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Abstract

The cannabis plant and products produced from it, such as marijuana and hashish, have been used
for centuries for their psychoactive properties. The mechanism for how A -tetrahydrocannabinol
(THC), the active constituent of cannabis, elicits these neurological effects remained elusive until
relatively recently, when specific G-protein coupled receptors were discovered that appeared to
mediate cellular actions of THC. Shortly after discovery of these specific receptors, endogenous
ligands (endocannabinoids) were identified. Since that time, an extensive number of papers have
been published on the endocannabinoid signaling system, a widespread neuromodulatory mechanism
that influences neurotransmission throughout the nervous system. This paper summarizes
presentations given at the 12t International Neurotoxicology Association meeting that described the
potential role of endocannabinoids in the expression of neurotoxicity. Dr. Raphael Mechoulam first
gave an overview of the discovery of exogenous and endogenous cannabinoids and their potential
for neuroprotection in a variety of conditions. Dr. Larry Parsons then described studies suggesting
that endocannabinoid signaling may play a selective role in drug reinforcement. Dr. Carey Pope
presented information on the role that endocannabinoid signaling may have in the expression of
cholinergic toxicity following anticholinesterase exposures. Together, these presentations
highlighted the diverse types of neurological insults that may be modulated by endocannabinoids
and drugs/toxicants which might influence endocannabinoid signaling pathways.
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1. The “Latecomers”. (R.M.)

The plant cannabinoids and the biochemical endogenous cannabinoid system are relative
latecomers to chemistry and biology. While cannabis preparations were for centuries — and
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still are - the most widely used illicit drugs in many parts of the world, their chemistry and
biological actions were not well known until the 1960’s. This is in sharp contrast with our
knowledge on morphine and cocaine, the two other major illicit drugs, which were already
isolated during the 19t century. Again, while the major neurotransmitter systems, the
cholinergic, adrenergic, dopaminergic systems, were discovered in the 1930’s, the
endocannabinoid system was uncovered only in the late 1980°s and early 1990’s. The reasons
were both technical and conceptual. While morphine and cocaine are alkaloids, which can be
easily crystallized as salts, the active cannabis principle, A? -tetrahydrocannabinol (THC,
Figure 1), is an oily substance in a mixture of many dozens of chemically related compounds.

Its isolation as a pure substance in 1964 became possible only when good chromatographic
methods became available [1]. Over the next 20 years hundreds of publications on its chemistry,
biochemistry, pharmacology and clinical effects appeared, but its mechanism of action
remained unknown. It was generally believed (but never substantiated), that THC, being highly
liposoluble, somehow acts on membranes. With the discovery that the actions of THC are
stereospecific [2], it became reasonable to expect that its action is also specific. Indeed, in the
late 1980’s and early 1990’s two cannabinoid receptors (known today as CB1 and CB2) were
discovered [3,4] and shortly thereafter the two major endogenous agonists, anandamide (AEA)
[5] and 2-arachidonoyl glycerol (2-AG) [6] were isolated (Figure 1). Thousands of publications
have described their formation, metabolism and actions. The endocannabinoid system has been
found to be involved in almost all physiological systems that have been looked into [7].

The basic function of the endocannabinoid system may be protective in nature.
Endocannabinoids participate in a variety of processes including thermoregulation, food
intake, immune function, perception (hearing, color, vision, taste), cognition (long-term
potentiation, short-term memory) and motor function (locomotor activity, proprioception,
muscle tone). The endocannabinoids have also been reported to affect a large number of
pathological conditions and can be viewed as part of a general protective network, working in
conjunction with the immune system and with various other physiological systems.

In the CNS, eCB signaling is mediated mostly by the CB1 receptor, a putative membrane eCB
transporter, and hydrolytic enzymes involved in both synthesis (diacylglycerol lipase, DAGL,
and N-acylphosphatidyl-ethanolamine-specific phospholipase D, NAPE-PLD) and
inactivation (fatty acid amide hydrolase, FAAH and monoacylglycerol lipase, MAGL) of
eCBs. The eCBs are synthesized “on demand” from arachidonic acid of membrane
phospholipids [8]. Postsynaptic neuron depolarization leads to eCB release, after which the
endocannabinoids diffuse across the synapse and activate CB1 receptors on the pre-synaptic
terminal [9-13]. Endocannabinoid synthesis can also be stimulated in a receptor-mediated
fashion by activation of the G protein-coupled metabotropic glutamate (MGlu) receptors and
the muscarinic M1 and M3 receptors [14-16].

Although a specific transporter protein has not yet been isolated or cloned, termination of eCB
signaling appears to require cellular reuptake via a carrier-mediated transport process [17-
21]. [3H]Anandamide uptake is temperature-dependent and saturable, and the AEA analog
(N- 4-hydroxy-phenyl arachidonylamide, AM 404) inhibits its reuptake [18]. AM 404 and other
inhibitors of eCB transport increase brain levels of AEA and 2-AG [22] and enhance the
electrophysiological effects of both endogenous and exogenous cannabinoids [21,23,24].

Following cellular reuptake, eCBs are enzymatically degraded. FAAH is distributed
throughout the brain and appears to be primarily responsible for AEA hydrolysis [25-29].
While 2-AG can also be hydrolyzed by FAAH [30,31], MAGL appears to be the primary
enzyme involved in its degradation [32]. Both FAAH and MAGL are intracellular enzymes
and inhibition of both has been shown to increase intracellular eCB levels [27,33,34].
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Endocannabinoid signaling is neuromodulatory through inhibiting the release of a number of
neurotransmitters [35-41]. The calcium-dependent synthesis and release of endocannabinoids
to activate presynaptic receptors take place throughout the nervous system to modulate
neurotransmitter release and hence could have an important role in protecting various systems
from excessive stimulation. From our own work (in collaboration with many colleagues as
indicated in the references cited), examples of the protective action of endocannabinoids in the
nervous system will be presented. Many others have been reported.

Neuroprotection

Traumatic brain injury (TBI) in mice led to an increase in blood brain barrier permeability,
brain water content, lesion volume and hippocampal cell death. 2-AG levels in the brain were
also enhanced, which we assumed to be a protective reaction. Indeed, treatment with 2-AG
following TBI reduced the brain trauma effects and improved behavioral function. 2-AG
inhibits MRNA expression of proinflammatory cytokines and NF-«kB inhibition is observed.
2-AG also possesses antioxidant properties. The beneficial effects were abolished when 2-AG
was co-administrated with the CB1 antagonist SR141716A (Rimonabant) as well as in
CB1~/~ knockout mice, suggesting that, at least in part, the beneficial effects of AEA are
produced via activation of the CB1 receptor [42,43]. In contrast, during cerebral ischemia/
reperfusion injury, while activation of the CB2 receptor was found to be protective, the greatest
degree of neuroprotection was obtained by combining a CB1 inhibitor with a CB2 agonist
[44].

Hepatic encephalopathy

Experimental encephalopathy in mice, which is caused by thioacetamide-induced acute liver
failure, is an animal model for hepatic encephalopathy, a neuropsychiatric syndrome. The CB2
receptor is involved in the pathogenesis of this syndrome. This contention was supported by
the observations that (as in brain trauma) in encephalopathic mice there was a significant
increase in brain levels of 2-AG and that systemic administration of 2-AG led to improvement
of the neurological score, cognitive function, and activity. These actions are mediated in part
by AMP-activated protein kinase. The effect of 2-AG on the neurological score could be fully
eliminated by a CB2 antagonist. Again, as in cerebral ischemia/reperfusion injury, the best
results were obtained by combining an inhibitor of CB1 activation with an exogenous CB2
agonist [45-47]. Surprisingly, cannabidiol which does not bind to the endocannabinoid
receptors also ameliorates cognitive and motor impairment in mice with bile duct ligation,
another model of hepatic encephalopathy [48].

2. Endocannabinoid signaling and drugs of abuse. (L.H.P.)

Endocannabinoids such as AEA and 2-AG participate in long-term synaptic plasticity in several
neural circuits that mediate the motivational effects of abused drugs. Converging evidence
from human and animal studies points to an important modulatory influence of cannabinoid
CB1 receptors in the behavioral response to addictive drugs. For example, genetic deletion of
CB1 receptors attenuates the reinforcing effects of ethanol, opiates and nicotine as measured
by the conditioned place-preference paradigm [49-51]. CB1 receptor knockout mice also
display reduced ethanol and opiate self-administration [52-57]. Similarly the pharmacologic
blockade of CB1 receptors with SR141716A attenuates nicotine-induced conditioned place-
preference [58,59] and reduces the self-administration of ethanol [54,60-63], heroin [64—69]
and nicotine [70]. In contrast, administration of CB1 receptor agonists increases the self-
administration of ethanol [62,71] and heroin [68]. Collectively these findings indicate that CB1
receptors exert a facilitory influence on ethanol, opiate and nicotine conditioning and self-
administration.
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In contrast to ethanol, nicotine and opiates, the influence of central cannabinoid receptors in
the mediation or modulation of psychostimulant reinforcement is less clearly defined. CB1
receptors have been implicated in cocaine-induced motor sensitization [71] and several
physiologic effects produced by cocaine [73-75]. However, CB1 receptor knockout mice
appear to self-administer cocaine as avidly as wild type mice [49,52] and several reports
indicate that cocaine self-administration by rats is unaltered by treatments with the CB1
antagonist SR141716A [69,76-80] though a recent report demonstrates that the reinforcing
effects of cocaine self-administration are reduced by a structurally similar CB1 antagonist
AM251 [80]. Thus, the relative involvement of CB1 receptors in modulating the behavioral
effects of cocaine is somewhat less clear than the involvement of these receptors in the
behavioral effects of other abused substances such as ethanol, opiates and nicotine.

Although these findings implicate CB1-mediated mechanisms in the motivation for drug
consumption, there has been little evidence directly demonstrating that intake of abused drugs
alters eCB formation in the brain. To address this issue we have developed an in vivo
microdialysis method for monitoring eCB levels in awake freely-moving rodents [81,82] and
have used this approach to explore the effect of volitional drug self-administration on
extracellular eCB levels in the rodent brain. We have found that limited-access to ethanol,
heroin and cocaine self-administration results in dose-dependent and drug-specific alterations
in brain eCB levels [82]. For example, initial evaluations in the nucleus accumbens (a brain
region critically involved in mediating the rewarding properties of most abused substances)
revealed that ethanol increases 2-AG levels without altering AEA levels, heroin increases AEA
and decreases 2-AG, while cocaine does not alter either eCB (Figure 2). To test the functional
significance of these drug-related alterations in brain eCB levels we evaluated drug self-
administration behavior following either systemic or intra-accumbens CB1 antagonist
(SR141716A) administration (Figure 3). Consistent with the drug-specific alterations in eCB
levels we found that intraperitoneal SR141716A dose-dependently reduced ethanol, and heroin
self-administration but did not alter cocaine intake. Moreover, intra-accumbens SR141716A
significantly reduced ethanol and heroin self-administration, whereas cocaine self-
administration was unaltered by these same antagonist doses [64,82]. Additional studies have
revealed that drug intake produces distinct effects on interstitial eCB levels in other brain
regions involved in mediating drug reward. For example, ethanol self-administration increases
both 2-AG and AEA levels in the ventral tegmental area but does not alter levels of either eCB
in the prefrontal cortex. Consistent with this profile we find that ethanol intake is reduced by
SR141716A administration into the ventral tegmental area but not prefrontal cortex [83].

We have conducted several experiments to characterize the neurochemical mechanisms
underlying the eCB modulation of drug reward. Substantial evidence indicates that the
rewarding effects of most abused drugs are mediated in part by increased dopamine levels in
the nucleus accumbens, and we have found that CB1 receptor antagonism attenuates both
ethanol- and nicotine-induced increases in nucleus accumbens dopamine levels. However,
heroin-induced increases in accumbens dopamine are not altered by CB1 receptor blockade
and these receptors appear to influence opiate reward by modulating drug-induced reductions
in ventral pallidal GABA release [71,84].

Collectively our data indicate that the intake of various abused substances leads to increases
in brain eCB levels, an effect that may serve to modulate the motivation for continued drug
intake. However, the specific mechanisms through which this occurs likely vary among
different classes of abused substances. Ongoing experiments are characterizing the effects of
long-term drug exposure on brain eCB signaling, and data gathered so far indicate that chronic
ethanol exposure results in a potentiation of ethanol-induced increases in nucleus accumbens
2-AG [85]. As described below, we have also gathered evidence that long-term alcohol
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exposure leads to disrupted eCB signaling in the amygdala and our data indicate that this
contributes to the etiology of excessive alcohol intake associated with alcohol dependence.

eCB Function and Alcohol Dependence

The development of alcohol use disorders [86] is thought to follow a transition from social use
motivated by the hedonic and anxiolytic aspects of alcohol intoxication to dependence on
alcohol motivated by increasing withdrawal symptoms and an evolving desire to drink during
abstinence [87,88]. In this latter stage of alcohol dependence, abstinence from drinking is often
accompanied by negative emotional symptoms, such as increased anxiety and depression, and
the alleviation of these negative emotional states is hypothesized to be a major driving force
for continued alcohol consumption [86,87]. Thus there is believed to be a shift in the
motivational mechanisms for alcohol use from positive to negative reinforcement in course of
dependence induction, and it is likely this shift results from enduring adaptive changes in CNS
function induced by excessive alcohol consumption [88,90-93].

Endocannabinoids are present in stress-responsive neural circuits and a growing body of
evidence indicates that eCB tone provides negative feedback to attenuate stress responses and
re-establish homeostasis [94,95]. Disrupted eCB signaling is associated with an inability to
adapt to stress and has been implicated in affective disorders such as anxiety and depression.
In light of evidence that brain eCB signaling is altered by acute alcohol consumption, we
theorized that long-term, high dose alcohol exposure may induce adaptations in eCB signaling
that contribute to the maladaptive stress responses, anxiety and depression associated with
acute and prolonged withdrawal in human alcoholics and alcohol-dependent rodents.

We have found that alcohol dependence in rats is associated with dysregulated eCB function
in the central nucleus of the amygdala (CeA), a brain region critically involved in mediating
stress responses and anxiety-like behavior. Long-term alcohol consumption results in
diminished cannabinoid-1 (CB1) receptor mRNA expression, less efficient CB1 receptor G-
protein coupling and reduced baseline extracellular 2-AG levels in the CeA even during
ongoing alcohol consumption. These deficits in extracellular eCB levels are exacerbated during
alcohol withdrawal and renewed alcohol consumption after a period of abstinence restores
extracellular eCBs to pre-withdrawal levels. Thus, eCB signaling is compromised in the CeA
of alcohol-dependent rats, and withdrawal-associated deficits in amygdalar eCB levels are
ameliorated by resumption of alcohol intake.

Because alcohol-dependent rats display exaggerated emotional behavior in response to mild
stress [96,97] we hypothesized that deficits in amygdalar eCB signaling contribute to
dependence-associated increases in anxiety-like behavior. In support of this hypothesis we
found that increased anxiety-like behavior in alcohol-dependent rats observed after 7 days of
alcohol abstinence is reversed by systemic doses of the eCB clearance inhibitor AM404 that
are behaviorally inactive in non-dependent rats. Similarly we found that AM404 reverses
dependence-related deficits in social interaction behavior observed after 2 days of alcohol
abstinence. Together these findings suggest that bolstering eCB tone through inhibition of eCB
clearance reduces the anxiety-like behavior associated with alcohol dependence and protracted
withdrawal.

As previously mentioned, a growing body of both clinical and preclinical literature correlates
dependence-related increases in anxiety with excessive alcohol consumption, and
pharmacological manipulations known to attenuate dependence-associated anxiety have been
shown to also selectively reduce alcohol consumption in dependent subjects [98,99]. Based on
these observations we hypothesized that deficient eCB signaling contributes to excessive
alcohol intake by dependent rats. Consistent with findings by others, we have found that alcohol
experienced but non-dependent rats display an initial burst of alcohol consumption in the first
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10 minutes of a 30 minute drinking session, with minimal consumption during the final 20
minutes of the session. In contrast, alcohol-dependent rats continue to drink steadily during
the entire 30 minute session and typically consume 2 — 3 times more alcohol than non-
dependent rats. We have found that systemic pretreatment with the eCB clearance inhibitor
AM404 dose-dependently attenuates alcohol consumption by dependent rats at doses that do
not alter alcohol self-administration by non-dependent controls. Interestingly, AM404
pretreatment did not induce a general suppression of alcohol consumption in dependent rats,
but rather produced a pattern of intake that resembled intake by non-dependent rats (e.g.
reduced consumption following an initial “loading up” period of intake). Similar alterations in
alcohol consumption by alcohol-dependent rats were observed following intra-CeA infusions
of the CB1 receptor agonists WIN 55,212-2 or 2-AG. There were no significant alterations in
alcohol consumption by non-dependent rats following intra-CeA CB1 agonist administration,
and infusions of these drugs into the closely related basolateral nucleus of the amygdala did
not alter alcohol consumption in either dependent or non-dependent rats.

Collectively these findings suggest that chronic alcohol exposure induces deficits in amygdalar
eCB signaling that contribute to dependence-related anxiety and withdrawal-induced excessive
alcohol consumption. Accordingly, treatments that enhance eCB tone may be a viable approach
for the alleviation of affective dysregulation and excessive alcohol consumption associated
with alcoholism.

3. Endocannabinoid signaling and anticholinesterase toxicity. (C.P.)

As noted above, the primary psychotropic compound in cannabis (i.e., A2 -
tetrahydrocannabinol, THC) alters neurological functions primarily through interaction with a
specific G protein—coupled receptor, the cannabinoid 1 (CB1) receptor. The density of the CB1
receptor is generally high with respect to other neurotransmitter receptors, with regions such
as the caudate nucleus, globus pallidus, CA3 and dentate formation in the hippocampus,
olfactory bulb, and piriform cortex expressing abundant levels [100-102]. Based on the dense
and widespread distribution of eCB signaling, we hypothesized that eCB signaling plays a role
in the ultimate expression of various types of neurotoxicity. Neurotoxicants that primarily act
by altering synaptic neurotransmitter levels, e.g., organophosphorus insecticides (OPs), may
be particularly sensitive to the neuromodulatory actions of eCBs.

The mechanism of toxicity of OPs is initiated by inhibition of acetylcholinesterase [103].
Cholinergic neurons in the peripheral and central nervous systems release acetylcholine (ACh)
upon depolarization, which in turn activates muscarinic or nicotinic receptors on postsynaptic
neurons, muscle cells or autonomic end-organs. Acetylcholinesterase, the enzyme which
degrades ACh, is an extremely efficient enzyme (turnover rate of 4 x 10° molecules of
acetylcholine/min, [104]. Thus, ACh is normally degraded rapidly and has only a transient
opportunity to activate cholinergic receptors. Extensive acetylcholinesterase inhibition
following exposure to an OP prevents this efficient breakdown of acetylcholine, leading to
ACh accumulation and persistent/prolonged stimulation of cholinergic receptors throughout
the nervous system.

Many of the classical signs of cholinergic toxicity associated with OP poisoning are related to
changes in cholinergic transmission in the peripheral nervous system. The most debilitating
responses to severe anticholinesterase exposure involve the CNS, however [105]. Lethality
from OP intoxication is typically due to depression of brainstem respiratory control centers,
compounded by peripheral effects, e.g., excessive airway secretions and diaphragm/intercostal
muscle dysfunction. Whole body tremors can result from extensive acetylcholinsterase
inhibition in the CNS, with activation of muscarinic receptors in the basal ganglia being of
prominent importance [105-107]. With severe intoxications, CNS stimulation can lead to
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seizures that can in turn lead to irreversible neuropathology [109-114]. A number of
epidemiological studies have reported subtle, long-term neuropsychological sequelae
associated with past anticholinesterase intoxication [115-119]. Extrapyramidal motor effects
(e.g., mask face, cogwheel rigidity, choreoathetosis, rigid posture with resting tremor)
persisting for months following severe anticholinesterase intoxication have been reported
[120-123]. Thus, central actions of organophosphorus anticholinesterases can be critical in
both acute toxic responses and long-term neurologic sequelae following acute intoxication.

While disruption of cholinergic neurotransmission is a hallmark of OP poisoning, substantial
evidence indicates non-cholinergic signaling can contribute to the ultimate expression of
toxicity. Shih and coworkers [109] reported that seizures elicited by the nerve agent soman
were initially sensitive, but later resistant, to the prototype anticholinergic antidote, atropine.
Activation of glutamatergic signaling in limbic regions appeared particularly important in OP-
induced seizures [124,125]. NMDA receptor antagonists blocked the seizures elicited by a
number of OP insecticides [113,114]. In contrast, Cassel and Fosbraey [126] reported that
higher GABA levels in striatum were correlated with the severity of toxicity. Seizure intensity
and epileptiform bursting were also correlated with higher striatal GABA levels following
soman exposure [127]. Furthermore, Jacobsson et al., [127] reported that striatal release of
dopamine was also highly correlated with the severity of seizures elicited by soman. Bourne
and coworkers [128] reported that the dopamine D1-like receptor antagonist SCH23390
completely blocked soman-induced seizures. The activation of non-cholinergic signaling
pathways therefore appears to contribute to some CNS-mediated signs of OP toxicity.

As eCBs can modulate the release of various neurotransmitters in selected pathways throughout
the nervous system, eCB signaling may play a role in the expression of anticholinesterase
toxicity elicited through changes in cholinergic and/or non-cholinergic systems. We have
conducted a series of studies to evaluate the possible role of eCB signaling in OP toxicity. We
first evaluated the effects of the direct cannabinoid receptor agonist WIN 55212-2 (WIN) on
the acute toxicity of paraoxon [129]. Adult Sprague Dawley rats were treated with either vehicle
or paraoxon (0.4 mg/kg, sc) and then immediately given either vehicle or WIN (1.5 mg/kg, ip).
WIN decreased the severity of cholinergic signs elicited by paraoxon, Figure 4A). We also
studied the effects of repeated WIN exposures on acute paraoxon toxicity. Rats were given
WIN daily (1.5 mg/kg/day) for seven days and then challenged with paraoxon two hours after
the final WIN treatment. Interestingly, repeated WIN dosing increased the severity of
cholinergic signs elicited by paraoxon (0.4 mg/kg, sc; Figure 4B). Hippocampal CB1 ([®H]CP
55940) binding was significantly reduced in rats treated repeatedly with WIN. Together, these
data suggested that acute and repeated exposures to a cannabinoid receptor agonist could have
significant but potentially opposing effects on acute OP toxicity. We next compared the effects
of WIN with other cannabinomimetics (URB597, an inhibitor of FAAH; URB602, an inhibitor
of MAGL,; AM404, an eCB clearance inhibitor) on the acute toxicity of DFP (1.5 mg/kg, sc)
[130]. All four cannabinomimetics decreased involuntary movements elicited by DFP.
Together, these data suggested that direct or indirect cannabinoid receptor activation can
modulate cholinergic toxicity following OP exposure.

Our laboratory has been interested in the differential expression of acute toxicity elicited by
the insecticides parathion (O,0’-diethyl-p-nitrophenyl-phosphorothioate) and chlorpyrifos
(0,0'-diethyl-3,5,6-trichloropyridinyl-phosphorothioate) for a number of years. We have
repeatedly noted that rats treated with high dosages of parathion exhibit moderate to severe
cholinergic signs of toxicity, while rats treated with dosages of chlorpyrifos that elicit similar
degrees of cholinesterase inhibition show markedly less signs of toxicity [131-133].
Chlorpyrifos and parathion have markedly different in vivo potencies, with parathion being
much more potent based on both biochemical and functional toxicity endpoints [131,134,
135]. A primary basis for this difference in in vivo potency is the more effective detoxification
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of chlorpyrifos oxon [136,137]. As noted above, however, equi-inhibitory dosages of
chlorpyrifos and parathion (i.e., dosages that elicited similar degrees of acetylcholinesterase
inhibition) lead to very different toxic responses, with parathion treated rats showing much
more extensive cholinergic signs. Thus, the differential expression of toxicity noted following
parathion and chlorpyrifos exposure is not due to OP-differences in in vivo anticholinesterase
potency.

AChE is the macromolecular target for OPs in eliciting acute toxicity, but interaction with other
macromolecules may have toxicological relevance [138,139]. A number of eCB signaling-
related proteins are directly targeted by some OPs [129,130,140-142). Indeed, direct
comparisons in a number of studies suggest that chlorpyrifos oxon is markedly more potent
than paraoxon at interacting with eCB-related macromolecules [141,142]. Figure 5 shows the
comparative in vitro effects of chlorpyrifos oxon and paraoxon on rat hippocampal MAGL
activity. As noted in this figure, MAGL was >50-fold more sensitive to inhibition by
chlorpyrifos oxon than paraoxon (ICsg = 0.15 and 8.1 uM, respectively). We thus proposed
that following in vivo exposures, chlorpyrifos more effectively activates eCB signaling to
decrease cholinergic and/or non-cholinergic neurotransmitter release and block the expression
of cholinergic toxicity.

As both FAAH and MAGL (i.e., enzymes that degrade eCBs) appear more sensitive to
inhibition by chlorpyrifos oxon than paraoxon, we hypothesized that chlorpyrifos exposure
would lead to a greater elevation in eCB levels. We therefore evaluated the comparative effects
of chlorpyrifos and parathion on extracellular eCB levels in rat hippocampus using the method
developed by Parsons’ group (see above). Figure 6 shows that four days after exposure,
hippocampal extracellular AEA levels were not significantly affected by either chlorpyrifos or
parathion, while 2-AG levels were significantly elevated in the chlorpyrifos-treated rats only.
The selective modulation of 2-AG and AEA levels by chlorpyrifos could have a number of
implications. First, 2-AG may be the most relevant eCB in modulating presynaptic
neurotransmitter release [143,144]. While AEA is a partial agonist at CB1 receptors, 2-AG is
a full agonist [145,146]. Anandamide (but not 2-AG) can also activate the TRPV1 receptor, a
nonselective cation channel that modulates intracellular calcium levels [147,148]. Moreover,
TRPV1is coupled to the regulation of 2-AG synthesis in some pathways [149]. More extensive
in vivo MAGL inhibition following chlorpyrifos exposure could thus lead to relatively higher
extracellular 2-AG levels, and in turn more effective activation of eCB signaling.

Figure 7 shows how OPs and eCBs may interact in the expression of OP toxicity. Cholinergic
transmission can activate eCB signaling and eCB signaling can in turn modulate cholinergic
activity and downstream signaling following acetylcholinesterase inhibition. Moreover, some
OPs may directly modulate discreet components of the eCB pathway. These sites of
coordinated regulation of cholinergic and eCB signaling pathways, and their selective
modulation by some OPs, could be important in the expression of both acute and prolonged
neurological consequences following anticholinesterase intoxication.

Overall Summary

The eCB system has neuroprotective properties. Here we briefly summarize data showing that
2-AG, a major eCB, ameliorates the effects of brain trauma, presumably via the CB1 receptor.
However, work by another group shows that in cerebral ischemia/reperfusion injury the
protective effect is due mainly to activation of the CB2 receptor. The protective eCB effect in
a model of hepatic encephalopathy is also associated with activation of the CB2 receptor.
Surprisingly, cannabidiol (which does not bind to eCB receptors) also ameliorates cognitive
and motor impairment in another model of hepatic encephalopathy. Neuroprotection through
activation of the eCB system is obviously a complicated phenomenon.
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Endocannabinoids appear to facilitate self-administration of a number of drugs of abuse. The
blockade of CB1 receptors decreases self-administration of heroin and other drugs. In some
cases, self-administration of these same drugs alters brain regional eCB levels. Drug-induced
increases in brain eCBs appear to selectively modulate the motivation for continued drug intake
and thus the long-term neurotoxic consequences of these chemicals.

Endocannabinoid signaling may play a role in the expression of neurotoxicity elicited by a
number of xenobiotics. As eCB signaling decreases neurotransmitter secretion at a variety of
synapses, neurotoxicity elicted by xenobiotics that act primarily through altering
neurotransmitter levels may be particularly sensitive to modulation by eCBs. Indeed,
neurotoxicity following exposure to organophosphorus insecticides (which act by inhibiting
acetylcholinesterase and elevating synaptic acetylcholine levels) can be modulated by drugs
that affect eCB signaling. Moreover, eCB signaling may be directly affected by some OPs.

Together, these findings illustrate the widespread potential for eCB signaling to contribute to
a number of neurological conditions. Understanding the interactions between neurological
insults and eCB signaling may ultimately lead to therapeutic advances in a number of settings.
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Figure 1.
Chemical structures of 9-tetrahydrocannabinol, anandamide and 2-arachidonoyl glycerol.
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Figure 2.

Selective effects of ethanol, heroin, and cocaine self-administration on microdialysate AEA
and 2-AG levels collected from the NAc. In each panel the shaded bar reflects the period of
drug self-administration. Panel A: Dialysate 2-AG levels were significantly increased by
voluntary oral EtOH self-administration (10% w/v; 0.39 + 0.03 g/kg total EtOH intake during
30 min. self-administration session; n = 9). There was no significant effect of EtOH intake on
AEA levels measured from these same dialysate samples. Panel B: Dialysate AEA levels were
significantly increased by voluntary heroin self-administration (20 pg/infusion; 443 + 62 g/
kg total intake during 120 min self-administration session; n = 7). In contrast, dialysate 2-AG
levels were subtly, but significantly decreased during the latter portions of the self-
administration session. Panel C: Dialysate AEA and 2-AG levels were not altered by cocaine
self-administration (0.25 mg/infusion; 18 + 0.9 mg/kg total intake during 120 min self-
administration; n = 8). Data are modified from [82].
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Figure 3.

Localized infusion of the CB1 receptor antagonist SR141716A (1 and 3 pg/0.5 pl/side) into
the rat nucleus accumbens significantly reduces the operant self-administration of EtOH (Panel
A: 10% w/v; n = 11) and heroin (Panel B: 20 pg/infusion; n = 10), but not cocaine (Panel C:
0.25 mg/infusion; n = 7). Thus, intra-NAc CB1 antagonist administration reduced the self-
administration of the two drugs whose intake significantly increases interstitial NAc EC levels
(e.g. EtOH and heroin, see Fig. 2) but did not alter the self-administration of the drug that did
not significantly alter interstitial NAc EC levels (e.g. cocaine). Data are modified from [69,
82].
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Hours after Treatment

Effects of A) acute WIN 55212-2 and B) repeated WIN 55212-2 exposures on acute paraoxon
toxicity. Rats were treated with paraoxon (0.4 mg/kg, sc) either just before a single dose of
WIN (1.5 mg/Kkg, ip) or 2 hours after the seventh daily dose of WIN. Functional signs of toxicity
(involuntary movements, tremors) were scored (1 = normal; 2 = slight tremors in neck and
head; 3 = moderate tremors involving more caudal aspects of body; 4 = severe whole body
tremors) by a blinded observer from 0.5-4 hours after paraoxon challenge. Data represent
median * interquartile range. No signs of toxicity were noted in rats receiving vehicles or WIN
only (data not shown). An asterisk indicates a significant difference between groups. Data are

modified from [129].
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Figure 5.

Comparative in vitro inhibition of rat hippocampal monoacylglycerol lipase activity by
chlorpyrifos oxon and paraoxon. Rat hippocampus was homogenized on ice in 0.32 M sucrose,
pH 8.0 with a Polytron at 27,000 rpm. Tissues were centrifuged at 100,000 x g for 60 minutes
to obtain a soluble fraction. Aliquots of the soluble fraction were preincubated for 30 minutes
with vehicle or one of a range of concentrations of either paraoxon (PO) or chlorpyrifos oxon
(CPO) prior to evaluating residual monoacylglycerol lipase (MAGL) activity with 2-oleoyl
[3H]glycerol as the substrate (10 uM final concentration).
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Figure 6.

Effects of chlorpyrifos and parathion on extracellular hippocampal endocannabinoid levels.
Cannula were placed in dorsal hippocampus three days prior to treatment. Rats (n=4/treatment
group) were given either vehicle (peanut oil), chlorpyrifos (280 mg/kg, sc) or parathion (27
mg/Kkg, sc). Dialysis probes were inserted four days later and were perfused with buffer
containing 30% hydroxypropy! B-cyclodextrin to increase eCB recovery [82]. After pre-
perfusion, five 10-min samples were collected, each separated by 50 min. Dialysate levels of
AEA and 2-AG were determined by HPLC-MS, average values from replicates over time
calculated, and mean + SE values by treatment reported [82].
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Figure 7.

Possible interactions between cholinergic and eCB signaling in the toxicity of
organophosphorus anticholinesterases. OPs may enhance eCB signaling either indirectly
through acetylcholinesterase inhibition or directly by binding to components of the eCB
pathway. Extensive acetylcholinesterase inhibition will increase synaptic acetylcholine levels
and prolong cholinergic receptor activation to elicit cholinergic signs of toxicity.
Depolarization of postsynaptic neurons can lead to release of eCBs and modulation of
neurotransmitter release. Prolonged cholinergic receptor activation can stimulate downstream
non-cholinergic neurons. Glutamatergic neuron activation through NMDA receptors can
increase intracellular Ca** levels and cellular toxicity, or through metabotropic MGIuR
receptors can lead to eCB release that may attenuate further recruitment of downstream
signaling and toxicity. Postsynaptic muscarinic M1/M3 receptor activation leads to receptor-
mediated eCB release to activate CB1 receptors and inhibit ACh release at the presynaptic
cholinergic terminal. Upon release, AEA can activate CB1 receptors (extracellularly) to inhibit
neurotransmitter release and TRPV1 receptors (intracellularly) to increase Ca*™ influx, while
2-AG acts at the CB1 receptor but not at the TRPV1 site. In the direct pathway, some OPs may
bind to molecular components of eCB signaling to alter CB1 receptor activation, eCB synthesis,
eCB degradation or eCB uptake and modulate cholinergic and/or non-cholinergic
neurotransmitter release. Direct FAAH inhibition by some OPs can increase intracellular AEA,
and in some neurons, this may lead to increased TRPV1 activation, elevated intracellular
Ca** and decreased 2-AG signaling. Reduced 2-AG signaling could in turn reduce eCB
mediated inhibition of neurotransmitter release, enhancing cholinergic and non-cholinergic
signaling. Direct inhibition of MAGL by some OPs may in turn selectively increase 2-AG
signaling.
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