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Abstract
Endocannabinoids (eCBs) modulate neurotransmission by inhibiting the release of a variety of
neurotransmitters. The cannabinoid receptor agonist WIN 55,212-2 (WIN) can modulate
organophosphorus (OP) anticholinesterase toxicity in rats, presumably by inhibiting acetylcholine
(ACh) release. Some OP anticholinesterases also inhibit eCB-degrading enzymes. We studied the
effects of the OP insecticide chlorpyrifos (CPF) on cholinergic signs of toxicity, cholinesterase
activity and ACh release in tissues from wild type (+/+) and cannabinoid CB1 receptor knockout
(−/−) mice. Mice of both genotypes (n=5–6/treatment group) were challenged with CPF (300 mg/
kg, 2 ml/kg in peanut oil, sc) and evaluated for functional and neurochemical changes. Both
genotypes exhibited similar cholinergic signs and cholinesterase inhibition (82–95% at 48 h after
dosing) in cortex, cerebellum and heart. WIN reduced depolarization-induced ACh release in vitro
in hippocampal slices from wild type mice, but had no effect in hippocampal slices from
knockouts or in striatal slices from either genotype. Chlorpyrifos oxon (CPO, 100 μM) reduced
release in hippocampal slices from both genotypes in vitro, but with a greater reduction in tissues
from wild types (21% vs 12%). CPO had no significant in vitro effect on ACh release in striatum.
CPF reduced ACh release in hippocampus from both genotypes ex vivo, but reduction was again
significantly greater in tissues from wild types (52% vs 36%). In striatum, CPF led to a similar
reduction (20–23%) in tissues from both genotypes. Thus, while CB1 deletion in mice had little
influence on the expression of acute toxicity following CPF, CPF- or CPO-induced changes in
ACh release appeared sensitive to modulation by CB1-mediated eCB signaling in a brain-regional
manner.
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Introduction
Organophosphorus (OP) insecticides remain the most widely used insecticides in the United
States accounting for about 35% of all insecticides used in the latest year of analysis, 2007
(Kiely et al., 2004; Grube et al., 2011). While restrictions on household uses for CPF have
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been in place for a number of years, it remains the most the most commonly used OP
insecticide, with 8–11 million pounds (roughly 10% of total amount of insecticides) used in
the US in 2007 (Grube et al., 2011). OP insecticides elicit acute toxicity by complexing with
acetylcholinesterase (AChE) leading to the formation of a stable, phosphylated enzyme (Eto,
1974; Casida and Quistad, 2005). This covalent modification blocks binding of ACh and its
subsequent metabolic degradation, leading to ACh accumulation, persistent activation of
post-synaptic cholinergic receptors and resulting signs of cholinergic toxicity (Mileson et al.,
1998).

Endocannabinoids (eCBs, e.g., arachidonoylethanolamide [anandamide, AEA], and 2-
arachidonylglycerol [2-AG]) are neuromodulators that can influence a variety of
neurological processes throughout both the peripheral and central nervous systems
(Hashimotodani et al., 2007; Pope et al., 2010). The eCB signaling system consists of the
eCBs themselves, enzymes responsible for their synthesis and degradation, and specific
cannabinoid receptors (CB1 and CB2). Anandamide is synthesized from N-arachidonoyl
phosphatidyl ethanolamine by the enzyme, N-acyltransferase phosphatidyl ethanolamine-
phospholipase D (Freund et al, 2003; Di Marzo et al, 2004; Pertwee, 2005). 2-Arachidonoyl
glycerol is synthesized from membrane phospholipids by the action of diacylglycerol lipase.
Endocannabinoid action is thought to be terminated by first reuptake into either the pre-
synaptic terminal or the post-synaptic cell and then enzymatic degradation. Anandamide is
primarily degraded by the enzyme fatty acid amide hydrolase while 2-AG is primarily
inactivated by the enzyme monoacylglycerol lipase (Dinh et al, 2002; Hashimotodani et al,
2007; Chanda et al., 2010).

Neuron depolarization leads to the synthesis and release of eCBs, which diffuse across the
synapse to activate cannabinoid receptors on the presynaptic terminal, thereby modulating
neurotransmitter release. Endocannabinoids regulate the release of a variety of
neurotransmitters in a brain regional and pathway-dependent manner. A number of studies
reported inhibition of hippocampal ACh release by eCBs (Gessa et al, 1998; Gifford and
Ashby 1996; Gifford et al, 1997, 2000; Tzavara et al, 2003; Degroot et al, 2006). In contrast,
ACh release in striatum does not appear to be regulated by eCB signaling (Gifford et al.,
1997; Kathmann et al., 2001). Thus, activation of eCB signaling could modulate the degree
of ACh accumulation in a brain regional manner and potentially influence the expression of
cholinergic toxicity following anticholinesterase exposure. Indeed, we previously reported
that chemicals that can enhance eCB signaling (direct and indirect cannabinoid receptor
agonists) reduced functional and neurobehavioral signs of toxicity in rats following OP
anticholinesterase exposure (Nallapaneni et al., 2006, 2008; Wright et al., 2010). While
effects on ACh release could mediate the modulation of OP anticholinesterase toxicity by
eCBs, eCB-mediated changes in release of non-cholinergic transmitters, e.g., glutamate,
could also play a role.

We have repeatedly observed relatively minimal classical signs of cholinergic toxicity in
adult male Sprague Dawley rats following subcutaneous exposure to high dosages of CPF,
even in the presence of extensive cholinesterase inhibition (Pope et al., 1992; Pope et al,
1995; Liu and Pope 1996, 1998; Karanth and Pope, 2000; Karanth et al., 2006). The active
metabolite of CPF, i.e., chlorpyrifos oxon, is a potent inhibitor of eCB-degrading enzymes
(Quistad et al., 2002, 2006; Pope et al., 2010). Thus, indirect activation of eCB signaling
could play a role in the expression of relatively minimal cholinergic signs in adult rats
following high dose acute CPF exposure.

We hypothesized that mice lacking the CB1 receptor would exhibit greater toxicity
following exposure to CPF. Wild type (CB1+/+) and knockout (CB1−/−) littermates were
treated acutely with CPF and classical signs of cholinergic toxicity were subsequently
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evaluated. AChE inhibition as well as ACh release in hippocampal and striatal slices were
compared between wild type and knockout mice following CPF exposure.

Material and methods
Chemicals

Chlorpyrifos (CPF, O,O′-diethyl-O-(3,5,6-trichloro-2-pyridinyl-phosphorothioate, 99%
purity), chlorpyrifos oxon (CPO, O, O′-diethyl-O-(3, 5, 6-trichloro-2-pyridinyl-phosphate,
99.1% purity) were purchased from Chem Service (West Chester, PA) and stored in a
desiccator under nitrogen at 4°C. Acetylcholine iodide (acetyl-3H; specific activity = 76.0
mCi/mmol) and choline chloride (methyl- 3H; specific activity = 66.5 Ci/mmol) were
purchased from Perkin Elmer (Boston, MA) and stored at −70°C. All other reagents were
purchased from Sigma-Aldrich (St. Louis, MO).

Animals and treatments
Two breeding pairs of homozygous CB1 nullizygotes were kindly provided by Dr. James
Pickel at the National Institute of Neurological Disorders and Stroke (NINDS, Bethesda,
MD). The CB1 gene was originally mutated by gene-targeted deletion of the sequence that
encodes for amino acids 33 through 448 with PGK-neo cassette and effectively inactivates
the locus as demonstrated by loss of ligand binding in the brains of the mutant mice
(Zimmer et al., 1999). A homozygous CB1 receptor deficient male mouse in a harem mating
with two C57BL/6NCrl (Charles River Laboratories) females was used to generate
heterozygous receptor deficient mice that were subsequently intercrossed to generate CB1
receptor homozygous deficient mice and wild type littermate controls. Genotypes were
confirmed by PCR of tail DNA. Male wild types (+/+, eight weeks of age) were first used in
pilot studies to evaluate acute sensitivity to CPF. Male wild types (+/+) and male
knockouts (−/−) were used for all subsequent studies. All procedures involving animals were
in accordance with protocols of the NIH/NRC “Guide for the Care and Use of Laboratory
Animals” and were approved by the Institutional Laboratory Care and Use Committee
(IACUC) of Oklahoma State University prior to use.

In vivo Studies
Pilot studies (n=5–6/treatment group) evaluated the acute toxicity of CPF (75, 150, or 300
mg/kg, sc, in peanut oil, 2 ml/kg) in male, wild type mice (8 weeks of age). The highest
dosage of CPF (300 mg/kg) elicited marked, classical signs of cholinergic toxicity but no
incidence of lethality, and was therefore selected for further studies. Wild type and CB1
knockout mice (n = 5–6/treatment group) were treated with vehicle (peanut oil, 2 ml/kg
injection volume) or CPF (300 mg/kg) and functional signs of toxicity were evaluated for
the following 48 h. Involuntary movements were scored as 1=normal, 2=slight tremor in
head and neck region; 3=tremor extending into trunk, 4=whole body tremor. SLUD signs
were scored as 1=normal, 2= slight secretions, 3=moderate, multiple secretions, 4=severe,
multiple secretions. At the end of each study, body weights were recorded and mice were
sacrificed by decapitation. Tissues (frontal cortex, cerebellum, whole heart) were collected,
blotted to remove blood and frozen (−70° C) for later analysis of cholinesterase or were
used fresh (hippocampus and striatum) to prepare slices for study of ACh release.

Cholinesterase assay
Cholinesterase activity was measured using a radiometric method (Johnson and Russell,
1975) using [3H]acetylcholine iodide (1 mM final concentration) as the substrate. Incubation
times were selected to attain linear rates of substrate hydrolysis. Protein concentration was
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estimated using the Lowry method (Lowry et al., 1951) and data reported as nmol ACh
hydrolyzed/min/mg protein.

Acetylcholine release in hippocampal and striatal slices
Brain slices were prepared essentially as described before (Zhang et al, 2002) and ACh
release studied as described by Dolezal and Tucek (1983). In brief, mice were sacrificed by
decapitation and whole brain was immediately removed and dissected on ice to collect
hippocampus and striatum by the method of Glowinski and Iversen (1966). Hippocampal
and striatal slices (400 μm, unidirectional) were prepared using a McIlwain Tissue Slicer.
Slices were collected and dispersed in Krebs Ringer bicarbonate buffer (KRB: 118 mM
NaCl, 1.3 mM CaCl2, 1.2 mM KH2PO4, 4.7 mM KCl, , 1.2 mM MgSO4, 25 mM NaHCO3,
and 11 mM d-glucose) by gentle trituration (4–5 x) with a Pasteur pipette. The slices were
first pre-incubated for 20 min at 33°C under constant oxygenation in KRB. They were then
washed with fresh KRB and then further incubated with 2 ml of KRB containing 15 μl of
[3H]choline (113 nM final concentration, specific activity 66.5 Ci/mmol) for 30 min at
37°C. The slices were then transferred to a suprafusion apparatus (SF12/Brandel Inc.,
Gaithersburg, MD) and suprafused with KRB containing hemicholinium-3 (10 μM, 0.5 ml/
min for 60 min, 37°C). ACh release was stimulated either once or twice for five min each
(i.e., at 20 – 25 [S1] and at 60 – 65 [S2] min) with KRB containing hemicholinium-3 and
either 25 mM KCl (for hippocampus) or 20 mM KCl (for striatum), with proportionately
reduced sodium concentrations. Twenty 5-min fractions were collected. Release was
reported as either the ratio of the size of the S2 peak (second depolarization peak) relative to
S1 peak (i.e., S2/S1; for in vitro studies) or the size of the S1 peak relative to radioactivity in
the first three baseline fractions (for ex vivo studies).

In vitro effects of chlorpyrifos oxon on acetylcholine release
Hippocampal and striatal slices from wild type and knockout mice were used to study the
comparative effects of CPO on ACh release in the presence or absence of CB1. Preliminary
concentration-response studies determined that 100 μM was needed to consistently reduce
ACh release in both tissue types. Slices were thus exposed to either vehicle or a high
concentration of CPO (100 μM) 20 min prior to the S2 depolarization. The direct
cannabinoid receptor agonist, WIN 55,212-2 (1 μM) was also used under similar conditions
to evaluate effects of direct cannabinoid receptor activation on ACh release in tissues from
both genotypes.

In vivo effects of chlorpyrifos on acetylcholine release ex vivo
Wild type and knockout mice (n = 5–6/treatment group) were treated with either vehicle
(peanut oil) or CPF (300 mg/kg, sc) as above and graded for functional signs of toxicity for
the following 48 h. Mice were sacrificed by decapitation and brain slices (hippocampus and
striatum) prepared and depolarization-induced ACh release (S1) evaluated as described
above.

Statistical Analyses
Body weights and biochemical endpoints (cholinesterase, ACh release) were reported as
mean ± standard error (SE) and analyzed using one-way ANOVA and post hoc analysis
using Tukey’s test. Functional data (IM and SLUD signs) were reported as median ±
interquartile range (IQR). Functional data were transformed (square root) and analyzed for
statistical significance by two-way ANOVA. Post hoc analysis was performed with
Bonferroni correction. For all statistical analyses the GraphPad Prism® version 4 statistical
software was used. Statistical differences were considered significant at p < 0.05.
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Results
Pilot toxicity studies

Preliminary studies evaluated dose-related toxicity in wild type mice following CPF (75,
150 or 300 mg/kg, sc). Figure 1 shows cholinergic signs (involuntary movements) of
toxicity from 2–48 h after CPF exposure. The extent of cholinergic signs noted in the mice
was markedly greater than in our previous studies in Sprague Dawley rats treated with
similar high dosages of CPF (Pope et al., 1992, 1995; Liu and Pope, 1996, 1998). A CPF
dosage that elicited marked signs of toxicity but no lethality (300 mg/kg) was therefore
selected for further studies.

Effects of chlorpyrifos on cholinergic toxicity and cholinesterase activity in wild type and
CB1 nullizygotes

Male mice of both genotypes (+/+ and −/−) were treated with CPF (300 mg/kg, sc, n=5–6/
treatment group) and observed for body weight changes and functional signs of cholinergic
toxicity. A similar reduction in body weight was observed 48 h after dosing in both wild
type and CB1 knockout mice (WT: 21 ± 2%; KO: 26 ± 3%). Figure 2A shows the effect of
CPF on involuntary movements. Tremors were noted in both wild type and CB1 knockouts
at 24 and 48 h after dosing. Relatively similar SLUD signs were also noted between
genotypes (Figure 2B).

Cholinesterase inhibition was evaluated in frontal cortex, cerebellum and heart 48 h
following CPF treatment. Chlorpyrifos elicited extensive, similar degrees of inhibition in
both wild type (WT) and CB1 knockout (KO) mice in all three tissues examined: frontal
cortex (92 ± 1% in WT vs 95 ± 1% in KO), cerebellum (88 ± 1% in WT vs. 87 ± 2% in KO)
and heart (83 ± 1% in WT vs. 82 ± 2% in KO). Control values for frontal cortex, cerebellum
and heart (nmol/min/mg protein, mean ± SE) were WT: 35.5 ± 1.9, 27.7 ± 1.8 and 0.6 ± 0.1;
KO: 40.6 ± 2.3, 24.9 ± 2.0 and 0.6 ± 0.1, respectively.

In vitro effects of chlorpyrifos oxon and WIN 55,212-2 on acetylcholine release in
hippocampal and striatal slices from wild type and CB1 knockout mice

Figure 3 shows in vitro effects of CPO and WIN 55,212-2 on ACh release in A)
hippocampal and B) striatal slices from wild type and CB1 knockout mice. Chlorpyrifos
oxon (CPO, 100 uM) significantly reduced release in hippocampal slices from both groups,
but the degree of reduction was significantly lower in slices from knockouts (21% vs 12%).
There was a trend toward increased ACh release (10–11%) in striatal slices, but no
difference was apparent between tissues from the different genotypes. WIN 55,212-2
reduced ACh release in hippocampal slices from wild type mice but had no effect on release
in hippocampal slices from CB1 knockout mice or in striatal slices from either genotype.

In vivo effects of chlorpyrifos on ACh release ex vivo in hippocampal and striatal slices
from wild type or CB1 knockout mice

Figure 4 shows the effects of CPF on ACh release ex vivo 48 h after dosing in A)
hippocampal and B) striatal slices from wild type and CB1 receptor knockout mice.
Chlorpyrifos reduced hippocampal ACh release in tissues from both wild types and CB1
knockouts (WT: 52% vs. 36%) but there was significantly lesser reduction in tissues from
CB1 knockouts. In striatum, there was a similar reduction in ACh release 48 h after CPF
exposure, with no differences noted between the genotypes (20% vs 23% reduction).
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Discussion
The classic mechanism of acute OP insecticide toxicity is initiated by inhibition of AChE,
leading to accumulation of ACh, prolonged/excessive activation of cholinergic receptors,
and subsequent signs of cholinergic toxicity. Activation of postsynaptic muscarinic M1
receptors in the CNS with extensive AChE inhibition would be expected to increase both
synthesis and release of eCBs (Kim et al, 2002; Ohno-Shosaku et al, 2003). Increased
release of eCBs would be further anticipated to enhance activation of pre-synaptic CB1
receptors on cholinergic neuron terminals and decrease ACh release in selected brain
regions/signaling pathways (Gessa et al, 1998; Gifford et al, 1997, 2000; Kathmann et al,
2001; Tzavara et al., 2003), serving a potential neuromodulatory role in the expression of
anticholinesterase toxicity. We therefore hypothesized that genetic deletion of the CB1
receptor would increase acute toxicity following OP anticholinesterase exposure by
disrupting eCB-mediated inhibition of ACh release. Indeed, preliminary findings suggested
that genetic deletion of the CB1 receptor would enhance cholinergic signs of toxicity
following CPF exposure (Pope et al., 2008). These preliminary studies were conducted
without littermate controls, however. In the present studies, we evaluated the comparative
sensitivity to acute CPF in wild type and CB1 knockout littermates. Surprisingly, CB1
deletion had little apparent effect on toxicity following CPF exposure, with relatively similar
body weight reductions, cholinergic signs, and cholinesterase inhibition compared to wild
types. Moreover, in contrast to responses seen in male Sprague Dawley rats following acute
subcutaneous exposure to CPF, both genotypes of mice showed classical signs of
cholinergic toxicity following CPF.

We previously reported reductions in acute functional and long-term behavioral changes
following OP anticholinesterase intoxication in rats following co-exposure to direct or
indirect cannabinoid receptor agonists (Nallapaneni et al, 2006, 2008; Wright et al., 2010).
The studies reported herein suggest however relatively little role for CB1 receptor-mediated
signaling in the expression of CPF toxicity in mice. Differences in these studies could be
due to use of different species (rats vs. mice) or different OP toxicants. In the previous
reports, paraoxon and diisopropylphosphorofluoridate were used, which are both direct-
acting anticholinesterases that elicit a rapid onset of cholinergic signs. In the present study,
CPF was used which requires metabolic bioactivation and thus leads to a more delayed onset
and prolonged duration of signs. In addition, studies with rats used either direct or indirect
cannabinomimetics (administered at the same time as the OP toxicant) to enhance eCB
signaling, while the studies reported herein used CB1 receptor gene knockout mice to study
the role of CB1-mediated eCB signaling in OP anticholinesterase toxicity.

We studied ACh release in tissues from wild type and CB1 knockout mice following either
in vitro (CPO) or in vivo (CPF) OP toxicant exposure. In vitro, CPO decreased ACh release
in hippocampal slices from both wild types and knockouts (Figure 3A), but the degree of
reduction was statistically greater in tissues from wild type mice. In contrast, in striatal
slices, CPO did not decrease ACh release (there was a trend towards increased ACh release)
in tissues from either wild type or CB1 knockout mice (Figure 3B). Similar to previous
publications (Gifford et al., 1997; Kathmann et al., 2001), the direct cannabinoid receptor
agonist WIN 55,212-2 (1 μM) reduced ACh release in hippocampal slices from wiltdype
mice, but had no effect on release in hippocampus from CB1 knockouts, or in striatal slices
from either genotype (Figure 3A and 3B). These findings thus provide further evidence for a
brain regional-selective role of CB1-mediated eCB signaling in the regulation of ACh
release, i.e., while ACh release is regulated by eCB signaling in hippocampus, striatal ACh
release is not sensitive to modulation by eCB signaling. Moreover, the greater reduction in
hippocampal ACh release in slices from wild type mice suggested changes in ACh release
following CPO exposure may be modulated by eCB signaling. Thus, in hippocampus with
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viable CB1 receptors, extensive AChE inhibition may lead to ACh accumulation,
stimulation of M1 receptors, enhanced release of eCBs, and finally activation of CB1
receptors to reduce net ACh release.

The use of 100 μM CPO to probe changes in ACh release in vitro was based on pilot studies
that indicated high concentrations of CPO were needed to consistently reduce ACh release
in mouse hippocampal slices (data not shown). This concentration of CPO is orders of
magnitude higher than typically needed to inhibit AChE activity in tissue homogenates
(Mortensen et al., 1998). It must be noted, however, that previous studies reported CPO was
orders of magnitude less potent as a cholinesterase inhibitor when added to rat striatal slices
in a suprafusion apparatus than when added to rat striatal tissue homogenates, using
relatively similar conditions of preincubation time and temperature (Liu et al, 2002).

Chlorpyrifos significantly reduced hippocampal ACh release ex vivo in slices from both wild
type and CB1 knockouts, but the extent of reduction was significantly greater in tissues from
the wild types (Figure 4A). These findings were in general agreement with results obtained
in hippocampal slices exposed in vitro to CPO (Figure 3A). In the striatum, a significant (yet
lesser) reduction in ACh release ex vivo was observed in tissues from both wild type and
CB1 knockouts as well (Figure 3B), with essentially no difference in the extent of response
between the genotypes. Along with results from the in vitro studies, these findings suggest
that eCB signaling via CB1 receptors modulates changes in ACh release following CPF
exposure in a brain regional-manner.

As noted above, activation of postsynaptic muscarinic (M1) receptors and potentially other
receptor types during OP anticholinesterase intoxication may trigger synthesis of eCBs in
cholinergically innervated cells. OP anticholinesterase exposure in both wild type and CB1
knockout mice should therefore lead to enhanced eCB synthesis and release, regardless of
the presence or absence of CB1 receptors. In the CNS, CB1 appears to be the main type of
cannabinoid receptor involved in regulating neurotransmitter release (Herkenham et al,
1990; Matsuda et al, 1993; Tsou et al, 1998; Coutts et al, 2001). CB2 appears prominent in
immune cells including microglia, but the presence/absence of CB2 receptors in neurons still
remains unclear (De Filippis et al., 2009; Atwood and Mackie, 2010; Stella, 2010).
Moreover, non-CB1/non-CB2 cannabinoid receptors have been postulated (Begg et al.,
2005; Kreitzer and Stella, 2009; Stella, 2010). Some studies have also shown that eCBs
interact directly with pre-synaptic voltage gated calcium channels, potentially regulating the
release of neurotransmitters in a receptor-independent manner (Kofalvi et al., 2007; Nemeth
et al., 2008). Thus, neurochemical changes via eCB signaling mediated through other (non-
CB1) cannabinoid receptors or through receptor-independent mechanisms may occur
following CPF exposure.

While CB1 deletion appeared to influence the effects of CPF on ACh release in the
hippocampus, this neurochemical response was not associated with a difference in the
expression of cholinergic toxicity between genotypes. The hippocampus has extensive
cholinergic and cannabinergic signaling but is unlikely to play a major role in the expression
of classical cholinergic signs of toxicity following anticholinesterase exposures. Other
functional/neurobehavioral endpoints that rely more on hippocampal cholinergic signaling
(e.g, water maze performance) may be differentially affected, however, in wild type and
CB1 knockout mice exposed to CPF or other OP toxicants. Future studies should focus on
cholinergic-cannabinergic interactions in hippocampal-dependent neurobehavioral
functions.

The complexity of the nervous system can obscure understanding of selective signaling
alterations following neurotoxicant exposures. Endocannabinoids are known to act as
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neuromodulators regulating the release of a variety of neurotransmitters including ACh,
dopamine, glutamate, GABA and others in a brain-regional manner. Knowledge of the
interactions between cholinergic and cannabinergic signaling pathways could be important
in the etiology and treatment of a variety of neurological conditions.
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Highlights

• C57Bl/6 mice showed dose-related cholinergic toxicity following subcutaneous
chlorpyrifos exposure

• Wild type and cannabinoid CB1 receptor knockout littermates responded
similarly to the toxic effects of chlorpyrifos

• Changes in depolarization-induced acetylcholine release following chlorpyrifos
(ex vivo) or chlopyrifos oxon (in vitro) exposure appeared sensitive to
modulation by CB1-mediated endocannabinoid signaling in a brain-regional
manner
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Figure 1. Effect of chlorpyrifos on cholinergic signs (involuntary movements) in wild type C57Bl/
6 mice
Mice (n = 5–6/group) were exposed to chlorpyrifos (75, 150 or 300 mg/kg, sc) and were
graded for cholinergic signs of toxicity as described in Methods (reported as median ±
interquartile range). Dose-related and time-dependent signs of toxicity were noted in mice
treated with 150 or 300 mg/kg CPF.

Baireddy et al. Page 12

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Effect of chlorpyrifos on A) involuntary movements and B) SLUD signs in wild type
and CB1 knockout mice
CB1+/+ and CB1−/− littermates (n = 5–6/group) were exposed to either vehicle (peanut oil, 1
ml/kg, sc) or chlorpyrifos (300 mg/kg, sc) and were graded for functional signs of toxicity as
described in Methods (reported as median ± interquartile range). An asterisk indicates a
significant difference between CPF-treated mice and the respective controls. No functional
signs were seen in either control group (wild type or CB1 knockout).
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Figure 3. In vitro effects chlorpyrifos oxon and WIN 55,212-2 on hippocampal and striatal ACh
release in slices from wild type (WT) and CB1 knockout (KO) mice
Hippocampal (A) and striatal (B) slices were incubated with [3H]choline to label
endogenous acetylcholine. Prelabelled slices were then loaded into a suprafusion apparatus
and perfused with physiological buffer. Release was stimulated twice (S1 and S2) by
exposing the slices to a depolarizing buffer containing high concentration of KCl (25 mM
for hippocampus; 20 mM for striatum). CPO or WIN 55,212-2 was added 20 min before the
second pulse of potassium and the peak ratio of S2/S1 was used to evaluate effects on ACh
release. An asterisk indicates a significant difference compared to respective controls while
a pound sign indicates a significant difference in release between tissues from wild type and
CB1 knockout mice. Data represent values from three independent assays.
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Figure 4. Effects of chlorpyrifos on ACh release ex vivo in hippocampal and striatal slices from
wild type (WT) and CB1 knockout (KO) mice
Mice (n = 5–6/group) were exposed to either vehicle or chlorpyrifos and sacrificed 48 h
later. Hippocampal (A) and striatal (B) slices were incubated with [3H]choline to label
endogenous acetylcholine. Prelabelled slices were then loaded into a suprafusion apparatus
and perfused with physiological buffer. Release was stimulated by exposing the slices to
buffer containing a high concentration of KCl (25 mM for hippocampus; 20 mM for
striatum) as described in Methods. Data (mean ± standard error) represent depolarization-
induced ACh release (S1) and are expressed as percent of control values. An asterisk
indicates a significant difference compared to respective controls while a pound sign
indicates a significant difference in release between tissues from wild type and CB1
knockout mice.
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