008).0ur findings reported herein with M2 knockouts suggest that theveelatisence

of signs of cholinergic toxicity following chlorpyrifos exposusenot based on selective
effects on the M2 autoreceptor and mediated by lesser ACh release.

Compar ative effects of the tremorigenic muscarinic agonist oxotremorinein

wildtype/L M and M 2 knockouts

Both wildtype/LM and M2 knockouts exhibited marked tremors following
parathion exposure (Figures 14 and 15). Studies by Gomeza and cowd®@93 (
reported that tremors were absent in M2 knockout mice exposed to tloarmigs
agonist oxotremorine. As the involuntary movements following parathioncsmsdered
to be mediated by prolonged/excessive stimulation of muscarimieptaas as a
consequence of acetylcholinesterase inhibition, we wanted to corif@momparative
effects of oxotremorine in wildtype/LM and M2 knockouts. Wildtype/LMdaM2
knockout mice were given a tremorigenic dosage of oxotremorine (0.kg)nghd
subsequently evaluated for tremors.

A marked tremor response was seen consistently in all wildfiypetice, while
no tremors were noted in the M2 knockouts (Figure 17). These findings agh those
of Gomeza et al (1999) suggesting that the M2 receptor is edbefdr expression of
muscarinic receptor-mediated tremors in mice. Together tHate indicate that the
tremors seen in M2 knockouts following parathion exposure were medidtet e
through nicotinic receptor activation or through other non-cholinergic signal
pathways. Previous studies have reported the involvement of serotosigrgating in

addition to cholinergic receptors in the expression of tremors faltpwkposure to an
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anti-cholinesterase compound (Kumar et al., 1989, 1990; Sarkar et al. N2€lixa et al.,
2005). Acetylcholinesterase inhibition may initially selectivedffect cholinergic
signaling, but recruitment of other transmitter systems, éutargatergic signaling, has
been reported (Shih and McDonough, 1997; Solberg and Belkin, 1997; Weissman and
Raveh, 2008). Some studies have also reported glutamate receptor irardhviem
tremors elicited in mice following exposure to tmeuscarinic agonist, arecoline
(Lukomskaya et al 2008). Future studies could characterize the hemrisal basis of
tremors in M2 knockouts following OP exposure that might lead to betteapeutic
strategies for treating OP intoxications.

Mild SLUD signs were observed in both wildtype/LM and M2 knockout mice
following exposure to oxotremorine, with no significant differencesvéen the groups
(Figure 17). The muscarinic M3 receptor is widely involved in parpathetic actions,
including some responses measured in the assessment of SLUDw#gasthe M1
receptor subtype may also play a role. It is well known thatré&teptors are involved in
the contraction of smooth muscles in the gastric fundus, urinary bladdeleum (Eglen
et al., 2001; Stengel et al., 2002; Uchiyama and Chess-Williams, 2684 gt al., 2006;
Unno et al., 2006; Kitazawa et al., 2007). Using M1/M3 receptor double knocikoeit
it was shown that both are important for salivary secretionqiMi&t al., 2000; Gautam
et al., 2004; Yamada et al., 2006). A greater reduction in body tetmgereas noted in
wildtype compared to M2 knockout mice (Figure 17). The central M2 sulpigys an
important role in the regulation of body temperature, although other nmisaaceptors

participate (Spencer et al., 1965; Gomeza et al., 1999; Schwarz et al., 1999).
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With appropriate littermate controls, parathion elicited relgtiggmilar degrees
of functional toxicity in both wildtype/LM and M2 knockouts as wellsawsilar degrees
of esterase inhibition. There was no suggestion of possible differenbesmctivation of
the parent insecticides (as opposed to our preliminary studies)nifépated that lack
of M2 receptors and their associated feedback control of ACh release wouldyediater
ACh accumulation following extensive cholinesterase inhibition, leadogmore
extensive signs of cholinergic toxicity: little evidence forstiwas found. The toxicity
results indicated that ACh release following OP exposure mayba@aosubstantially
different in mice lacking the M2 receptor. The relative lackftdots of M2 deletion on
cholinergic signs following either parathion or chlorpyrifos exposu@d be due to a
developmental adaptation elicited by the absence of the receptanvéstigate this
possibility, we studied the effects of parathion (27.5 mg/kg) on AGHaseéx vivo as
well asin vitro effects of both paraoxon and chlorpyrifos oxon in brain slices from
wildtype/LM and M2 knockouts.

Compar ative effect of parathion on acetylcholine release ex vivo in slices from

wildtype/L M and M 2 knockouts

Parathion (27.5 mg/kg) elicited moderate signs of toxicity and exgens
cholinesterase and carboxylesterase inhibition with no signifiddférence between
wildtype/LM and M2 knockout mice (Figure 15, Table 2). Surprisingigre was no
reduction in brain regional ACh releasevivo following parathion exposure (Table 3).
The dosage of parathion used was the same as that used in studi€8Witnockouts,
where a reduction in release was noted in hippocampus and striatumbbthm

wildtype/LM and CB1 knockout mice (Figures 26 and 27). Previous stuthes
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reported that both parathion and chlorpyrifos affect striataylabetine releasex vivo
in rats (Pope et al., 1995; Liu and Pope, 1996). The basis for the alodemceivo
effects of parathion on brain regional ACh release in these studies i®tbenetlear.

Comparativein vitro effects of paraoxon and chlor pyrifos oxon on acetylcholine

releasein slices from wildtype/L M and M 2 knockouts

Douglas and coworkers (2001) reported that the M2 receptor is the major
autoreceptor regulating ACh release in the prefrontal cortex of KEbhidce. Several
other researchers had a similar conclusion (Mash et al., 19850Qeiral., 1989; 1994).
Using cortical, hippocampal and striatal slices from wildtype, M@, and M2/M4
receptor knockout mice, it was shown that M2 receptor is the naajimreceptor in
cortex and hippocampus while the M4 receptor appears to be the majecaptor in
striatum (Zhang et al., 2002). Activation of autoreceptors leadsdémylate cyclase
inhibition and decreased cAMP formation, incluencing further releds&Ch into the
synapse (Olivier et al., 2001). The muscarinic antagonist atropireasent ACh release
whereas muscarinic agonists (carbachol arsdioxalane) decreased ACh release in
striatal slices from adult rats (Pope et al., 1995). As noted alboweyl4 receptor is
thought to be the predominant autoreceptor in striatum (Olianas ¥, Zhang et al.,
2002; Tzavara et al., 2004). The decrease in ACh release seen lmndidal and
hippocampal slices could be due to effects at the M2 receptor sirote effect was
absent in slices from M2 knockouts. In contrast, reductions in ACh eels2sn in
striatum could be due to increased activation of the M4 receptasemiren both

wildtype/LM and M2 knockout mice.
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Pilot studies evaluated concentration-related effects of both paraamdn
chlorpyrifos oxon on ACh release in slices from the differentnbr@gions. We
determined that a high concentration (100 uM) of either paraoxon opgtifos was
maximally effective for influencing ACh release. This was also fatife concentration
in studies evaluating OP effects on ACh release in ratadtsfces (Liuet al., 2002).
Oxotremorine was used as a positive control in all assays. Par&axi no significant
effect on ACh release in cortical (Figure 18) or hippocamp@u(E 19) slices from
either wildtype/LM or M2 knockout mice. Paraoxon did however decre&de ralease
in striatal slices from both groups (Figure 20). Relatively few stuthes evaluated ACh
release following OP exposure eithewnivo, ex vivo or in vitro, and the majority of those
studies have been conducted in rat striatum (Sims et al., 1982;eWwhall Shih, 1989;
Pope et al., 1995; Jacobsson et al., 1997; Liu and Pope, 1998; Karanth et al., 2006, 2007)
As noted before, paraoxon decreased ACh releag& o in striatal slices from adult rats
(Liu et al., 2002). Since several studies have reported that the ddgtoe subtype is
likely the primary muscarinic autoreceptor in striatum (Zhang.e2002; Tzavara et al.,
2004), we conclude that the paraoxon-induced decrease in ACh releasatah sices
from wildtype and M2 knockout mice is mediated through activation of Mépters,
and thus the M4 receptor may play a role in modulating ACh refeliseing paraoxon
(or parathion) exposure. As both wildtype/LM and M2 knockout mice havetiméd
receptors, and the effect of paraoxon on ACh release was sithdaabsence of the M2
receptor appeared to have little influence on either ACh rel@asholinergic toxicity

following parathion.
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In contrast, chlorpyrifos oxon (100 uM) decreased ACh release ticataslices
from both wildtype/LM and M2 knockout mice (Figure 18). While chiwipg oxon
appeared to have a differential effect on cortical ACh relemsnpared to paraoxon,
these results suggest that this differential effect wasatated to M2 receptor activity.
Several studies have reported that chlorpyrifos oxon can intliractly with muscarinic
autoreceptors and affect cCAMP levels in cortical slices frat® and cell models (Ward
and Mundy, 1996; Olivier et al., 2001; Liu et al., 2002; Zamora et al., 2808ymber
of studies have also shown that although the M1 receptor subtype pseth@minant
muscarinic receptor subtype in cortex, M2 and M4 receptors asergrin this region
(Lapchak et al., 1989; Waelbroeck et al., 1990; Onali and Olianas, E9&z0 and
Majewski, 2000). The reduction in cortical ACh releaseitro following chlorpyrifos
oxon exposure in tissues from both wildtype/LM and M2 knockouts could aldoeb®
direct interaction with M4 receptors, as proposed above with striatal effgzasaoxon.

Interestingly, chlorpyrifos oxon increased ACh release in hippocampalraatdlst
slices in tissues from wildtype/LM, but had no effect on releims slices from the
knockouts (Figures 19 and 2@imilar findings were also obtained in striatal slices from
both CB1™ and CBI" mice following exposure to chlorpyrifos oxan vitro. Liu and
coworkers (2002) reported that while chlorpyrifos oxon appeared t@saatmuscarinic
agonist at low concentrations, decreasing ACh release in stiiatsd from adult rats, at
high concentrations (100-300 uM; when cholinesterase was preinhdmigdn the
presence of atropine to competitively block the autoreceptor) chifmpypyxon acted as
an antagonist, increasing ACh release. In mouse tissues, this emiesmhof ACh release

by chlorpyrifos oxon appears possible in the absence of physastigand atropine.
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Several studies have shown that the striatum also expressescéffors (Levey et al.,
1991; Zhang et al., 2002; Warren et al., 2007). Chlorpyrifos decre’sSh releasex
vivo in rats early after exposrue, but increased release attilaepints (Won et al.,
2001). Chlorpyrifos oxon may decrease ACh release in one brain rggiancrease
release in another brain region, depending on the relative contributiahffefent
muscarinic receptor subtypes to ACh release. The increaséhirélease observed here
could be due to the antagonism of M2 autoreceptors in slices from wildtype mice.

As noted above, oxotremorine was used as a positive controlim\iteo release
studies. Oxotremorine decreased ACh release in cortical and aippat slices from
wildtype/LM mice, but had no effect in tissues from M2 knockouts (lEgu8 and 19).
However, significant reductions in ACh release were observedatasslices from both
wildtype/LM and M2 knockouts, with no difference between the groupaul&igo0).
There is some suggestion that oxotremorine has selectivityl2oover M4 receptors.
These results thus generally agree with previous reports (Mash E285; Quirion et al.,
1989; 1994; Douglas et al 2001; Zhang et al., 2002), suggesting the M2orasepie
primary muscarinic autoreceptor in cortex and hippocampus, while 4hie NMe primary
autoreceptor in striatum. These findings also demonstrate thdoipgrifos or parathion
(or chlorpyrifos oxon or paraoxon) had an effect on M2 autoreceptor functiomssay
should have detected that modulatory action.

Our initial studies evaluating OP toxicity in wildtype and M2 knockout
suggested that wildtypes may be more sensitivity. These studiesconfounded by lack

+/+

of " littermate controls and differential degrees of cholinestardsbition between the

groups following exposure to either parathion or chlorpyrifos. Theterelices were not
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noted with paraoxon or chlorpyrifos oxon, suggesting that strain diffese in
bioactivation could have been responsible for differences in sensitigttyad of any
difference related to M2 receptor function. We therefore us2d*Mnd M2" littermate
controls for further studies. In contrast to the initial studiespbs®erved few differences

in sensitivity or in the extent of cholinesterase inhibition betweddtype/LM and
knockout mice under these conditions. Both wildtype/LM and knockout mice agpeare
relatively similar in sensitivity to both parent insecticides,,iM2 receptor deletion
appeared to have relatively little effect on sensitivity itbeg OP. Parathione vivo)

and paraoxoniff vitro) had relatively little effect on brain regional ACh releaseortex

or hippocampus from either wildtype/LM or M2 knockout mice, but did redelease in
striatum, possibly through M4 receptor interactions. Chlorpyrifos oxanedsed ACh
release in cortical slices from both wildtype/LM and knockouts, bateased ACh
release in hippocampal and striatal slices, but only in tissoes Wildtype/LM mice.
Overall, these findings suggest that the M2 receptor has genbitidl influence on
expression of classical signs of cholinergic toxicity in nfa&®wing OP exposure. The
differential effects of paraoxon and chlopyrifos oxon on ACh releasl its modulation
through M2 and M4 receptors may however be important in other neurobehavioral

consequences of OP intoxication.

EVALUATION OF THE ROLE OF CB1 RECEPTOR FUNCTION IN OP
TOXICITY
The classic mechanism of OP toxicity is initiated by inhibitiaf

acetylcholinesterase, leading to accumulation of ACh, prolongexiisixe activation of
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cholinergic receptors, and subsequent signs of cholinergic toxicityimber of studies
suggest that activation of post-synaptic muscarinic receptor;icaase synthesis and
release of endocannabinoids (Kim et al., 2002; Ohno-Shosaku et al., 200&tion of
pre-synaptic CB1 receptors on the cholinergic terminal can dec/&@f release in
selected brain regions (Gessa et al., 1998; Gifford et al., 1997, 2000ndat et al.,
2001b. We therefore hypothesized that deletion of the CB1 receptor wuoukhse
sensitivity to OP toxicity by disrupting the endocannabinoid-mediathibition of ACh
release in mice lacking this neuromodulatory signaling pathway.

CB1 receptor knockout mice used in these studies were generatedthigom
C57BI/6 strain (Charles River) and appeared relatively simmlghenotype to wildtype
C57BI/6 mice. Wildtypes obtained from Charles River were slightly significantly
heavier (~3 grams) than CB1 knockouts. Differences in body weight@BtlL deletion
were previously reported by Trillou and coworkers (2004). CB1 knockout exilcibit
reduced food intake when compared to wildtypes (Wiley et al., 2008ppkars that
deletion of the CBL1 receptor can affect food intake and in turn bodyhtvédi should be
stressed here that the wildtype C57BI/6 mice used in our initidles were purchased
from Charles River, i.e., they were not CBlittermates.

We evaluated the comparative sensitivity of wildtypes and CB1 knackout
both parathion and chlorpyrifos. Parathion (20 mg/kg, sc) significartlyced body
weight in the CB1 knockout mice while having no effect in wildtypeseBanerely on
body weight changes, these initial results suggested highsitigigy in mice lacking
CB1 receptor signaling. Parathion also elicited tremors andDS$igns (Figure 21) in

CB1 knockout mice, while there was no effect in wildtype mice. TREL receptor
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deletion appeared to increase the extent of functional signs ofmelmd toxicity
following parathion exposure, as hypothesized.

There were no differences between wildtype and CB1 knockout micesal ba
cholinesterase levels in any of the brain regions evaluatedathier exposure led to
significant inhibition of cholinesterase activity in all braigimns (Figure 21, Table 4)
and in heart in both wildtype and CB1 knockout mice. Surprisingly, theedegf
cholinesterase inhibition was significantly higher in CB1 knockoutentiompared to
wildtypes in all brain regions evaluated (Figure 21, Table 4). Thmsilar to initial
studies using M2 knockouts, these initial findings suggested diffalel@grees of target
enzyme inhibition between the mouse strains, confounding the interpnetéitthe role
of CBL1 receptor in expression of OP toxicity.

We also measured liver and plasma carboxylesterase acttoittkfermine if the
CB1 knockouts also exhibited different degrees of non-target enzwmbition.
Parathion significantly inhibited liver and plasma carboxylestsrahe degree of
inhibition was relatively similar to findings in previous studiespamathion toxicity in
rats (Karanth and Pope, 2000). There were no significant differences mot
carboxylesterase inhibition, however, between the groups. Thesegrsliggested that
the two strains of mice likely did not have differences in K&ransformation as
originally considered between M2 knockouts and separately-bred wisddpyehased
from Charles River. As paraoxon is the active metabolite of lparatresponsible for
inhibition of both cholinesterases and carboxylesterases, the cHifferential

carboxylesterase inhibition between wildtypes and CB1 knockouts aaga@sst a net
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difference in metabolism of parathion and/or paraoxon. The basis fferedces in
cholinesterase inhibition between the groups was unclear, however.

Chlorpyrifos (300 mg/kg) elicited tremors and SLUD signs (F@ga2) in CB1
knockout mice and marked lethality (5/7). Less extensive signs nateel in wildtype
mice. Extensive cholinesterase inhibition in brain (Figure 22 and Pladed heart were
noted following chlopyrifos exposure. The degree of brain cholinesteragsation was
relatively similar to that noted in adult rats exposed to chldgsy(280 mg/kg; Karanth
et al., 2006). Extensive inhibition of liver and plasma carboxylegtevas also noted in
both wildtype and CB1 knockout mice following exposure to chlorpyrifos.eitent of
carboxylesterase inhibition was also relatively similar tovipres findings with
chlorpyrifos exposure in rats (Karanth and Pope 2000).

Thus, CB1 knockout mice generally appeared more sensitive to OPtytoxici
(parathion and chlorpyrifos). Both OPs elicited more extensivan bragional
cholinesterase inhibition in CB1 knockouts, however. With more extensivia bra
cholinesterase inhibition, one would expect more extensive signs dafityoxiWe
anticipated more severe signs of toxicity in the CB1 knockoutsyiblitsimilar changes
in cholinesterase activity. A possible explanation for differentoe cholinesterase
inhibition between groups following exposure to the same dosage of ars ORti
biotransformation (either activation or inactivation) is differeaetween these groups. In
contrast to our findings in the initial studies on M2 receptor knockoutseveswno
differences in carboxylesterase inhibition were noted in tissagsthese same animals.
This suggested that the same amount of oxon was at least ged@hiperipheral tissues,

and thus a difference in biotransformation between wildtypes and kneakastunlikely
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a contributing factor. The results suggested, however that sliflerences were in some
way modifying the extent of target enzyme inhibition and thus confagndne
evaluation of the role of CB1 receptor in OP toxicity. Simtlarour studies with M2
knockouts, we concluded that subsequent studies using”‘C&id CBZ" littermates
would be needed to evaluate better the role of CB1 receptor in aapre§©OP toxicity.
We therefore began a breeding program to produce littermate példtgterozygous and
homozygous mice in order to minimize confounding factors that could mciéu¢he
study outcome and its interpretations.

Compar ative effects of acute parathion and chlorpyrifos exposurein wildtype/lL M

and CB1 knockouts

CB1’ males were bred to C57BI/6 (CB) mice obtained from Charles River to
derive heterozygotes. These heterozygotes were then bred to obtain fouasozy
wildtype and knockouts. Under these conditions, wildtype/LM and CB1 knockoet mic
did not differ in body weight at the time of the experimentshieigeeks of age). Mice
were exposed to parathion (20 mg/kg, sc) and graded for functional gigholinergic
toxicity as before.

Parathion elicited a significant reduction in body weight in botdtygle/LM and
CB1 knockout mice, with no difference in degree of reduction betweeltrgagnent
groups. Parathion elicited tremors in both wildtype/LM and CB1 knockoaé rand
SLUD signs (Figure 23), but again there were no differencekleirdégree of toxicity
between wildtype/LM and CB1 knockouts. Thus, wiérand™ littermates were used to
evaluate parathion toxicity, no influence of CB1 receptor in the sgjume of toxicity

was noted.
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Parathion caused extensive inhibition of brain (Figures 23 and Tabial $)eart
cholinesterase activity, with no significant differences betwientreatment groups.
Significant inhibition of liver and plasma carboxylesterase was abserved in both
wildtype/LM and CB1 knockout mice following exposure to parathion, with no
differences between treatment groups. Thus, in contrast to oter esdtdies without
littermate CB1™* controls, there was little suggestion of a role for CB1 recesigorling
in the expression of parathion toxicity. One explanation for thesenfiadiould be that
endocannabinoid signaling only plays a prominent role in the expressimolinergic
toxicity when acetylcholine accumulation is extensive, i.e., withhdr dosages of
parathion. To evaluate this possibility, we increased the parathiogedts@7.5 mg/kg
in subsequent studies, a dosage that markedly increases the extent of cbciigesg

At this higher dosage, parathion elicited relatively sinblady weight reductions
in both wildtype/LM and CB1 knockouts, with no significant differebeéween the two
groups. Both wildtype/LM and CB1 knockout mice showed more severe signs o
cholinergic toxicity than with 20 mg/kg dosing, but again no significififérences were
noted between the treatment groups (Figure 24). More extensive iorhibit brain
(Figure 24 and Table 5) and heart cholinesterase activity wasvetsan both
wildtype/LM and CB1 knockouts compared to the lower dosage, but no difésrevere
noted between groups. Similarly, carboxylesterases were irthitoitsimilar degrees in
both groups. Together, these results suggested that CB1 deletibtildasfluence on
either esterase inhibition or functional signs of toxicity inpoese to parathion exposure

in mice.
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We then evaluated the comparative sensitivity of CB1 knockouts to chfogy
Body weight was reduced in both groups, with no significant differe@brpyrifos
elicited severe signs of cholinergic toxicity (both SLUD nsigand involuntary
movements) in both wildtype/LM and knockouts (Figure 25). In this casesveyythere
was a statistical difference in the onset of signs, with CBlckads showing
significantly lesser toxicity at the earliest timepoint (i&urs after dosing). This was
evident with both involuntary movements and SLUD signs. Chlorpyrifostesl
extensive inhibition of brain (Figure 25 and and Table 5) and hearinebtrase
activities and carboxylesterase activities, but no differebetaeen groups. Thus, in
contrast to our initial studies without littermate controls, wpeyM and CB1 knockout
mice appeared relatively similar in sensitivity to chlorfogiexcept that the onset of
functional signs was delayed in the CB1 knockouts. Similar degrd®saiofregional and
heart cholinesterase inhibition as well as tissue carboxydsstenhibition were also
noted between the groups.

Studies from our laboratory have reported that endocannabinoid sigealing
play an important role in reducing cholinergic toxicity in r@tsllapaneni et al., 2006,
2008). Our studies with CB1 knockout mice suggested little role for GBthe
expression of OP toxicity, however. Parathion and chlorpyrifogeslicimilar signs of
cholinergic toxicity in both wildtype/LM and CB1 knockouts with similavels of
cholinesterase inhibition. The differences between these studies beulthsed on
different species used (rats vs. mice) between the two sstisdiés. The OPs used in the
previous studies involving rats were paraoxon and diisopropylphophorofluofixiaiy.

Paraoxon and DFP are both direct-acting anti-cholinesterasediehadapid onset of

137



cholinergic signs, whereas the studies herein used parathion angyadfdsr which
require bioactivation and thus lead to relatively slower onsgtesgion of toxicity. In
addition, studies with rats used either direct or indirect cannabimetcs (administered
at the same time as the OP) to activate the intact enddmaaimhsignaling pathway,
while our studies reported here used CB1 receptor gene knockout onibeak
endocannabinoid signaling.

Both wildtype/LM and CB1 knockout mice exhibited similar signs ofidibyx
This suggested that ACh release (and in turn ACh accumulation iiad@P exposure)
may not be influenced by deletion of the CB1 receptor, and thus itsvtngd have no
influence on OP toxicity. We therefore evaluated the effett®P exposure on ACh

release in tissues from wildtype/LM and CB1 knockout mice.

Compar ative effects of parathion and chlorpyrifos exposur e on acetylcholiner el ease

ex vivo in dicesfrom CB1 knockout mice and wildtype/L M mice

Wildtype/LM and CB1 knockout mice were exposed to parathion (27.5 mgrkg)
chlorpyrifos (300 mg/kg) and tissues subsequently collected tsureACh releasex
vivo. ACh release was measured in slices from hippocampus (whdrerdd€ase has
been shown to be modulated by endocannabinoids) and striatum (where ACh release does
not appear to be modulated by endocannabinoids) (Kathmann et al., 2001a.
Depolarization-induced release of ACh in hippocampal slices was
significantly different between wildtype/LM and CB1 knockout mickisTsuggests that
endocannabinoids do not constitutively modulate ACh release in our sy&émmann

et al (2001a) reported however a 2-fold increase in depolarizatiiiced ACh release in
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hippocampal slices from CB1 knockout mice compared to tissues fraitypak, and
these investigators concluded that endocannabinoids tonically inhibited eAé2se in
hippocampus. The basis for the discrepancy in results between these stuclodsais

Parathion decreased depolarization-induced hippocampal ACh relegis® in
both wildtype/LM and CB1 knockout mice, but no significant differeneese noted
between the groups (Figure 26). Chlorpyrifos also significantly estlgepolarization-
induced hippocampal ACh release in both wildtype/LM and CB1 knockouts Ibiis
case the extent of reduction was significantly greater imilttypes (Figure 26). This
provides the first evidence that CB1 deletion indeed may influelncknergic signaling
in an OP-selective manner.

Activation of postsynaptic muscarinic (M1 and M3) as wellnastabotropic
glutamate receptors during OP intoxication can trigger the “on demmamdhesis of
endocannabinoids in cholinergically innervated cells. OP exposure hnnlldtype/LM
and CB1 knockout mice should therefore lead to enhanced endocannabinoid synthesis
and release, regardless of the presence or absence of the cgBtbreRecent studies
(Pope et al., in press) suggest that extracellular 2-arachiddyogrol (2-AG, but not
anandamide) increases in rat hippocampus following exposure to chiospy2i79
mg/kg), while parathion failed to elicit changes in extiat@ levels of either
endocannabinoid, even though cholinesterase inhibition was marked and lsetvilaen
the two treatment groups. Increased 2-AG levels could moretig#ly activate CB1
receptors, leading to reduced hippocampal ACh release. Such a neuraargdula
response could not occur in CB1 knockouts, however because of the abs@Re. of

There is uncertainty in this extrapolation however, because tlgestdemonstrating
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selective changes in extracellular endocannabinoid levels wereateddua rats while
the studies evaluating CB1 receptor deletion involved mice.

All of our studies have been based on the premise that without theeC&dtor,
endocannabinoid signaling could not modulate ACh release and therebyaefl@#
toxicity. Several studies have shown, however that endocannabinoids nealydir
interact with pre-synaptic voltage gated calcium channels andssaata channels,
potentially regulating the release of neurotransmitters ircgpter-independent manner.
Kofalvi and coworkers (2007) reported that the cannabinoid receptor adiifist
55,212-2, at low micromolar concentrations, was capable of inhibitingtnaasmitter
release by directly acting on calcium channels, i.e., indeperadetite CB1 or CB2
receptor. Similar findings were also reported by Nemeth €2G08), in this case low
micromolar concentrations of WIN 55,212-2 reduced glutamate relees® f
hippocampus by blocking of N-type voltage gated calcium channels. A&s before,
increased intracellular calcium is required for exocytosis dng tthe release of
neurotransmitters from the pre-synaptic terminal. It may be WiN 55,212-2 and
possibly other cannabinoids/endocannabinoids, at lower concentrations, inhibit
transmitter release through CB1 receptor activation whereagyla¢r concentrations,
both through direct interaction with CB1 and by direct modification ofagelgated
calcium channels. Thus, reductions in ACh releasgivo seen in hippocampal slices
from CB1 knockouts following exposure to parathion and chlorpyrifos couldubeto
direct modification of calcium channels in the absence of amyaction with the CB1

receptor.
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With chlorpyrifos, CB1 deletion did appear to influence ACh releas¢he
hippocampus, but this effect was not associated with an obvious chasgesitivity to
chlorpyrifos-induced cholinergic toxicity. On the other hand, the hippocampiely to
play little role in the expression of either SLUD signs or iomthry movements (the
functional endpoints of cholinergic toxicity evaluated herein). Thus, rothe
functional/neurobehavioral endpoints that are thought to be dependent on hipalbcam
cholinergic signaling (e.g. cognition) may be differentiaffected in wildtype/LM and
CB1 knockout mice exposed to OPs, and thus such effects may beavesetsit
modulation by endocannabinoid-active drugs under normal conditions. Stuglies b
Reibaud et al (1999) reported that CB1 knockout mice performed bettetwo-trial
object recognition cognitive test. Several studies evaluatedotdeof CB1 receptor in
memory using various behavioral tests such as the Morris wetee and radial maze
(Terranova et al., 1996; Chaperon and Thiebot, 1999; Castellano et al., R@®8le of
CB1 and endocannabinoid signaling in persistent neurobehavioral consesjoér@P
intoxication obviously requires different experimental approachesubkad here. Such
neurochemical interactions could be important, however in long-termologioal
consequences of OP exposures.

In the striatum, a significant reduction in ACh release was wbdefiollowing
parathion and chlorpyrifos exposure in both wildtype/LM and CB1 knockougsiré-
27). Extensive accumulation of extracellular ACh was observed sirratum following
exposure to parathion or chlorpyrifos (Karanth et al., 2006, 20@8).noted before,
studies using striatal slices from M2 knockout, M4 knockout, or double M2/M4 knockout

mice suggested that the M4 receptor is the primary muscanareceptor in striatum
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(Zhang et al., 2002). Dolezal and Tucek (1998) reported that Mésetis autoreceptor
and decreases ACh release in rat striatum. The cannabinoid receptor agontss, B\ [N

2 a) had no effect on ACh release in striatal slices fraoneewildtype or CB1 knockout
mice, b) reduced ACh release in hippocampal slices from \pigtybut c) had no effect
in slices from CB1 knockouts. Thus CB1 appears to have little ralegmating ACh
release in striatum (Kathamnn et al., 2001a). We observed a detrests@atal ACh
releaseex vivo following parathion or chlorpyrifos exposure. Accumulation of ACh in
striatum may have activated M4 receptors, resulting in furthéuation in release of

ACh into the synapse in both wildtype/LM and CB1 knockout mice.

Comparativein vitro effects of paraoxon and chlorpyrifos oxon on acetylcholine

releasein dices from CB1 knockouts and wildtype/L M mice

Hippocampal and striatal slices from wildtype/LM and CB1 knockagemere
exposed to paraoxon (100 pM) or chlorpyrifos oxon (100 puM) prior to depadianzmnd
effects on ACh release subsequently evaluated. WIN was usgubagiee control. WIN
reduced release in hippocampal slices from wiltype mice, buhbadfect on release in
tissues from the CB1 knockouts. As expected, WIN had no effect dnral@ase in
striatum from either wildtypes or knockouts. These findings provided sufgrantact
endocannabinoid signaling in the hippocampus of wildtype mice coupled toelzise
regulation. Paraoxon decreased ACh release in hippocampal sboeswitdtype/LM
(Figure 28), but there was no effect in slices from CB1 knockouith @lorpyrifos
oxon, a significant reduction was noted in both wildtype/LM and knockouts,hbut t

degree of reduction was greater in tissues from wildtype/LMeniidigure 28). These
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findings with chlorpyrifos oxon were generally similar touies obtained in hippocampal
slicesex vivo following chlorpyrifos exposure (Figure 26)

Both paraoxon and chlorpyrifos oxon reduced hippocampal ACh release to a
greater degree in slices from wildtype/LM compared to CB1 knockuce, suggesting
such differences could be due to the presence or absence of thecepior. Several
studies from other laboratories have shown that cannabinoids modulatetse rof
ACh from the pre-synaptic cholinergic terminal (Gifford and Ashby, 1996fe3is et al.,
2003; Tzavara et al., 2003b; Degroot et al., 2006). Thus, in the presérCBl,
acetylcholinesterase inhibition can lead to ACh accumulation, stiowlaf M1/M3
receptors, enhanced release of endocannabinoids, and finally actofa@i&i to reduce
ACh release.

ACh release was reduced in striatal slices from both widiyyd and CB1
knockout mice by paraoxomn vitro (Figure 29). Interestingly, chlorpyrifos oxon
significantly increased ACh release in striatal sliresn both wildtype/LM and CB1
knockout mice, with no significant differences between the groups (F2)reéAs noted
before, the striatum expresses an abundance of M4 and lessecépfors (Olianas et
al., 1997; Zhang et al., 2002; Tzavara et al., 2004). Studies byt Blu(2002) reported
that paraoxon and chlorpyrifos oxon interact differentially with thiatal autoreceptor.
Under some conditions, paraoxon acted as a cholinomimetic to deé&€aseclease
while chlorpyrifos oxon acted as an antagonist to increase A€aseel Similar actions
may occur here, where paraoxon activated the M4 receptor whilepgtifos oxon
blocked the M4 receptor. As CBL1 is thought to play a minimal mlACh release in

striatum, the primary response may be mediated by M4.
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Together, these results suggest that genetic deletion of thegCBjitor in mice
has relatively little influence on classical signs of ©Ricity. The CB1 receptor is the
primary receptor involved in endocannabinoid signaling in the nervousnsyste
(Herkenham et al., 1990; Matsuda et al., 1993; Tsou et al., 1998; Coutt2@04). The
second identified cannabinoid receptor (CB2) appears primarily invalvethmune
regulation and located on immune cells. In addition to these two oesgpimerging
evidence suggests the presence of another cannabinoid receptomssmeterred to as
non-CB1/non-CB2 or the CB3 receptor. The identity of this receptornbasheen
confirmed, however. Kofalvi and coworkers (2003) reported that glueaneédase was
similarly reduced in hippocampal slices from both wildtype and. ®Bockout mice
exposed to WIN 55,212-2. Similarly, WIN 55,212-2 reduced glutamateansrtrission
in hippocampal pyramidal neurons from both wildtype and CB1 knockout iHajeq et
al., 2001; Hajos and Freund, 2002). Some behavioral responses sensitive to
endocannabinoids, e.g. an analgesic response and immobility, werelgiaffiected in
both wildtype and CB1 knockout mice (Di Marzo et al., 2000). Using 3rTﬂCﬁTP)(S
binding technique to identify agonist action, Breivogel and coworkers (2@@b)ted
that WIN 55,212-2 stimulated®B]GTP/S binding in tissues similarly from both
wildtype and CB1 knockout mice. All of these findings suggest that saotiens of
endocannabinoids (primarily based on studies using WIN 55,212-2) may bdeddnlia
a novel cannabinoid receptor (Monory et al., 2002), or as noted befoct ldirding to
ion channels. If WIN 55,212-2 can modify functional signs of cholimetgxicity by
binding to a novel (non CB1) receptor, this could explain the abiliBy/if 55,212-2 to

reduce cholinergic toxicity in rats (Nallapaneni et al., 2006, 2008}Heutack of any
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substantial effect of CB1 deletion on OP toxicity in mice. Futargivo studies with
WIN 55,212-2 and OPs in mice could provide more evidence for the rolenoVel
cannabinoid receptor in modulating OP toxicity.

Our in vitro release studies suggest that the CB1 receptor does haveia role
regulating hippocampal ACh release following OP exposure. Our stizaiesed on the
hippocampus because of substantial endocannabinoid signaling in this region @vejim
al., 2001; Kathmann et al.,, 2001a; Ohno-Shosaku et al., 2002, 2003). In studies
performedin vivo, however, extensive acetylcholinesterase inhibition will likedd|éo
recruitment of other neurotransmitter systems and signaliigvpgs in different regions
of the brain. The nervous system is an incredibly complicated organnwmerous
different types of neurotransmitters and neuronal circuits. &tmsplexity leaves the
evaluation of selective transmitter signaling pathways diffical study in context.
Moroever, endocannabinoids are known to act as global neuromodulatorgimggihie
release of a variety of neurotransmitters including ACh, dopamine, glutanfe®é\ &d
others. Understanding the interactions between cholinergic and casrgabisignaling
may be important not only for improving the treatment stratefgie©P poisoning but
also in other neurological disorders such as Alzheimer’s disease or Parkireasedis

The neuroprotective role of endocannabinoids in neurological disorders is
currently receiving considerable research attention. Some stsugggest a protective
role for endocannabinoids in Alzheimer’'s disease (Pazos et al., Raddirez et al.,
2005; Benito et al., 2007; Campbell and Gowran, 2007). While endocannabinoids are
typically associated with inhibiting pre-synaptic neurotransmiiéease, some studies

suggest they enhance dopamine release in some pathways. Inl@rG&RC12 co-
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culture system, the dopaminergic neurotoxicant MPTP led to PCl12ytefbxicity that

was blocked by pharmacological CB1 receptor activation (luvoné 20@7). Kreitzer

and Malenka (2007) reported that in animal models of Parkinson'sselideag-term

depression was absent but rescued by inhibitors of endocannabinoidatiegrdelrther,

administration of a dopamine D2 receptor agonist and a FAAH inhibgether reduced
motor deficits in these models, suggesting that endocannabinoid isgghak a critical

role in the control of nigrostriatal coordinated movement. In contrastdea Steldt and
coworkers (2005) reported that endocannabinoid signaling may actuallg pbésy in the

development of Parkinson’s disease and in levodopa-induced dyskir@siasusly, a

role for CB1 receptor signaling in disorders such as these lmaddo improved therapy
and possibly even prevention.

Pr e-synaptic modulation of cholinerqgic toxicity in M2 and CB1 knockout mice

We hypothesized that deletion of either muscarinic M2 or cannabinoil CB
receptors would increase anticholinesterase toxicity by remowang adaptive
neuromodulatory process that inhibits ACh release. In contrast tbypathesis, we
observed few differences in sensitivity between wildtype naice either M2 or CB1
knockouts. With knockout models, there is always a possibility for develaan
compensation for the missing gene product. Although knockout mice canaseviable
models, several studies have shown that knockout mice can often “find/"atava
compensate for the loss of a particular gene by modulationatédebathways. Godecke
et al (1999) reported that myoglobin knockout mice compensated fotosise of
myoglobin by increasing blood hemoglobin and blood flow. Similar finding® \aéso

observed with loricrin knockout mice where knockdown of this protein wapeosated
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for by upregulation of other related proteins (Koch et al., 2000). AtdEkout mice
compensate for the loss of the enzyme by downregulating chotnengscarinic
receptors, thus decreasing the responses to accumulated AChcélfelpaley et al.,
2003; Li et al., 2003). Also, in the absence of AChE the other cholinesterezyme
(butyrylcholinesterase) compensates for it and hydrolyzes ACICimEAKnockout mice
(Hartmann et al., 2007 Studies by Myslivecek and Duysen (2007) have shown that
AChE knockout mice adapt to increased levels of ACh in the lung by dguiating
muscarinic and adrenergic receptors in the airways. Tai and censqf&004) reported
that u opioid receptor knockouts have increased levels of AChE and a decdeasay
of M2 receptors in striatum. Such compensatory mechanisms could odel? and/or
CB1 knockouts, and those alterations could potentially confound interpretatidhe of
role of the respective receptor in OP toxicity.

There are several aspects of the current project which can Istigaved further.
The logical extension of this project would be to doitheivo studies in wildtype/LM
and CB1 knockout mice with both OPs and challenge them with WIN to ch&¢ii
could offer similar protection in both wildtype/LM and CB1 kncokut midethis
happens, then the protective actions of WIN could explained bytitsation of non CB1
cannabinoid receptors. It would also be interesting to evaluate wiggdaer effects on
ACh release seen following oxon exposure in WT/LM mice compar&Btb knockout
mice are sensitive to cannabinoid receptor antagonists. Tremogsnoetiseen in M2
knockout mice following oxotremorine treatment, but were evident irntr€Red mice.
Future studies using nicotinic, serotonergic or glutamatergigamists could reveal the

role of these signaling pathways in OP-induced tremors. As i@t changes in
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hippocampal ACh release were noted following chlorpyrifos exposuedinknockouts,
it would be interesting to study the long-term neurobehavioral sft@othlorpyrifos on
higher order processing using selected neurobehavioral tes&t,rofigoing studies in
our laboratory (Wright et al., under revision) suggest that affe¢tiepressive-like)
behaviors may be elicited by OPs, and that these long-term bedlasi@nges are
sensitive to modulation by cannabinomimetics. All studies reportednheese acute
studies, thus repeated dosing studies may reveal differencemngitivgty based on
genotype for either M2 or the CB1 receptor. As acute OP intiioisaare getting less
common (in the US) while potential long-term effects of lonele®P exposures are of
increasing concern, study of the role of pre-synaptic control mexcharin modulating
cholinergic signaling with long-term OP exposures would be &abgxtension of this

project.
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CHAPTER V

SUMMARY AND CONCLUSIONS

1. Studies of the comparative toxicity of organophosphorus cholinestetasiars
(OPs) in mice lacking one of two presynaptic receptors (muscai2 receptors
and cannabinoid CB1 receptors), with and without littermate contesigprced
the importance of littermates in the experimental design fore genockout
studies.

2. Initial studies without littermate controls suggested differersadsitivity to OP
toxicity in mice lacking either the M2 receptor or the CB1 receptor.

3. In both cases, however, different degrees of cholinesterase ihibdnfounded
the interpretation of the roles of each receptor in expressionxaityoand
prompted studies with littermate controls.

4. Using " and " littermates, wildtype and M2 knockouts exhibited relatively
similar acute sensitivity (based on functional signs of toxiaity eholinesterase

inhibition) to both parathion and chlorpyrifos.
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5. M2 receptor deletion may be associated with reduced lethadifpwing
parathion exposure.

6. Parathion elicited tremors in M2 knockout mice, but these appeardk t
mediated via a non-muscarinic mechanism as the M2 receptor aggsargial
for tremorigenic response to muscarinic agonists.

7. Parathion had little effect on acetylcholine releas®ivo in tissues from either
wildtype or M2 knockout mice, paraoxon had no apparent effect on acetgkeholi
releasan vitro in hippocampal or cortical slices, but paraoxon decreased release
invitro in striatal slices. As the muscarinic agonist oxotremanhited release
in all tissues, these findings suggest that neither parathion nor paraox
substantially modify muscarinic autoreceptor function in cortex or hippocampus.

8. Chlorpyrifos oxon decreased acetylcholine relaeasetro in cortical slices from
both wildtype and M2 knockout mice, suggesting M2 receptor-independent
modulation of ACh release.

9. In contrast, chlorpyrifos oxon increased acetylcholine releabgpocampal and
striatal slices from wildtype mice while having no effecttissues from M2
knockouts. These results suggest that chlorpyrifos oxon blocks M2 autorecept
function in these tissues.

10.Without *™* and 7 littermates in the design, CB1 knockouts appeared more
sensitive than wildtypes to both OPs (parathion and chlorpyrifos), leategr
cholinesterase inhibition was observed in CB1 knockouts compared to wddtype

following either parathion or chlorpyrifos. Using CBf and 7 littermates,
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11.

12.

13.

14.

15.

16.

however, little difference in sensitivity to either parathionchtorpyrifos was
noted.

Parathion decreaseek vivo acetylcholine release in hippocampal and striatal
slices from wildtype and CB1 knockout mice suggesting decresssglicholine
release was not CB1 dependent.

In contrast, chlorpyrifos decreased acetylcholine releas&vo in hippocampal
and striatal slices but a significantly greater reductioa alaserved in wildtypes
compared to CB1 knockouts in hippocampus. This difference in hippocampal
acetylcholine release in wildtypes compared to CB1 knockouts following
chlorpyrifos exposure appears due to endocannabinoid signaling.

Paraoxon and chlorpyrifos oxon exposure resulted in a greater oeductin
vitro acetylcholine release in tissues from wildtype mice congpaoe CB1
knockouts suggesting a role for the CB1 receptor in regulating lcloelipe
releasean vitro in response to these OPs.

A significant decrease in acetylcholine release was obdarvstriatum of both
wildtype and CB1 knockout mice following exposure to paraoxon suggesting
role for the M4 receptor in modulating ACh releasegitro following paraoxon.
Chlorpyrifos oxon increased acetylcholine release in stridieéss of both
wildtype and CB1 knockout mice presumably by directly blocking M4
autoreceptors in striatum.

Overall, deletion of either M2 or CB1 receptor had relativellelithtfluence on
expression of cholinergic signs of OP toxicity, but influenced esom

neurochemical responses in an OP-selective and brain regional manner.

151



CHAPTER VI

REFERENCES

Abou-Donia, M. B. (2003). "Organophosphorus ester-induced chronic neurotoxicitghi’ A

Environ Healthb8(8): 484-497.

Allen, T. G. and D. A. Brown (1993). "M2 muscarinic receptor-mediatadition of the Ca2+
current in rat magnocellular cholinergic basal forebrain neurbdeBhysiol466: 173-

189.

Anagnostaras, S. G., G. G. Murphy, et al. (2003). "Selective cognitpggunction in

acetylcholine M1 muscarinic receptor mutant mice." Nat Neu@f4gi 51-58.

Aurbek, N., H. Thiermann, et al. (2009). "Suitability of human butyrylchdigrase as
therapeutic marker and pseudo catalytic scavenger in organophosphat@ngois

kinetic analysis.” Toxicolog259(3): 133-139.

Bajjalieh, S. M. and R. H. Scheller (1995). "The biochemistry of neunsrindter secretion.” J

Biol Chem270(5): 1971-1974.

152



Beech, D. J., L. Bernheim, et al. (1992). "Pertussis toxin and valtegendence distinguish
multiple pathways modulating calcium channels of rat sympatmetizons.”_Neuron

8(1): 97-106.

Benito, C., E. Nunez, et al. (2007). "The endocannabinoid system andmézisedisease.” Mol

Neurobiol36(1): 75-81.

Benke, G. M., K. L. Cheever, et al. (1974). "Comparative toxicity, antresierase action and
metabolism of methyl parathion and parathion in sunfish and mice." dloRigpl

PharmacoP8(1): 97-1009.

Bernardini, N., C. Roza, et al. (2002). "Muscarinic M2 receptors ophmal nerve endings: a

molecular target of antinociception.” J Neurd&?(12): RC229.

Beroukas, D., R. Goodfellow, et al. (2002). "Up-regulation of M3-muscaredeptors in labial

salivary gland acini in primary Sjogren's syndrome." Lab In82&): 203-210.

Bisogno, T., D. Melck, et al. (2000). "N-acyl-dopamines: novel synthdsi(l)Ccannabinoid-
receptor ligands and inhibitors of anandamide inactivation with camimabtic activity

in vitro and in vivo." Biochem 351 Pt 3: 817-824.

Bomser, J. A. and J. E. Casida (2001). "Diethylphosphorylation of rdtacaM2 muscarinic

receptor by chlorpyrifos oxon in vitro." Toxicol Leit19(1): 21-26.

Bonner, T. I. (1989). "New subtypes of muscarinic acetylcholine rexepilrends Pharmacol

SciSuppl: 11-15.

153



Bowden, C. A. and E. P. Krenzelok (1997). "Clinical applications of commaosid

contemporary antidotes. A US perspective." Drugl8éf): 9-47.

Breivogel, C. S., G. Griffin, et al. (2001). "Evidence for a new G prateupled cannabinoid

receptor in mouse brain." Mol Pharma6é06(1): 155-163.

Brodde, O. E. and M. C. Michel (1999). "Adrenergic and muscarinic reseptdhe human

heart." Pharmacol Rédl(4): 651-690.

Buckley, N. A., M. Eddleston, et al. (2005). "Oximes for acute organophiesmpesticide

poisoning.” Cochrane Database Syst REvCD005085.

Bueters, T. J., B. Groen, et al. (2002). "Therapeutic efficacy aidbaosine Al receptor agonist
N6-cyclopentyladenosine (CPA) against organophosphate intoxicationtl’ Foxicol

76(11): 650-656.

Campbell, V. A. and A. Gowran (2007). "Alzheimer's disease; takingetlge off with

cannabinoids?" Br J Pharmadai?(5): 655-662.

Carta, G., F. Nava, et al. (1998). "Inhibition of hippocampal acetylchmdiease after acute and

repeated Delta9-tetrahydrocannabinol in rats." BrainGRegl): 1-4.

Casida, J. E. and G. B. Quistad (2005). "Serine hydrolase targetsgahophosphorus

toxicants." Chem Biol Interadic7-158: 277-283.

Castellano, C., C. Rossi-Arnaud, et al. (2003). "Cannabinoids and memoryt sinidias.” Curr

Drug Targets CNS Neurol Disof{6): 389-402.

154



Caulfield, M. P. and D. A. Brown (1992). "Cannabinoid receptor agomhkibii Ca current in
NG108-15 neuroblastoma cells via a pertussis toxin-sensitivehanse." Br J

Pharmacoll06(2): 231-232.

Caulfield, M. P. (1993). "Muscarinic receptors--characterizationypliog and function.”

Pharmacol TheBb8(3): 319-379.

Caulfield, M. P. and N. J. Birdsall (1998). "International Union of Phaotogy. XVII.

Classification of muscarinic acetylcholine receptors.” Pharmacob&@): 279-290.

Chambers, J. E. and R. L. Carr (1995). "Biochemical mechanisms cangiliot species

differences in insecticidal toxicity." Toxicology5(2-3): 291-304.

Chanda, S. M., S. R. Mortensen, et al. (1997). "Tissue-specific etbecthlorpyrifos on
carboxylesterase and cholinesterase activity in adult ratsinavitro and in vivo

comparison.” Fundam Appl Toxic88(2): 148-157.

Changeux, J. P. and S. J. Edelstein (2005). "Allosteric mechanissignail transduction.”

Science308(5727): 1424-1428.

Chaperon, F. and M. H. Thiebot (1999). "Behavioral effects of cannabinanisageanimals.”

Crit Rev Neurobioll3(3): 243-281.

Chaudhuri, J., T. K. Chakraborti, et al. (1993). "Differential modulation ofnmgjaosphate-
sensitive muscarinic receptors in rat brain by parathion and ghfop” J Biochem

Toxicol 8(4): 207-216.

155



Churchill, L., T. L. Pazdernik, et al. (1985) "Soman-induced brain lesions dé&atedsby

muscarinic receptor autoradiography". Neurotoxicol6(g): 81-90.

Clement, J. G. and N. Erhardt (1990). "Serum carboxylesteraseyaictivarious strains of rats:
sensitivity to inhibition by CBDP (2-/0-cresyl/4H:1:3:2-benzodioxaphosin-2-oxide)."

Arch Toxicol 64(5): 414-416.

Cohen-Cory, S. (2002). "The developing synapse: construction and modwéatsmaptic

structures and circuits." Scien2@8(5594): 770-776.

Colletier, J. P., D. Fournier, et al. (2006). "Structural insightssohstrate traffic and inhibition

in acetylcholinesterase." EMBO23(12): 2746-2756.

Collier, B. and H. S. Katz (1974). "Acetylcholine synthesis fromaptéured choline by a

sympathetic ganglion.” J Phys2$8(3): 639-655.

Colosio, C., M. Tiramani, et al. (2003). "Neurobehavioral effects digiéss: state of the art.”

Neurotoxicology24(4-5): 577-591.

Corringer, P. J., S. Bertrand, et al. (1999). "Molecular basis of thigeckalectivity of nicotinic

acetylcholine receptor and related ligand-gated ion channels.'ItidoFaund Sym225:

215-224: discussion 224-230.

Costa, L. G., T. B. Cole, et al. (2005). "Measurement of paraoxonaseljP€&us as a

potential biomarker of susceptibility to organophosphate toxicity.hh @him Acta

352(1-2): 37-47.

156



Costa, L. G. (2006). "Current issues in organophosphate toxicology.C@im Acta366(1-2):

1-13.

Coutts, A. A., S. Anavi-Goffer, et al. (2001). "Agonist-induced internatimaand trafficking of

cannabinoid CB1 receptors in hippocampal neurons." J Nel®@t3gi 2425-2433.

Davis, D. L. and A. K. Ahmed (1998). "Exposures from indoor spraying afrylifos pose

greater health risks to children than currently estimated." Environ Heaigpeci06(6):

299-301.

De Bleecker, J. L. (1995). "The intermediate syndrome in organophospbe@ning: an

overview of experimental and clinical observations." J Toxicol Tbwicol 33(6): 683-

686.

Deadwyler, S. A., R. E. Hampson, et al. (1993). "Cannabinoids modulate potagsirent in

cultured hippocampal neurons.” Receptors Chariif2)s 121-134.

Degroot, A., A. Kofalvi, et al. (2006). "CB1 receptor antagonism irs@gahippocampal

acetylcholine release: site and mechanism of action." Mol Pharm@dyl 1236-1245.

Dettbarn, W. D., Z. P. Yang, et al. (1999). "Different role of carbest@rases in toxicity and

tolerance to paraoxon and DFP." Chem Biol Intet46t120: 445-454.

Devane, W. A., F. A. Dysarz, 3rd, et al. (1988). "Determination and dbawation of a

cannabinoid receptor in rat brain.”" Mol Pharm&b): 605-613.

Devane, W. A., L. Hanus, et al. (1992). "Isolation and structure of a boaistituent that binds

to the cannabinoid receptor.” Scier#&8(5090): 1946-1949.

157



Di Marzo, V. (1999). "Biosynthesis and inactivation of endocannabinoidsiarede to their

proposed role as neuromodulators."” Life &f6-7): 645-655.

Di Marzo, V., C. S. Breivogel, et al. (2000). "Levels, metabolism, amdnpéacological activity
of anandamide in CB(1) cannabinoid receptor knockout mice: evidence forB{an-C
non-CB(2) receptor-mediated actions of anandamide in mouse brainéutbddem

75(6): 2434-2444,

Di Marzo, V., M. Bifulco, et al. (2004). "The endocannabinoid system iendherapeutic

exploitation.” Nat Rev Drug Disca¥(9): 771-784.

Dinh, T. P., D. Carpenter, et al. (2002). "Brain monoglyceride lipagécipating in

endocannabinoid inactivation." Proc Natl Acad Sci U 9941 6): 10819-10824.

Dolezal, V. and S. Tucek (1998). "The effects of brucine andalaum on the inhibition of
[3H]acetylcholine release from rat striatum by muscarir@ceptor agonists." Br J

Pharmacoll24(6): 1213-1218.

Dorje, F., A. I. Levey, et al. (1991). "Immunological detection of ratise& receptor subtype

proteins (m1-m5) in rabbit peripheral tissues." Mol Pharmé@@l): 459-462.

Douglas, C. L., H. A. Baghdoyan, et al. (2001). "M2 muscarinic autpi@se modulate

acetylcholine release in prefrontal cortex of C57BL/6J mousehainiacol Exp Ther

299(3): 960-966.

158



Downes, G. B and M. Granato (2004). "Acetylcholinesterase funigtidispensible for sensory
neurite growth but is critical for neuromuscular synapse stabiltev Biol 270(1): 232-

245.

Duttaroy, A., J. Gomeza, et al. (2002). "Evaluation of muscarinic agodisced analgesia in

muscarinic acetylcholine receptor knockout mice." Mol PharnG{sl): 1084-1093.

Eddleston, M., M. H. Sheriff, et al. (1998). "Deliberate self harrdnnLanka: an overlooked

tragedy in the developing world." BMB17(7151): 133-135.

Eddleston, M. (2000). "Patterns and problems of deliberate self-poisanitige ideveloping

world." QIM93(11): 715-731.

Eddleston, M., L. Szinicz, et al. (2002). "Oximes in acute organophosphoricsdeggbisoning:

a systematic review of clinical trials." QJ3B(5): 275-283.

Eddleston, M. (2008). "The pathophysiology of organophosphorus pesticide selftipgiis not

so simple.” Neth J Me6@6(4): 146-148.

Eddleston, M., P. Eyer, et al. (2008). "Predicting outcome using butyriylekt#rase activity in

organophosphorus pesticide self-poisoning.” QUIV6): 467-474.

Eells, J. B. and T. Brown (2009). "Repeated developmental exposure tpycifiier and methyl
parathion causes persistent alterations in nicotinic acetylchdudaunit mRNA

expression with chlorpyrifos altering dopamine metabolite levalstirotoxicol Teratol

31(2): 98-103.

159



Eglen, R. M. and R. L. Whiting (1985). "Determination of the muscameceptor subtype

mediating vasodilatation."” Br J Pharma8d(1): 3-5.

Eglen, R. M., S. S. Hegde, et al. (1996). "Muscarinic receptor subgmesmooth muscle

function.”" Pharmacol Red8(4): 531-565.

Eglen, R. M. (2001). "Muscarinic receptors and gastrointestiaael smooth muscle function."

Life Sci68(22-23): 2573-2578.

Ehlert, F. J., M. T. Griffin, et al. (2005). "The M2 muscarinic regephediates contraction

through indirect mechanisms in mouse urinary bladder.” J PharBapol'her313(1):

368-378.

Ehrich, M., L. Correll, et al. (1997). "Acetylcholinesterase and neurgptiget esterase
inhibitions in neuroblastoma cells to distinguish organophosphorus compounds causing

acute and delayed neurotoxicity.” Fundam Appl Tox8&§ll): 55-63.

Eldefrawi, M. E. and A. T. Eldefrawi (1983). "Neurotransmitterepgors as targets for

pesticides.” J Environ Sci Health1B(1): 65-88.

Elphick, M. R. and M. Egertova (2001). "The neurobiology and evolution of cannabinoid

signalling.” Philos Trans R Soc Lond B Biol $&6(1407): 381-408.

Eriksson, H. and K. B. Augustinsson (1979). "A mechanistic model for bahplghesterase.”

Biochim Biophys Actéb67(1): 161-173.

160



Exley, R. and S. J. Cragg (2008). "Pre-synaptic nicotinic recepaoginamic and diverse

cholinergic filter of striatal dopamine neurotransmission.” Bhdriacol153 Suppl 1:

S283-297.

Eyer, P. and N. Buckley (2006). "Pralidoxime for organophosphate poisonimamet

368(9553): 2110-2111.

Fagerlund, M. J. and L. I. Eriksson (2009). "Current concepts in neuromusansmission."

Br J Anaestil103(1): 108-114.

Felder, C. C., F. P. Bymaster, et al. (2000). "Therapeutic opporturati@suscarinic receptors

in the central nervous system." J Med CHE8{23): 4333-4353.

Fetscher, C., M. Fleichman, et al. (2002). "M(3) muscarinicptece mediate contraction of

human urinary bladder.” Br J Pharmat86(5): 641-643.

Fonnum, F., S. H. Sterri, et al. (1985). "Carboxylesterases, importanaetoxification of

organophosphorus anticholinesterases and trichothecenes.”" Fundam Appl S(@xieol

2): $29-38.

Forsyth, C. S. and J. E. Chambers (1989). "Activation and degradationgfdbsehorothionate

insecticides parathion and EPN by rat brain." Biochem Pharr8&¢0): 1597-1603.

Freund, T. F., I. Katona, et al. (2003). "Role of endogenous cannabinoids in cgmgpaling."

Physiol Rev83(3): 1017-1066.

161



Furlong, C. E. (2007). "Genetic variability in the cytochrome P45@epanase 1 (PON1)

pathway for detoxication of organophosphorus compounds.” J Biochem Mol Toxicol

21(4): 197-205.

Gaines, T. B. (1960). "The acute toxicity of pesticides to ratsxicbl Appl PharmacoP: 88-
99.

Galli, R. L., R. E. Fine, et al. (2000). "Antisense oligonucleotidguseces targeting the

muscarinic type 2 acetylcholine receptor enhance performanckeirMbrris water
maze." Int J NeurosdiO3(1-4): 53-68.
Gaoni, Y. and R. Mechoulam (1971). "The isolation and structure of delta-1-
tetrahydrocannabinol and other neutral cannabinoids from hashish." Jh&m Goc

93(1): 217-224.

Gautam, D., T. S. Heard, et al. (2004). "Cholinergic stimulation ofasgl secretion studied

with M1 and M3 muscarinic receptor single- and double-knockout mice.'Piatmacol

66(2): 260-267.

Gessa, G. L., M. A. Casu, et al. (1998). "Cannabinoids decrease holtycrelease in the

medial-prefrontal cortex and hippocampus, reversal by SR 141716A." Ebardnacol

355(2-3): 119-124.

Giacobini, E. (2004). "Cholinesterase inhibitors: new roles and therapeli¢matives."

Pharmacol ReS0(4): 433-440.

162



Gifford, A. N. and C. R. Ashby, Jr. (1996). "Electrically evoked achtline release from
hippocampal slices is inhibited by the cannabinoid receptor agonistp®212-2, and is

potentiated by the cannabinoid antagonist, SR 141716A." J Pharmacol Exp/T{8r

1431-1436.

Gifford, A. N., L. Samiian, et al. (1997). "Examination of the effecthef cannabinoid receptor
agonist, CP 55,940, on electrically evoked transmitter releaser&toonain slices.” Eur J

PharmacoB24(2-3): 187-192.

Gifford, A. N., M. Bruneus, et al. (2000). "Cannabinoid receptor-mediated iiombiuf

acetylcholine release from hippocampal and cortical synaptosomesl” Pharmacol

131(3): 645-650.

Godecke, A., U. Flogel, et al. (1999). "Disruption of myoglobin in mice ieduaultiple

compensatory mechanisms." Proc Natl Acad Sci U9(A8): 10495-10500.

Gomeza, J., H. Shannon, et al. (1999). "Pronounced pharmacologic defiis nmuscarinic

acetylcholine receptor knockout mice." Proc Natl Acad Sci U9B(A): 1692-1697.

Grotenhermen, F. (2005). "Cannabinoids." Curr Drug Targets CNS Neurol @{8yr&07-530.

Guo, J. and S. R. Ikeda (2004). "Endocannabinoids modulate N-type calciuml|shamh&-
protein-coupled inwardly rectifying potassium channels via CB1 cammidbreceptors

heterologously expressed in mammalian neurons.” Mol Phar®a(@&)| 665-674.

163



Hajos, N., E. C. Papp, et al. (1998). "Distinct interneuron types exm2ssuscarinic receptor
immunoreactivity on their dendrites or axon terminals in the hippocampus

Neuroscienc@&2(2): 355-376.

Hajos, N., C. Ledent, et al. (2001). "Novel cannabinoid-sensitive reamettiates inhibition of

glutamatergic synaptic transmission in the hippocampus." Neurosdiéédg: 1-4.

Hajos, N. and T. F. Freund (2002). "Distinct cannabinoid sensitive ogsepégulate

hippocampal excitation and inhibition." Chem Phys Lidi#d$(1-2): 73-82.

Hamilton, S. E., M. D. Loose, et al. (1997). "Disruption of the ml recegéne ablates
muscarinic receptor-dependent M current regulation and seizuwityasti mice." Proc

Natl Acad Sci U S /94(24): 13311-13316.

Happe, H. K. and L. C. Murrin (1993). "High-affinity choline transportesi use of

[3H]hemicholinium-3 as a quantitative marker." J Neurocleé(): 1191-1201.

Harel, M., G. J. Kleywegt, et al. (1995). "Crystal structure o&egtylcholinesterase-fasciculin
complex: interaction of a three-fingered toxin from snake venath ws target.”

Structure3(12): 1355-1366.

Harkness, P. C. and N. S. Millar (2002). "Changes in conformation andllsiducdistribution
of alphadbeta2 nicotinic acetylcholine receptors revealed by chnacotine treatment

and expression of subunit chimeras." J Neurd2@3): 10172-10181.

164



Hartmann, J., C. Kiewert, et al. (2007). "Excessive hippocampal |cloglipe levels in
acetylcholinesterase-deficient mice are moderated by batyiyhesterase activity.” J

Neurochenl00(5): 1421-1429.

Hashimotodani, Y., T. Ohno-Shosaku, et al. (2007). "Ca(2+)-assisted redapeor
endocannabinoid release: mechanisms that associate pre-synagtipostsynaptic

activities." Curr Opin Neurobidl7(3): 360-365.

Heidelberger, R. (2007). "Neuroscience: sensors and synchronicity." M&@({ra70): 623-625.

Henry, D. J. and C. Chavkin (1995). "Activation of inwardly rectifying gsitan channels
(GIRK1) by co-expressed rat brain cannabinoid receptors in Xenoputesddyeurosci

Lett 186(2-3): 91-94.

Herkenham, M., A. B. Lynn, et al. (1990). "Cannabinoid receptor localizati brain."_Proc

Natl Acad Sci U S A7(5): 1932-1936.

Herlitze, S., D. E. Garcia, et al. (1996). "Modulation of Ca2+ charnye@-protein beta gamma

subunits." Natur&80(6571): 258-262.

Hillard, C. J. and A. Jarrahian (2000). "The movement of N-arachiddhapelamine

(anandamide) across cellular membranes.” Chem Phys Nipis-2): 123-134.

Hoffman, A. F. and C. R. Lupica (2000). "Mechanisms of cannabinoid inhibitiGA&A(A)

synaptic transmission in the hippocampus." J Neu2iX@j): 2470-2479.

165



Howard, M. D. and C. N. Pope (2002). "In vitro effects of chlorpyrifesathion, methyl

parathion and their oxons on cardiac muscarinic receptor binding in akandtadult

rats." Toxicologyl70(1-2): 1-10.

Howlett, A. C. (1985). "Cannabinoid inhibition of adenylate cyclase. H&oustry of the

response in neuroblastoma cell membranes." Mol Pharr@ageht 429-436.

Howlett, A. C. (1995). "Pharmacology of cannabinoid receptors.” AnwFRarmacol Toxicol

35: 607-634.

Howlett, A. C., F. Barth, et al. (2002). "International Union of PharmagoloKXVII.

Classification of cannabinoid receptors.” Pharmacol 3¢®): 161-202.

Huff, R. A. and M. B. Abou-Donia (1994). "cis-Methyldioxolane specifjceecognizes the m2

muscarinic receptor.” J Neuroch&2(1): 388-391.

lannazzo, L. and H. Majewski (2000). "M(2)/M(4)-muscarinic receptoediate automodulation

of acetylcholine outflow from mouse cortex." Neurosci [28#(2): 129-132.

Idriss, M. K., L. G. Aguayo, et al. (1986). "Organophosphate and carbaoraoonds have

pre- and postjunctional effects at the insect glutamatergiapsgn’ J Pharmacol Exp

Ther239(1): 279-285.

Irving, A. J., A. A. Coutts, et al. (2000). "Functional expression of stface cannabinoid
CB(1) receptors on pre-synaptic inhibitory terminals in cultured higpbocampal

neurons.” Neuroscien@8(2): 253-262.

166



Ishii, M. and Y. Kurachi (2006). "Muscarinic acetylcholine recepto€urr Pharm De&2(28):

3573-3581.

luvone, T., G. Esposito, et al. (2007). "Cannabinoid CB1 receptor stimulaffordsa
neuroprotection in MPTP-induced neurotoxicity by attenuating S100R:gudation in

vitro." J Mol Med85(12): 1379-1392.

Jacobsson, S. O., A. Sellstrom, et al. (1997). "Correlation betweenatdfe and striatal

microdialysis in soman-intoxicated rats." Neurosci P&i(3): 155-158.

Jett, D. A., Abdallah, E.A.M., El-Fakahany, E.E., Eldefrawi, M.E., ardbtehwi, A.T.(1991).
"High-affinity activation by paraoxon of a muscarinic recepsabtype in rat brain

striatum." Pest. Biochem. Physi3b: 149-57.

Johnson, C. D. and R. L. Russell (1975). "A rapid, simple radiometric &ssalyolinesterase,

suitable for multiple determinations.” Anal Biochéd{1): 229-238.

Johnson, J. A. and K. B. Wallace (1987). "Species-related differentles inhibition of brain

acetylcholinesterase by paraoxon and malaoxon." Toxicol Appl Phar@&@)l 234-

241.

Johnson, J. L., B. Cusack, et al. (2003). "Inhibitors tethered near tlyichokthesterase active
site serve as molecular rulers of the peripheral and amylsties." J Biol Cher?78(40):

38948-38955.

167



Johnson, M. K. (1993). "Symposium introduction: retrospect and prospects fopatyrtarget
esterase (NTE) and the delayed polyneuropathy (OPIDP) inducedsdoye

organophosphorus esters.” Chem Biol Inte&¢1-3): 339-346.

Johnson, M. K. and P. Glynn (1995). "Neuropathy target esterase (NTE)gambpinosphorus-
induced delayed polyneuropathy (OPIDP): recent advances." ToxitooB2-83: 459-

463.

Jope, R. S. and D. J. Jenden (1980). "The utilization of choline and egetydyme A for the

synthesis of acetylcholine." J Neuroch8§(2): 318-325.

Kamanyire, R. and L. Karalliedde (2004). "Organophosphate toxicity amdpatonal

exposure.” Occup Med (Lon&3(2): 69-75.

Kaminski, N. E. (1996). "Immune regulation by cannabinoid compounds through theiamhibi

of the cyclic AMP signaling cascade and altered gene expnes8iochem Pharmacol

52(8): 1133-1140.

Kano, M., T. Ohno-Shosaku, et al. (2002). "Retrograde signaling at ceymapses via

endogenous cannabinoids." Mol Psychial(y): 234-235.

Kano, M., T. Ohno-Shosaku, et al. (2009). "Endocannabinoid-mediated contrghapbtis

transmission.” Physiol Re®89(1): 309-380.

Karanth, S. and C. Pope (2000). "Carboxylesterase and A-esteraseaauring maturation
and aging: relationship to the toxicity of chlorpyrifos and paoatin rats.” Toxicol Sci

58(2): 282-289.

168



Karanth, S., K. Olivier, Jr., et al. (2001). "In vivo interaction betweearphitifos and parathion
in adult rats: sequence of administration can markedly influenge outcome." Toxicol

Appl Pharmacol77(3): 247-255.

Karanth, S. and C. Pope (2003). "Age-related effects of chloogyrénd parathion on

acetylcholine synthesis in rat striatum." Neurotoxicol Ter2®(5): 599-606.

Karanth, S., J. Liu, et al. (2004). "Interactive toxicity of the organguiursis insecticides

chlorpyrifos and methyl parathion in adult rats." Toxicol Appl Ptaaroh196(2): 183-

190.

Karanth, S., J. Liu, et al. (2006). "Effects of acute chlorpyrifos axpasn in vivo acetylcholine

accumulation in rat striatum." Toxicol Appl Pharma2db(1): 150-156.

Karanth, S., J. Liu, et al. (2007). "Comparative in vivo effects of tip@ma on striatal

acetylcholine accumulation in adult and aged rats." Toxicak3§{B3): 167-179.

Kathmann, M., B. Weber, et al. (2001a). "Enhanced acetylcholine eéaleéise hippocampus of

cannabinoid CB(1) receptor-deficient mice.” Br J Pharm&8®(6): 1169-1173.

Kathmann, M., B. Weber, et al. (2001b). "Cannabinoid CB1 receptor-medrdiddtion of
acetylcholine release in the brain of NMRI, CD-1 and C57BL/6J .hib&aunyn

Schmiedebergs Arch Pharma&6B(1): 50-56.

Katz, B. (1971). "Quantal mechanism of neural transmitter releasefic8@ié3(992): 123-126.

169



Kawashima, K., K. Fujimoto, et al. (1990). "Pharmacological diffea¢giotn of pre-synaptic M1
muscarinic receptors modulating acetylcholine release from pegtsy muscarinic

receptors in guinea-pig ileum." Gen Pharma&igll): 17-21.

Khiroug, S. S., P. C. Harkness, et al. (2002). "Rat nicotinic AChptecalpha7 and beta2
subunits co-assemble to form functional heteromeric nicotinic r@ceytannels.” J

Physiol540(Pt 2): 425-434.

Kim, J., M. Isokawa, et al. (2002). "Activation of muscarinic acttyline receptors enhances
the release of endogenous cannabinoids in the hippocampus." J Nea¢a3yi 10182-

10191.

Kitabatake, Y., T. Hikida, et al. (2003). "Impairment of rewaratszl learning by cholinergic

cell ablation in the striatum." Proc Natl Acad Sci U 308(13): 7965-7970.

Kitaichi, K., T. Hori, et al. (1999). "Antisense oligodeoxynucleotidesresgahe muscarinic m2,
but not m4, receptor supports its role as autoreceptors in the rat mpgpecaBrain Res

Mol Brain Res67(1): 98-106.

Kitazawa, T., K. Hashiba, et al. (2007). "Functional roles of muscavi2 and M3 receptors in
mouse stomach motility: studies with muscarinic receptor knockoue.iniEur J

Pharmacob54(2-3): 212-222.

Koch, P. J., P. A. de Viragh, et al. (2000). "Lessons from loricriicidaet mice: compensatory
mechanisms maintaining skin barrier function in the absence of ar maynified

envelope protein." J Cell Bid51(2): 389-400.

170



Kofalvi, A., E. S. Vizi, et al. (2003). "Cannabinoids inhibit the releasgH]glutamate from
rodent hippocampal synaptosomes via a novel CB1 receptor-independemnt’ &ir J

Neuroscil8(7): 1973-1978.

Kofalvi, A., M. F. Pereira, et al. (2007). "Anandamide and NADA bi-dioesally modulate pre-

synaptic Ca2+ levels and transmitter release in the hippocampus." BmdaebH51(4):

551-563.

Kreitzer, A. C. and R. C. Malenka (2007). "Endocannabinoid-mediated resaigatal LTD

and motor deficits in Parkinson's disease models." Nature 445(7128): 643-647.

Kreitzer, F. R. and N. Stella (2009). "The therapeutic potential of rearelabinoid receptors.”

Pharmacol Thet22(2): 83-96.

Krejci, A. and S. Tucek (2002). "Quantitation of mRNAs for M(1) toS5M&ubtypes of

muscarinic receptors in rat heart and brain cortex." Mol Pharmaf@): 1267-1272.

Krejci, A., P. Michal, et al. (2004). "Regulation of signal transiuctat M2 muscarinic

receptor.” Physiol ReS3 Suppl 1: S131-140.

Kulkami, S. K. and I. Ninan (2001). "Current concepts in cannabinoid phamggcblndian J

PharmacoB3: 170-184.

LaCroix, C., J. Freeling, et al. (2008). "Deficiency of M2 naustdc acetylcholine receptors
increases susceptibility of ventricular function to chronic adreocesgiess.”"_Am J

Physiol Heart Circ Physid94(2): H810-820.

171



Lassiter, T. L., I. T. Ryde, et al. (2008). "Exposure of neonatal traparathion elicits sex-
selective reprogramming of metabolism and alters the responaehigh-fat diet in

adulthood."” Environ Health Perspddi(11): 1456-1462.

Lanzafame, A. A., A. Christopoulos, et al. (2003). "Cellular signalmgchanisms for

muscarinic acetylcholine receptors.” Receptors Cha#)s241-260.

Lapchak, P. A., D. M. Araujo, et al. (1989). "Binding sites for [3H]AK-DL6 and effect of AF-
DX 116 on endogenous acetylcholine release from rat brain slicest Bes496(1-2):

285-294.

Lawler, H. C. (1961). "Turnover time of acetylcholinesterase." J Biol (8m2296-2301.

Lemus, R. and A. Abdelghani (2000). "Chlorpyrifos: an unwelcome pesticideir homes."

Rev Environ Healtli5(4): 421-433.

Levey, A. I, C. A. Kitt, et al. (1991). "Identification and localiion of muscarinic acetylcholine
receptor proteins in brain with subtype-specific antibodies.” J ddeut1(10): 3218-

3226.

Levey, A. I, S. M. Edmunds, et al. (1995). "Light and electron microscsipidy of m2

muscarinic acetylcholine receptor in the basal forebrain of @hé 3 Comp Neurol

351(3): 339-356.

Li, B., E. G. Duysen, et al. (2003). "Regulation of muscarinic adedyihe receptor function in

acetylcholinesterase knockout mice." Pharmacol Biochem B&t{dy. 977-986.

172



Li, W. F., L. G. Costa, et al. (2000). "Catalytic efficiency deiass the in-vivo efficacy of

PONL1 for detoxifying organophosphorus compounds." Pharmacoget#83s767-779.

Liu, J. and C. N. Pope (1996). "Effects of chlorpyrifos on high-affinhglioe uptake and

[3H]hemicholinium-3 binding in rat brain." Fundam Appl Toxi&4{(1): 84-90.

Liu, J. and C. N. Pope (1998). "Comparative pre-synaptic neurochechemades in rat striatum

following exposure to chlorpyrifos or parathion.” J Toxicol Environ Heal&8(7): 531-

544,

Liu, J., T. Chakraborti, et al. (2002). "In vitro effects of organophosphorwhahitiesterases on
muscarinic receptor-mediated inhibition of acetylcholine rel@asat striatum." Toxicol

Appl Pharmacol78(2): 102-108.

Logothetis, D. E., Y. Kurachi, et al. (1987). "The beta gamma subain@3 P-binding proteins

activate the muscarinic K+ channel in heart." Na82%6102): 321-326.

Lotti, M. and A. Moretto (1995). "Cholinergic symptoms and Gulf Wardsgme."_Nat Med

1(12): 1225-1226.

Lowry, O. H., N. J. Rosebrough, et al. (1951). "Protein measurememtthgt Folin phenol

reagent." J Biol Cherfi93(1): 265-275.

Lukomskaya, N. Y., V. V. Lavrent'eva, et al. (2008). "Involvement of i@pitr glutamate

receptors in the appearance of arecoline tremor in mice.foSiE@uBehav Physiad8(4):

421-426.

173



Mackie, K., Y. Lai, et al. (1995). "Cannabinoids activate an inwarditifying potassium
conductance and inhibit Q-type calcium currents in AtT20 celtsteated with rat brain

cannabinoid receptor." J Neuro4&(10): 6552-6561.

Mackie, K. (2005). "Cannabinoid receptor homo- and heterodimerization." Sdfer7(14):

1667-1673.

Mackie, K. (2008). "Signaling via CNS cannabinoid receptors.” Mol Cetlo€rinol 286(1-2

Suppl 1): S60-65.

Maejima, T., K. Hashimoto, et al. (2001). "Pre-synaptic inhibitiomsed by retrograde signal

from metabotropic glutamate to cannabinoid receptors.” N&&i@): 463-475.

Mallender, W. D., T. Szegletes, et al. (2000). "Acetylthiocholine bio@sp74 at the peripheral
site of human acetylcholinesterase as the first step in #talyttic pathway."

Biochemistry39(26): 7753-7763.

Marks, M. J., D. M. Patinkin, et al. (1981). "Genetic influences on chgime&rug response.”

Pharmacol Biochem Behd®(2): 271-279.

Marks, M. J., J. B. Burch, et al. (1983). "Genetics of nicotine respan®eli inbred strains of

mice." J Pharmacol Exp Th2pP6(1): 291-302.

Martyn, J. A., M. J. Fagerlund, et al. (2009). "Basic principles of neusouolar transmission."

Anaesthesi®4 Suppl 1: 1-9.

174



Mash, D. C., D. D. Flynn, et al. (1985). "Loss of M2 muscarine receptdle cerebral cortex
in Alzheimer's disease and experimental cholinergic denervatBmehce228(4703):

1115-1117.

Masoud, A., R. Kiran, et al. (2009). "Impaired Mitochondrial Functions iga@ophosphate

Induced Delayed Neuropathy in Rats." Cell Mol Neurabiol

Masson, P., M. T. Froment, et al. (1996). "Asp70 in the peripheral anigai®fshuman

butyrylcholinesterase." Eur J Biochét85(1-2): 36-48.

Matsuda, L. A., S. J. Lolait, et al. (1990). "Structure of a cannabmeaeptor and functional

expression of the cloned cDNA." Nat\B46(6284): 561-564.

Matsuda, L. A., T. |. Bonner, et al. (1993). "Localization of cannabiresdptor mRNA in rat

brain." J Comp Neurd@27(4): 535-550.

Matsui, M., D. Motomura, et al. (2000). "Multiple functional defectsperipheral autonomic
organs in mice lacking muscarinic acetylcholine receptor gene fovl3h&ubtype.” Proc

Natl Acad Sci U S AQ7(17): 9579-9584.

Matsuura, J., K. Ajiki, et al. (1997). "Changes of expression levelbaine acetyltransferase
and vesicular acetylcholine transporter mRNAs after transeatitre hypoglossal nerve

in adult rats.” Neurosci Lef36(2): 95-98.

McKay, B. E., A. N. Placzek, et al. (2007). "Regulation of synapéinsimission and plasticity

by neuronal nicotinic acetylcholine receptors." Biochem Pharnvd¢8): 1120-1133.

175



Mechoulam, R., S. Ben-Shabat, et al. (1995). "ldentification of an endog2masoglyceride,

present in canine gut, that binds to cannabinoid receptors.” Biocharm&col50(1):

83-90.

Mehta, H., R. Haobam, et al. (2005). "Evidence for the involvement of cesgratonergic

mechanisms in cholinergic tremor induced by tacrine in Balb/c.inB®hav Brain Res

163(2): 227-236.

Millar, N. S. (2003). "Assembly and subunit diversity of nicotinic acétline receptors.”

Biochem Soc Tran31(Pt 4): 869-874.

Millar, N. S. and I. Denholm (2007). "Nicotinic acetylcholine recepttangets for commercially

important insecticides." Invert Neurostil): 53-66.

Misner, D. L. and J. M. Sullivan (1999). "Mechanism of cannabinoid effectsong-term
potentiation and depression in hippocampal CA1 neurons." J Neur@dd): 6795-

6805.

Mohanakumar, K. P. and D. K. Ganguly (1989). "Tremorogenesis by LONNB&4drbamoyl-2-
(2,6-dichlorophenyl) acetamidine hydrochloride]: evidence for the invawenof 5-

hydroxytryptamine.” Brain Res Bul?(2): 191-195.

Mohanakumar, K. P., N. Mitra, et al. (1990). "Tremorogenesis by physaségsmunrelated to
acetylcholinesterase inhibition: evidence for serotoninergic invaweihNeurosci Lett

120(1): 91-93.

176



Monory, K., E. T. Tzavara, et al. (2002). "Novel, not adenylyl cyclasgied cannabinoid

binding site in cerebellum of mice." Biochem Biophys Res Com&9a(il): 231-235.

Mu, J., S. Y. Zhuang, et al. (1999). "Cannabinoid receptors differentratjulate potassium A

and D currents in hippocampal neurons in culture." J Pharmacol Ex@91@): 893-

902.

Murata, K., S. Araki, et al. (1997). "Asymptomatic sequelae to aara poisoning in the
central and autonomic nervous system 6 months after the Tokyo subway attack." J Neurol

244(10): 601-606.

Murphy, S. D., R. R. Lauwerys, et al. (1968). "Comparative antichodresse action of

organophosphorus insecticides in vertebrates." Toxicol Appl Phari@dgi 22-35.

Murray, M. and A. M. Butler (1994). "Hepatic biotransformation of pgacast: role of
cytochrome P450 in NADPH- and NADH-mediated microsomal oxidationitio."

Chem Res Toxicol(6): 792-799.

Myslivecek, J., E. G. Duysen, et al. (2007). "Adaptation to excestylemoline by
downregulation of adrenoceptors and muscarinic receptors in lungs of

acetylcholinesterase knockout mice." Naunyn Schmiedebergs Arcm&twB76(1-2):

83-92.

Nagabukuro, H., S. Okanishi, et al. (2004). "Effects of TAK-802, a noveylekelinesterase
inhibitor, on distension-induced rhythmic bladder contractions in rats ainéagpigs."

Eur J Pharmacal85(1-3): 299-305.

177



Nallapaneni, A., J. Liu, et al. (2006). "Modulation of paraoxon toxicity ey ¢annabinoid

receptor agonist WIN 55,212-2." Toxicolog®7(1-2): 173-183.

Nallapaneni, A., J. Liu, et al. (2008). "Pharmacological enhantemt endocannabinoid
signaling reduces the cholinergic toxicity of diisopropylfluorophosphate

Neurotoxicology?9(6): 1037-1043.

Nathanson, N. M. (2000). "A multiplicity of muscarinic mechanisms: ensiggtaling pathways

to take your breath away." Proc Natl Acad Sci U S7f12): 6245-6247.

Nemeth, B., C. Ledent, et al. (2008). "CB1 receptor-dependent and -indepedleition of
excitatory postsynaptic currents in the hippocampus by WIN 55,212-2."

Neuropharmacolog4(1): 51-57.

Nicolet, Y., O. Lockridge, et al. (2003). "Crystal structure of humanrilgtyolinesterase and of

its complexes with substrate and products." J Biol CRéB(2): 41141-41147.

Nigg, H. N. and J. B. Knaak (2000). "Blood cholinesterases as human rkeymeof

organophosphorus pesticide exposure.” Rev Environ Contam TAsRa29-111.

Nomura, D. K., K. A. Durkin, et al. (2006). "Serine hydrolase KIAA1363idnwgical and

structural features with emphasis on organophosphate interactions." Rdseoxicol

19(9): 1142-1150.

Ohno-Shosaku, T., H. Tsubokawa, et al. (2002). "Pre-synaptic cannabinoidvggnsié major
determinant of depolarization-induced retrograde suppression at higpaicsynapses."

J NeuroscP2(10): 3864-3872.

178



Ohno-Shosaku, T., M. Matsui, et al. (2003). "Postsynaptic M1 and M3 resgptoresponsible
for the muscarinic enhancement of retrograde endocannabinoid signatli the

hippocampus.” Eur J Neurosk8(1): 109-116.

Oki, T., Y. Takagi, et al. (2005). "Quantitative analysis of bindingap&ters of [3H]N-
methylscopolamine in central nervous system of muscarinicyleleline receptor

knockout mice." Brain Res Mol Brain R#33(1): 6-11.

Olianas, M. C., P. Onali, et al. (1983). "Adenylate cyclase &gtfisynaptic membranes from

rat striatum. Inhibition by muscarinic receptor agonists." Mol Pharn2¢2): 393-398.

Olianas, M. C., C. Maullu, et al. (1997). "Effects of clozapine ostraital muscarinic receptors
coupled to inhibition of adenylyl cyclase activity and on the humamecd m4 receptor.”

Br J Pharmacal22(3): 401-408.

Olivier, K., Jr., J. Liu, et al. (2001). "Inhibition of forskolin-stimulate®MP formation in vitro
by paraoxon and chlorpyrifos oxon in cortical slices from neonate¢nile, and adult

rats." J Biochem Mol Toxicdl5(5): 263-2609.

Onali, P. and M. C. Olianas (1998). "ldentification and characteizaf muscarinic receptors

potentiating the stimulation of adenylyl cyclase activity byrticotropin-releasing

hormone in membranes of rat frontal cortex.” J Pharmacol ExpZBB&?): 753-759.

Pacher, P., S. Batkai, et al. (2006). "The endocannabinoid system aseagingntarget of

pharmacotherapy.” Pharmacol Rs8(3): 389-462.

179



Parsons, S. M. (2000). "Transport mechanisms in acetylcholine and monostoiage."

FASEB J14(15): 2423-2434.

Paudyal, B. P. (2008). "Organophosphorus poisoning." JNMA J Nepal Med #449@): 251-

258.

Payton, M.E., S. Ritcher, et al. (2006). "Transformations of Count DafBefis of Interaction

in Factorial and Split-Plot Experiments" J. Econ. Entor®@(3): 1002-1006.

Pazos, M. R., E. Nunez, et al. (2004). "Role of the endocannabinoid systefmh@infer's

disease: new perspectives.” Life $6(16): 1907-1915.

Peralta, E. G., A. Ashkenazi, et al. (1987). "Distinct primary &ires, ligand-binding properties
and tissue-specific expression of four human muscarinic acetylcmetieptors.” EMBO

J6(13): 3923-3929.

Pertwee, R. G. (1997). "Pharmacology of cannabinoid CB1 and CB2 rexéptioarmacol Ther

74(2): 129-180.

Pertwee, R. G. (2000). "Cannabinoid receptor ligands: clinical andopteanmacological

considerations, relevant to future drug discovery and development." Expartnvestig

Drugs9(7): 1553-1571.

Pertwee, R. G. (2001). "Cannabinoid receptors and pain." Prog Ne8{&nl 569-611.

Pertwee, R. G. and R. A. Ross (2002). "Cannabinoid receptors anligéads.” Prostaglandins

Leukot Essent Fatty Acid86(2-3): 101-121.

180



Pertwee, R. G. (2005). "Inverse agonism and neutral antagonism aboand CB1 receptors.”

Life Sci 76(12): 1307-1324.

Piomelli, D., M. Beltramo, et al. (1998). "Endogenous cannabinoid sigriaNiegrobiol Dis5(6

Pt B): 462-473.

Pope, C. N., T. K. Chakraborti, et al. (1991). "Comparison of in vivo cholmassténhibition in
neonatal and adult rats by three organophosphorothioate insectididesdlogy 68(1):

51-61.

Pope, C. N. and T. K. Chakraborti (1992). "Dose-related inhibition of bnath gasma
cholinesterase in neonatal and adult rats following sublethal organopteosgpasures."

Toxicology73(1): 35-43.

Pope, C. N., D. Tanaka, Jr., et al. (1993). "The role of neurotoxicasstédNTE) in the
prevention and potentiation of organophosphorus-induced delayed neurotoxicity

(OPIDN)." Chem Biol Interacg7(1-3): 395-406.

Pope, C.N., J. Chaudhuri, et al. (1995). “Organophosphate-sensitive cholinecgpors:
possible role in modulation of anticholinesterase-induced toxicity.” $98§8&-312 in

Enzymes of the Cholinesterase Fan(®y.S. Balasubramanian, B.P. Doctor, P. Taylor

and D.M. Quinn, eds), Plenum, New York.

Pope C. N. (1999) “Organophosphorus pesticides: do they all have thensachanism of

toxicity?” J Toxicol Environ Health B Crit ReX161-181.

181



Pope, C. N. (2005) “Central nervous system effects and neurotdxicRpages 271-291 in

Toxicology of Organophosphate and Carbamate Compaiim@s Gupta, ed), Academic

Press, San Diego, CA.

Pope, C.N., Mechoulam, R, et al. (2010Endocannabinoid signaling in neurotoxicity and

neuroprotectioh NeuroToxicology(in press).

Porter, A. C., J. M. Sauer, et al. (2002). "Characterization of a newebcannabinoid,

virodhamine, with antagonist activity at the CB1 receptor.” J Pa@smExp Ther

301(3): 1020-1024.

Quirion, R., D. Araujo, et al. (1989). "Characterization and quantitatiteradiographic
distribution of [3H]acetylcholine muscarinic receptors in mammabaain. Apparent

labelling of an M2-like receptor sub-type." NeuroscieP@@): 271-289.

Quirion, R., J. Richard, et al. (1994). "Muscarinic and nicotinic modulatiorcoofical
acetylcholine release monitored by in vivo microdialysis inlyreéeoving adult rats."

Synapsel7(2): 92-100.

Quirion, R., A. Wilson, et al. (1995). "Facilitation of acetylcholindease and cognitive
performance by an M(2)-muscarinic receptor antagonist in agadory-impaired.” J

Neuroscil5(2): 1455-1462.

Quistad, G. B., S. E. Sparks, et al. (2001). "Fatty acid amide hydialabéion by neurotoxic

organophosphorus pesticides." Toxicol Appl Pharm&és(l): 48-55.

182



Quistad, G. B., S. E. Sparks, et al. (2002). "Selective inhibitors gf dattt amide hydrolase
relative to neuropathy target esterase and acetylcholiasstertoxicological

implications." Toxicol Appl Pharmacdl79(1): 57-63.

Quistad, G. B., R. Klintenberg, et al. (2006). "Monoacylglycerol lipagebition by
organophosphorus compounds leads to elevation of brain 2-arachidonoylglycettod and

associated hypomotility in mice." Toxicol Appl Pharma2bl(1): 78-83.

Radic, Z. and P. Taylor (2001). "Peripheral site ligands accelerahibition of

acetylcholinesterase by neutral organophosphates." J Appl T@%iSoippl 1: S13-14.

Ramirez, B. G., C. Blazquez, et al. (2005). "Prevention of Alzheind&s&ase pathology by
cannabinoids: neuroprotection mediated by blockade of microglial astival Neurosci

25(8): 1904-1913.

Rao, K. S., Y. Aracava, et al. (1987). "Noncompetitive blockade ohitwinic acetylcholine
receptor-ion channel complex by an irreversible cholinesterdmieitor.” J Pharmacol

Exp Ther240(1): 337-344.

Ravinet Trillou, C., C. Delgorge, et al. (2004). "CB1 cannabinoid tecémockout in mice
leads to leanness, resistance to diet-induced obesity and eshhetoe sensitivity.” Int J

Obes Relat Metab Diso2B(4): 640-648.

Ray, A., J. Liu, et al. (2009). "Cholinesterase inhibition and acetylch@swmulation

following intracerebral administration of paraoxon in rats." Toxiépipl Pharmacol

236(3): 341-347.

183



Ray, D. E. and P. G. Richards (2001). "The potential for toxic effgfictshronic, low-dose

exposure to organophosphates.” Toxicol 01&@(1-3): 343-351.

Reibaud, M., M. C. Obinu, et al. (1999). "Enhancement of memory in cannal@idi receptor

knock-out mice."” Eur J Pharma@¥9(1): R1-2.

Ribeiro, F. M., S. A. Black, et al. (2006). "The "ins" and "outs" of thgh4affinity choline

transporter CHT1." J Neuroche9m(1): 1-12.

Rizzoli, S. O. and W. J. Betz (2004). "The structural organizatioheofdadily releasable pool

of synaptic vesicles." Scien883(5666): 2037-2039.

Rosenberry, T. L. (1975). "Acetylcholinesterase.” Adv Enzymol Relehds Mol Biol43: 103-

218.

Rosenberry, T. L. (1979). "Quantitative simulation of endplate currantaeuromuscular
junctions based on the reaction of acetylcholine with acetylcholiceptar and

acetylcholinesterase." Biophy26(2): 263-289.

Rouse, S. T. and A. |. Levey (1997). "Muscarinic acetylcholine recaptounoreactivity after
hippocampal commissural/associational pathway lesions: evidence ulbiplen pre-

synaptic receptor subtypes." J Comp NeGgil(3): 382-394.

Rouse, S. T., T. M. Thomas, et al. (1997). "Muscarinic acetylcholirept@c subtype, m2:
diverse functional implications of differential synaptic locaia." Life Sci60(13-14):

1031-1038.

184



Saito, S., Y. Komiya, et al. (1991). "Muscarinic acetylcholine rexspare expressed and
enriched in growth cone membranes isolated from fetal and neonatlirehrain:

pharmacological demonstration and characterization." Neurosag(®e 735-745.

Samuel, J., K. Thomas, et al. (1995). "Incidence of intermediatesyedn organophosphorous

poisoning.” J Assoc Physicians Indi&(5): 321-323.

Sarkar, S., B. Thomas, et al. (2000). "Effects of serotoninergic amgsemor induced by

physostigmine in rats." Behav Brain RE¥(2): 187-193.

Sarter, M. and V. Parikh (2005). "Choline transporters, cholinergisrirssion and cognition."

Nat Rev Neurosd(1): 48-56.

Schlicker, E. and M. Kathmann (2001). "Modulation of transmitter rele@sere-synaptic

cannabinoid receptors." Trends Pharmacol3¢i1): 565-572.

Schwarz RD, Callahan MJ, Coughenour LL, Dickerson MR, Kinsoraigihski WJ,Raby CA,
Spencer CJ, Tecle H (1999). "Milameline (CI-979/RU35926): a muscarateptor
agonist with cognition-activating properties: biochemical and in vharacterization." J

Pharmacol Exp The?91(2):812-22.

Seeger, T., I. Fedorova, et al. (2004). "M2 muscarinic acetylcholoept@ knock-out mice
show deficits in behavioral flexibility, working memory, and hippopahmplasticity.”_J

Neurosci?4(45): 10117-10127.

Senel, A. C., H. Ulusoy, et al. (2001). "An intermediate syndrome péteathion poisoning.”

Intensive Care Me#7(1): 333.

185



Shih, T. M. and J. H. McDonough, Jr. (1997). "Neurochemical mechanisnosnansinduced

seizures." J Appl Toxicdl7(4): 255-264.

Silveira, C. L., A. T. Eldefrawi, et al. (1990). "Putative M2 muscariniepéars of rat heart have

high affinity for organophosphorus anticholinesterases." Toxicol Appinkeol|103(3):

474-481.

Silver, A (1974). "The biology of cholinesterases". North-Holland Pub Cetémiam P 497-

581

Sims, N. R., K. L. Marek, et al. (1982). "Production of [14C]acetyiceohnd [14C]carbon
dioxide from [U-14C]glucose in tissue prisms from aging ratrbtal Neurochen38(2):

488-492.

Singer, J. M., F. Z. Poleto, et al. (2004). "Parametric and NonpararAetilyses of Repeated

ordinal Categorical Data." Biometrical Jourdé(4): 460-473.

Singh, S., A. Ranjit, et al. (2004). "Organo-phosphate induced delayezpathy. report of two

cases." Neurol Indi&2(4): 525-526.

Smolen, A., T. N. Smolen, et al. (1985). "Genetically determined €iftes in acute responses

to diisopropylfluorophosphate." Pharmacol Biochem BeX#§¢): 623-630.

Smolen, A., T. N. Smolen, et al. (1986). "A strain comparison of physcabgnd locomotor

responses of mice to diisopropylfluorosphosphate.” Pharmacol Biochem Bé&{#yv

1077-1082.

186



Solberg, Y. and M. Belkin (1997). "The role of excitotoxicity in organophosphoneuge

agents central poisoning." Trends Pharmacoll8(@): 183-185.

Soranno, T. M. and L. G. Sultatos (1992). "Biotransformation of the ingketparathion by

mouse brain." Toxicol Le®0(1): 27-37.

Spencer PSJ (1965) "Activity of centrally acting and other drggmat tremor and hypothermia

induced in mice by tremorine". J Pharma?®il 442-455.

Steffens, M., B. Szabo, et al. (2003). "Modulation of electrically evacadylcholine release
through cannabinoid CB1 receptors: evidence for an endocannabinoid tone in #re hum

neocortex." Neurosciend0(2): 455-465.

Stengel, P. W., J. Gomeza, et al. (2000). "M(2) and M(4) receptor knockoeit muscarinic

receptor function in cardiac and smooth muscle in vitro." J Pleinip Ther292(3):

877-885.

Stengel, P. W., M. Yamada, et al. (2002). "M(3)-receptor knockout mmaescarinic receptor

function in atria, stomach fundus, urinary bladder, and trachea." AnysioPiRegul

Integr Comp Physidl82(5): R1443-1449.

Stillman, M. J., B. Shukitt-Hale, et al. (1996). "Effects of M2 antagonists on in vivo hippata

acetylcholine levels."” Brain Res Budll(4): 221-226.

Sudhof, T. C. (2004). "The synaptic vesicle cycle." Annu Rev NeuP@s&09-547.

Sugiura, T., S. Kondo, et al. (1995). "2-Arachidonoylglycerol: a possédridogenous

cannabinoid receptor ligand in brain." Biochem Biophys Res Con#ii(i): 89-97.

187



Sullivan, J. M. (1999). "Mechanisms of cannabinoid-receptor-mediated iohilmf synaptic

transmission in cultured hippocampal pyramidal neurons.” J Neurop8Zg)t 1286-

1294.

Sultatos, L. G., L. D. Minor, et al. (1985). "Metabolic activation of phosphwate pesticides:

role of the liver." J Pharmacol Exp TH82(3): 624-628.

Sultatos, L. G. (1994). "Mammalian toxicology of organophosphorus pesticidleBoxicol

Environ HealtM3(3): 271-289.

Sussman, J. L., M. Harel, et al. (1991). "Atomic structure of adetjtesterase from Torpedo

californica: a prototypic acetylcholine-binding protein." Scie#s®&5022): 872-879.

Szegletes, T., W. D. Mallender, et al. (1999). "Substrate bindindneopéripheral site of
acetylcholinesterase initiates enzymatic catalysis. Substrehibition arises as a

secondary effect.” BiochemistB3(1): 122-133.

Takahashi, K. A. and P. E. Castillo (2006). "The CB1 cannabinoid receptoiiat@s

glutamatergic synaptic suppression in the hippocampus." Neuros&@9({8¢ 795-802.

Terranova, J. P., J. J. Storme, et al. (1996). "Improvement of memuaoglents by the selective

CB1 cannabinoid receptor antagonist, SR 141716." Psychopharmacologyld&E|).

165-172.

Thiermann, H., K. Kehe, et al. (2007). "Red blood cell acetylchokrest and plasma
butyrylcholinesterase status: important indicators for thenteatt of patients poisoned

by organophosphorus compounds.” Arh Hig Rada Tok&8@): 359-366.

188



Tien, L. T., L. W. Fan, et al. (2004). "Changes in acetylcholinesta@saty and muscarinic

receptor bindings in mu-opioid receptor knockout mice." Brain Res MalnBRes

126(1): 38-44.

Tran, J. A.,, M. Matsui, et al. (2006). "Differential coupling of mussa M1, M2, and M3
receptors to phosphoinositide hydrolysis in urinary bladder and longgtudiuscle of

the ileum of the mouse." J Pharmacol Exp T3#8(2): 649-656.

Tsou, K., S. Brown, et al. (1998). "Immunohistochemical distribution of canndbi@Bil

receptors in the rat central nervous system." Neurosc83(2g 393-411.

Twitchell, W., S. Brown, et al. (1997). "Cannabinoids inhibit N- and §{@-calcium channels

in cultured rat hippocampal neurons." J Neurophy&¢l): 43-50.

Tzavara, E. T., F. P. Bymaster, et al. (2003a). "Dysregulated hippataacetylcholine
neurotransmission and impaired cognition in M2, M4 and M2/M4 muscaegieptor

knockout mice." Mol Psychiatr§(7): 673-679.

Tzavara, E. T., M. Wade, et al. (2003b). "Biphasic effects of canmidsiron acetylcholine
release in the hippocampus: site and mechanism of action." J NePB@28): 9374-

9384.

Tzavara, E. T., F. P. Bymaster, et al. (2004). "M4 muscarinic rese@gulate the dynamics of
cholinergic and dopaminergic neurotransmission: relevance to the patiobpdnysand

treatment of related CNS pathologies." FASEmB12): 1410-1412.

189



Uchiyama, T. and R. Chess-Williams (2004). "Muscarinic receptor gebtgf the bladder and

gastrointestinal tract.” J Smooth Muscle R&&): 237-247.

Unno, T., H. Matsuyama, et al. (2006). "Roles of M2 and M3 muscarirept@s in cholinergic
nerve-induced contractions in mouse ileum studied with receptor knockoei' ir J

Pharmacoll49(8): 1022-1030.

Van Abeelen, J., L. Gilissen, et al. (1972). "Effects of intrahippped injections with
methylscopolamine and neostigmine upon exploratory behaviour in two intvade

strains." Psychopharmacolodid(4): 470-475.

Van de Kamp, J. L and A. C. Collins (1992). "Species differences in
diisopropylfluorophosphate-induced decreases in the number of brain micotini

receptors.” Pharmacol Biochem Bel#(1): 131-141.

Van der Hoek, W., F. Konradsen, et al. (1998). "Pesticide poisoningjoa nealth problem in

Sri Lanka." Soc Sci Med6(4-5): 495-504.

van der Stelt, M., S. H. Fox, et al. (2005). "A role for endocannabinoitiseigeneration of
parkinsonism and levodopa-induced dyskinesia in MPTP-lesioned non-human primate

models of Parkinson's disease." FASE®®): 1140-1142.

van der Stelt, M. and V. Di Marzo (2005). "Cannabinoid receptors and thbkar in

neuroprotection.” Neuromolecular M&(lL-2): 37-50.

190



van Helden, H. P., B. Groen, et al. (1998). "New generic approactinet treatment of
organophosphate poisoning: adenosine receptor mediated inhibition of AClertlea

Drug Chem ToxicoP1 Suppl 1: 171-181.

van Helden, H. P. and T. J. Bueters (1999). "Protective activity ofoades receptor agonists in

the treatment of organophosphate poisoning." Trends Pharma@tl(Et): 438-441.

Volpicelli-Daley, L. A., A. Hrabovska, et al. (2003). "Alterediatal function and muscarinic

cholinergic receptors in acetylcholinesterase knockout mice." Ri@rmacol64(6):

1309-1316.

Waelbroeck, M., M. Tastenoy, et al. (1990). "Binding of selecthtagonists to four muscarinic

receptors (M1 to M4) in rat forebrain.” Mol Pharma88(2): 267-273.

Walker, B., Jr. and J. Nidiry (2002). "Current concepts: organophospixateyt" Inhal Toxicol

14(9): 975-990.

Wang, H. Y., W. Li, et al. (2003). "Alpha 7 nicotinic acetylcholirecaptors mediate beta-
amyloid peptide-induced tau protein phosphorylation.” J Biol CRRZB8{34): 31547-

31553.

Wang, L. J., B. H. Hu, et al. (2004). "[Influence of acetylcholine on cytoplasi&a signals and

gap junctional intercellular communication of rat hippocampus celsijing Da Xue

Xue Bao36(4): 357-360.

191



Ward, T. R., D. J. Ferris, et al. (1993). "Correlation of the anticrsibnase activity of a series
of organophosphates with their ability to compete with agonist bindinguscarinic

receptors.” Toxicology and applied pharmacol@g9(2): 300-7.

Ward, T. R., and W. R. Mundy (1996). "Organophosphorus compounds preferentiatlyy aff
second messenger systems coupled to M2/M4 receptors in rat frortex." Brain Res

Bull 39(1): 49-55.

Warren, N. M., M. A. Piggott, et al. (2007). "The basal ganglia chgioeneurochemistry of
progressive supranuclear palsy and other neurodegenerative diseaséseurol

Neurosurg Psychiatry8(6): 571-575.

Wegener, N. and M. Koch (2009). "Neurobiology and systems physiology hef t

endocannabinoid system." Pharmacopsychié@rguppl 1: S79-86.

Weissman, B. A. and L. Raveh (2008). "Therapy against organophosphate nmpisiei
importance of anticholinergic drugs with antiglutamatergic progeeftiToxicol Appl

PharmacoP32(2): 351-358.

Wess, J. (1996). "Molecular biology of muscarinic acetylcholineptecg." Crit Rev Neurobiol

10(1): 69-99.

Wess, J. (2003). "Novel insights into muscarinic acetylcholine recdpbtation using gene

targeting technology." Trends Pharmacol 8%B): 414-420.

Wess, J. (2004). "Muscarinic acetylcholine receptor knockout mice: mhatotypes and

clinical implications.” Annu Rev Pharmacol Toxiest: 423-450.

192



Wess, J., R. M. Eglen, et al. (2007). "Muscarinic acetylcholinepterse mutant mice provide

new insights for drug development.” Nat Rev Drug Disg(®): 721-733.

Wesseling, C., E. Pukkala, et al. (2002). "Cancer of the brain andusersystem and

occupational exposures in Finnish women." J Occup Environ44@q: 663-668.

Wessler, I., H. Kilbinger, et al. (2001). "The biological role of menuronal acetylcholine in

plants and humans." Jpn J Pharm&5¢1): 2-10.

Whalley, C. E. and T. M. Shih (1989). "Effects of soman and sarin on ffigityacholine

uptake by rat brain synaptosomes." Brain Res Bi(b): 853-858.

Wiley, J. L. and B. R. Martin (2002). "Cannabinoid pharmacology: implicationgdditional

cannabinoid receptor subtypes." Chem Phys LipRi$1-2): 57-63.

Wiley, J. L., J. J. Burston, et al. (2005). "CB1 cannabinoid receptor-raddradulation of food

intake in mice." Br J Pharmact5(3): 293-300.

Wilson, R. I., G. Kunos, et al. (2001). "Pre-synaptic specificity of eadoabinoid signaling in

the hippocampus.” Neur@i(3): 453-462.

Wilson, R. I. and R. A. Nicoll (2002). "Endocannabinoid signaling in the br&giénce

296(5568): 678-682.

Winkler, J., S. T. Suhr, et al. (1995). "Essential role of neocbréicatylcholine in spatial

memory." Nature875(6531): 484-487.

Wolfe, B. B. and R. P. Yasuda (1995). "Development of selective amntfeermuscarinic

cholinergic receptor subtypes.” Ann N Y Acad %67: 186-193.

193



Won, Y. K., J. Liu, et al. (2001). "Age-related effects of chlorpyrdosacetylcholine release in

rat brain." Neurotoxicolog®22(1): 39-48.

Worek, F., U. Mast, et al. (1999). "Improved determination of acetylubgtierase activity in

human whole blood." Clin Chim Ac&88(1-2): 73-90.

Wright, L. K. M., Liu, J., et al. (2009). “Persistent behavioral segudtdlowing acute
diisopropylfluorophosphate intoxication in rats: comparative effecatropine and the

fatty acid amide hydrolase inhibitor URB59Reurotoxicol. Teratol. (under revision).

Yamada, M., A. Inanobe, et al. (1998). "G protein regulation of potasguanthannels.”

Pharmacol Re®0(4): 723-760.

Yamada, S, Maruyama S, Takagi Y, Uchida S, Oki T. (2006). "In vivo denatina of M3

muscarinic receptor subtype selectivity of darifenacin in miceé€' §di80(2):127-32.

Yoshida, T., K. Hashimoto, et al. (2002). "The cannabinoid CB1 receptoategdetrograde
signals for depolarization-induced suppression of inhibition in ceredallikinje cells."

J NeuroscP2(5): 1690-1697.

Zamora, E.M.U., Liu, J. et al. (2008). “Effects of chlorpyrifos oxon arsearinic M2 receptor

internalization in different cell types.” J. Toxicol. Environ. Hea\ti71: 1440-1447.

Zdarova Karasova, J., J. Bajgar, et al. (2009). "Time-Course Chahdestylcholinesterase
Activity in Blood and Some Tissues in Rats After Intoxication Ryssian VX."

Neurotox Regin press)

194



Zhang, W., A. S. Basile, et al. (2002). "Characterization of cemtabitory muscarinic
autoreceptors by the use of muscarinic acetylcholine receptork-kbcmice." _J

Neurosci22(5): 1709-1717.

Zhuang, S. Y., D. Bridges, et al. (2005). "Cannabinoids produce neuroprotegtieauring

intracellular calcium release from ryanodine-sensitive stoMeLtopharmacolog¥8(8):

1086-1096.

Zimmer, A., A. M. Zimmer, et al. (1999). "Increased mortality, hypieéy, and hypoalgesia in

cannabinoid CB1 receptor knockout mice." Proc Natl Acad Sci U $(A0): 5780-

5785.

Zimmerman, G. and H. Soreq (2006). "Termination and beyond: acetylchetass as a

modulator of synaptic transmission.” Cell Tissue B26&{2): 655-669.

Zimmermann, H. (1987). "[Cholinergic nerve endings: cellular functeord molecular

structure]." Naturwissenschaft@d(7): 326-335.

Zimmermann, H. (2008). "ATP and acetylcholine, equal brethren." Neemodnt52(4-5): 634-

648.

195



VITA
Praveena Reddy Baireddy
Candidate for the Degree of
Doctor of philosophy
Thesis: PRE-SYNAPTIC CHOLINERGIC AND CANNABINERGIC SIGNANG IN
THE EXPRESSION OF ORGANOPHOSPHATE TOXICITY
Major Field: Veterinary Biomedical Sciences (Neurotoxicology)
Biographical:
EDUCATION:
Bachelor of Veterinary Science & Animal Husbandry, India, Feb. -F¥9

2004

Ph.D: Completed the requirement for Doctor of Philosophy degreenajbr
in Veterinary Biomedical Sciences (Neurotoxicology) at Oklahoma State
University, December, 20009.

EXPERIENCE:

Graduate Teaching Associate [Veterinary Microbiology]-Aug, 2004-
Dec, 2009)

PROFESSIONAL MEMBERSHIPS:

Society of Toxicology
American Association for Advancement of Science



Name: Praveena Reddy Baireddy Date of Degree: December, 2009
Institution: Oklahoma State University Location: Stillwater, Oklahoma

Title of Study: PRE-SYNAPTIC CHOLINERGIC AND CANNABINERGIC
SIGNALING IN THE EXPRESSION OF ORGANOPHOSPHATE TOXICITY

Pages in Study: 195 Candidate for the Degree of Doctor of Philosophy
Major Field: Veterinary Biomedical Sciences (Neurotoxicology)

Scope and Method of Study: Organophosphorus toxicants (OPs) inhibit
acetylcholinesterase (AChE) leading to acetylcholine (ACh)uractation and
cholinergic toxicity. The current approach for treating OFRbxitation has several
shortcomings, thus there continues to be a need for alternativedrgattrategies. One
approach could be to decrease ACh release from the pre-synagtieeryic terminal,
potentially leading to less ACh accumulation and decreased sigh®laiergic toxicity.
Activation of pre-synaptic muscarinic M2 and cannabinergic Gi8gptors can decrease
ACh release. Pharmacological activation of these receptors cayd peneficial in OP
poisoning. We hypothesized that genetic deletion of M2 and CB1 resemaid lead to
loss of inhibitory control over ACh release and in turn increase chgimnxicity. We
therefore systematically evaluated the sensitivity of M2 antl @Beptor knockout mice
to selected OP compounds vivo. We also studied the effects of different OP
compounds orx vivo andin vitro ACh release in tissues from wildtype (WT), M2 and
CB1 knockout (KO) mice.

Findings and Conclusions: Initial studies suggested that loss of kither CB1 could
affect sensitivity to OP toxicity. Surprisingly, both knockouts exbibdifferent degrees
of AChE inhibition compared to the wildtypes, confounding interpretations.e§ubst
studies using MZ"* and " littermates provided little evidence of altered sensitivity,
however. Both WT and M2 KO showed tremors, a functional response codsiddre
mediated by M2 receptors, following exposure to parathion, suggesting usmainmic
signaling in the expression of this sign of toxicity. ACh rete&sllowing parathion
exposure was not significantly different while paraoxon and chldgsyroxon had
differential effects on ACh release vitro in tissues from WT and M2 KO mice. Similar
to findings with M2 deletion, CBI* and” mice showed little difference in sensitivity to
cholinergic toxicity following OP exposure. ACh release vivo was differentially
affected following PS and CPF exposure in WT and CB1 KO mice, leawBaraoxon
and chlorpyrifos oxon had differential effects on ACh releaseippocampal slices of
WT and KO mice. Together, these findings suggest that presymapsicarinic M2 and
cannabinergic CB1-mediated signaling pathways have relativitly influence on
expression of cholinergic toxicity, but may influence neurochdmesponses elicited by
OPs that affect other neurobehavioral/neuropsychological consequences oatitnxic

ADVISER’'S APPROVAL.: Dr. Carey N. Pope




