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Abstract
Δ9-Tetrahydrocannabinol (THC), the psychoactive ingredient of marijuana, exhibits useful
medicinal properties, but also undesirable side-effects. The brain receptor for THC, CB1, is also
activated by the endogenous cannabinoids anandamide and 2-arachidonylglycerol (2-AG).
Augmentation of endocannabinoid signaling by blockade of their metabolism may offer a more
selective pharmacological approach compared to CB1 agonists. Consistent with this premise,
inhibitors of the anandamide-degrading enzyme fatty acid amide hydrolase (FAAH) produce
analgesic and anxiolytic effects without cognitive defects. In contrast, we show that dual blockade
of the endocannabinoid-degrading enzymes monoacylglycerol lipase (MAGL) and FAAH by
selected organophosphorus agents leads to greater than 10-fold elevations in brain levels of both 2-
AG and anandamide and robust CB1-dependent behavioral effects that mirror those observed with
CB1 agonists. Arachidonic acid levels are decreased by the organophosphorus agents in amounts
equivalent to elevations in 2-AG, indicating that endocannabinoid and eicosanoid signaling pathways
may be coordinately regulated in the brain.
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INTRODUCTION
The endogenous cannabinoid (‘endocannabinoid’) system consists of G-protein coupled
cannabinoid receptors (CB1 and CB2) that bind two principal endogenous ligands, 2-
arachidonylglycerol (2-AG, 1)1 and N–arachidonoylethanolamine (anandamide, 2)2 (Scheme
1). Endocannabinoids regulate a diverse array of neurological (e.g. memory and motility) and
metabolic (e.g. feeding and lipolysis) functions, and their levels are altered under
pathophysiological conditions, including pain, anxiety, neurodegenerative disease, brain
injury, and metabolic disorders3–9. The signaling activity of endocannabinoids is terminated
by enzymatic hydrolysis. Degradation of anandamide is principally mediated by fatty acid
amide hydrolase (FAAH) in vivo10. In contrast, the enzymes that regulate 2-AG signaling in
vivo remain largely unknown, although studies with cell and tissue extracts have identified
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multiple hydrolases for this lipid, the most prominent being monoacylglycerol lipase (MAGL)
11–13.

Cannabinoid receptors not only recognize endogenous lipid ligands but are also targets of
exogenous agonists, the best known of which is Δ9-tetrahydrocannabinol (THC, 3), the
principal psychoactive constituent of marijuana14. THC and other CB1 agonists produce an
array of intense behavioral effects, some of which, such as pain relief, have possible therapeutic
utility. However, the beneficial properties of CB1 agonists are accompanied by a number of
untoward side-effects, including hypomotilty, hypothermia, and cognitive dysfunction14.
CB1 agonists have also shown abuse potential in rodents, leading to dependence and
withdrawal.14 These findings raise legitimate concerns about the therapeutic potential of direct
CB1 agonists. Augmentation of endocannabinoid signaling by blockade of 2–AG and/or
anandamide degradation has been proposed as an alternative therapeutic strategy that might
produce a selective subset of the behavioral effects observed with direct CB1 agonists15.
Consistent with this premise, FAAH (−/−) mice or rodents treated with FAAH inhibitors
possess elevated brain levels of anandamide (but not 2-AG) and exhibit analgesic, anxiolytic,
and anti-depressant phenotypes without concomitant alterations in motility, cognition, or body
temperature16. We speculate that this may be due to location-specific elevation in endogenous
anandamide signaling tone contributing to selective modulation of endocannabinoid effects.
First-generation MAGL inhibitors have also been shown to reduce pain behavior, but the
limited potency of these agents required their local administration to specific brain regions4.
MAGL (−/−) mice are not currently available, so the impact of pharmacological or genetic
systemic blockade of 2-AG metabolism (or of both 2-AG and anandamide hydrolysis) has not
yet been determined.

Organophosphorus (OP) nerve agents produce their primary neurotoxicity through inactivation
of acetylcholinesterase (AChE). However, many of the pharmacological effects of OP agents
cannot be explained by disruption of cholinergic transmission17,18. Indeed, the behavioral
effects induced by a sarin (4) homolog, isopropyl dodecylfluorophosphonate (IDFP, 5) (Table
1), are generally reminiscent of CB1 agonists, as noted in previous studies19 and confirmed in
this investigation. These initial findings raise the provocative possibility that the non-
cholinergic activities of some OP agents could be due in part to augmentation of
endocannabinoid signaling. We hypothesized that blocking endocannabinoid metabolism in
vivo would lead to an elevation in 2-AG and anandamide levels in the brain to cause full-blown
cannabinoid effects that mirror direct CB1 agonists (Scheme 1). Here we have tested this
hypothesis and show that IDFP completely blocks the activity of both MAGL and FAAH in
vivo, resulting in greater than 10-fold elevations in brain levels of 2-AG and anandamide. The
profound changes in brain neurochemistry correlate with full-blown cannabinoid behavioral
effects, including analgesia, hypomotility, hypothermia, and catalepsy, all of which are blocked
by pharmacological or genetic disruption of the CB1 receptor. Moreover, dramatic reductions
in arachidonic acid (AA, 6) were observed in brains from OP-treated animals, suggesting that
endocannabinoids may serve as principal metabolic precursors for eicosanoid pathways in the
nervous system.

RESULTS
CB1-dependent cannabinoid behavioral effects

Within 5 min after treatment with IDFP (10 mg kg−1, i.p.), mice adopted a flattened posture
and remained motionless with their eyes open. This state of immobility was qualitatively
reminiscent of behavioral responses elicited by direct CB1 agonists, which motivated us to
examine IDFP-treated animals in the tetrad tests for cannabinoid behaviors14,19. IDFP was
found to produce all four behavioral effects expected from stimulating CB1-hypomotility,
analgesia, catalepsy and hypothermia. These behavioral effects were blocked by pretreatment
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with the CB1 receptor antagonist AM25120 (7) (Fig. 1a) and were absent in CB1(−/−)
mice21 (Fig. 1b). These results suggested that blockade of endocannabinoid metabolism was
responsible for the observed action of IDFP. The magnitude of effects observed with IDFP
was similar to that with a direct CB1 agonist, WIN55212-2 (8)14 (10 mg kg−1, i.p.)
(Supplemental Fig. 1). Using similar mouse brain membrane preparations, IDFP displaces
CB1 agonist binding in vitro with an IC50 of 2 nM17, similar to its IC50 for MAGL (0.8 nM)
and FAAH (3 nM) (Table 1), whereas even at 30 nM it did not significantly (5 ± 9 %, n=6,
p>0.05) stimulate guanosine triphosphate (9) binding. This suggests IDFP is not acting as a
direct receptor agonist at relevant concentrations.

Disruption of endocannabinoid metabolism in vivo
Endocannabinoid-hydrolyzing activities were examined in brain extracts from IDFP- (10 mg
kg−1, i.p.) and vehicle-treated mice. This treatment level for IDFP was chosen from dose-
response relationships for producing cannabinoid-like behavior19. Four h post-treatment,
hydrolysis of 2-AG and anandamide was inhibited by 86 ± 1 % and 94 ± 1 %, respectively, in
brain tissue from IDFP-treated animals. In contrast, no detectable inhibition of AChE was
observed with IDFP in the same experiment, consistent with the absence of cholinergic toxicity.
IDFP is a long chain analog of sarin with dodecyl replacing methyl, a change resulting in low
AChE inhibitory potency (Table 1).

The reduced levels of endocannabinoid hydrolytic activity observed in brain tissue of IDFP-
treated animals correlated with more than 10-fold increases in brain levels of both 2-AG and
anandamide (Fig. 2; Supplemental Table 1). Several other changes in brain lipid chemistry
were also observed in IDFP–treated animals, including elevations in additional N-
acylethanolamines (NAEs) [e.g., N-palmitoyl- and N-oleoylethanolamines (10 and 11)] and
monoacylglycerols [2-and 1-palmitoylglycerol (12 and 13) and 2- and 1-oleoylglycerol (14
and 15)] (Supplemental Table 1). Interestingly, AA levels were decreased by IDFP in amounts
equivalent to the elevations detected for 2-AG (Fig. 2). These data establish that IDFP is a
potent blocker of 2-AG and anandamide metabolism in vivo, leading to highly elevated brain
levels of both endocannabinoids and a concurrent decrease in free AA levels.

Actions of additional OP nerve agents on the endocannabinoid system
We next considered whether other OP agents also act as inhibitors of endocannabinoid
metabolic enzymes and assessed their selectivity relative to AChE. Several OPs were found to
be potent in vitro inhibitors of brain 2-AG and anandamide hydrolytic activities (Table 1).
IDFP and ethyl octylfluorophosphonate (EOFP, 16) showed good selectivity for MAGL and
FAAH compared with AChE. In contrast, paraoxon (17) was selective for AChE compared
with the endocannabinoid hydrolases. EOFP (3 mg kg−1) also elicited cannabinoid-mediated
hypomotility and analgesia reversed by AM251 (Supplemental Fig. 2). Interestingly,
chlorpyrifos oxon (CPO, 18) inhibited MAGL and FAAH activity in vitro (Table 1) and
selectively elevated 2-AG but not anandamide levels in vivo (at 4 mg kg−1 i.p., the maximum
sublethal dose) (Fig. 2, Supplemental Table 1) consistent with near-complete blockade of 2-
AG hydrolytic activity (75 ± 3 %, n=4). Although certain NAE species were elevated by CPO,
anandamide was not increased possibly due to incomplete inhibition of anandamide hydrolysis
(82 ± 7 %, n=4). The major phosphorothionate insecticide chlorpyrifos (19) is not suitable for
direct use as an in vitro hydrolase inhibitor because it requires bioactivation to CPO22. Analysis
of cannabinoid behavioral effects in CPO- and chlorpyrifos-treated mice was limited by
cholinergic toxicity (e.g. tremoring, lacrimation and seizures) due to blockade of AChE.
Nonetheless, CPO and chlorpyrifos elicited cannabinoid-like behavior (Supplemental Fig. 3).
As was observed for IDFP, treatments with CPO (4 mg kg−1) and chlorpyrifos (100 mg
kg−1) also produced significant reductions in AA brain levels (Fig. 2, Supplemental Table 1).

Nomura et al. Page 3

Nat Chem Biol. Author manuscript; available in PMC 2008 December 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Assessing the selectivity of OP nerve agents
Our finding that different classes of OP agents produced dramatic elevations in brain levels of
2-AG that were accompanied by corresponding decreases in free AA suggested a previously
unrecognized cross-regulation between these metabolic pools of lipids. However, an
alternative possibility was that the OP agents regulated endocannabinoid and AA levels by
independent mechanisms involving the inhibition of distinct sets of hydrolytic enzymes. To
explore these possibilities further, the in vivo selectivity of IDFP and CPO were compared by
the functional proteomic method activity-based protein profiling (ABPP)23–25. The ABPP
probe fluorophosphonate-rhodamine (FP-Rh, 20), which broadly labels enzymes from the
serine hydrolase class, was added to brain proteomes from mice treated with vehicle, IDFP, or
CPO and the enzyme activity profiles analyzed by in-gel fluorescence scanning26,27. Previous
ABPP studies with brain membrane proteomes have resulted in assignment of many of the FP-
Rh-labeled targets visible by one-dimensional-sodium dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis, including FAAH, MAGL, KIAA1363, and the
additional 2-AG hydrolases, ABHD6 and ABHD12 (Fig. 3). We observed that both IDFP and
CPO completely blocked FP-Rh labeling of FAAH and MAGL in brain membrane or cytosolic
proteomes, consistent with these enzymes contributing substantially to the 2-AG and
anandamide hydrolytic activities measured with substrate assays. IDFP also targeted multiple
additional serine hydrolases, including KIAA1363, ABHD6, and a 150 kDa enzyme which is
probably the established OP target neuropathy target esterase (NTE)17, 28 (Fig. 3a).

To more comprehensively inventory the targets of IDFP and CPO, brain proteomes from mice
treated with these OP agents were incubated with a biotinylated fluorophosphorus probe (FP-
biotin, 21, 5 µM, 1 h). FP-biotin-labeled proteins were then enriched by avidin
chromatography, identified by multidimensional liquid-chromatography-mass spectrometry,
and their relative activity signals quantified by spectral counting. This functional proteomic
method, referred to as ABPP-Multidimensional Protein Identification Technology (ABPP-
MudPIT)13,27,29, identified 43 brain serine hydrolase activities, most of which were
unaffected by treatment with IDFP or CPO (Fig. 3b). As expected, FAAH and MAGL both
showed near complete inhibition in the presence of IDFP or CPO. Consistent with the gel-
based ABPP results, KIAA1363, ABHD6, and NTE were all selectively inhibited by IDFP,
but not CPO. Additional targets of IDFP identified by ABPP-MudPIT included ABHD3, acyl-
amino acid releasing enzyme (AARE), carboxylesterase-N (CE-N), and hormone-sensitive
lipase (HSL). Serine hydrolases inhibited by CPO included not only MAGL and FAAH, but
also AARE, ABHD3, CE-N, HSL and the known target AChE. Thus, IDFP and CPO were
found to share only 6 common serine hydrolase targets in the brain proteome-MAGL, FAAH,
AARE, ABHD3, CE-N, and HSL (Fig. 4). While it is difficult to predict the global metabolic
effects of inhibiting these enzymes in parallel, these data argue that OP agents can show a
rather high degree of selectivity for specific subsets of the serine hydrolase superfamily in vivo,
with endocannabinoid-metabolizing enzymes constituting a particularly sensitive branch.
Considering further that the magnitude of decrease in AA levels induced by OP agents
correlated inversely with the magnitude of elevation of 2-AG levels (Fig. 2), we favor a model
where complete blockade of endocannabinoid metabolism depletes free AA in the brain as this
lipid builds up in the form of metabolically stabilized 2-AG.

DISCUSSION
We report herein that OP nerve agents, such as IDFP and the insecticide metabolite CPO, elicit
full-blown cannabinoid behavioral effects comparable to direct agonists of the CB1 receptor.
These behaviors are correlated with greater than 10-fold elevations in brain levels of the
endocannabinoids 2-AG and anandamide and complete blockade of their principal hydrolytic
enzymes (MAGL and FAAH, respectively). Collectively, these data strongly support a model
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where some OP agents produce many of their non-cholinergic neurobehavioral effects through
hyper-stimulation of the endocannabinoid system in vivo.

The activity of these OP agents contrasts markedly with the selective pharmacological or
genetic disruption of FAAH10, which elevates anandamide (but not 2-AG) levels in brain and
promotes analgesia and anxiolysis without evidence of global CB1 activation. This finding
suggests that the OP-induced cannabinoid phenotypes are attributable either to blockade of 2-
AG degradation or disruption of both 2-AG and anandamide metabolism. To discriminate
between these possibilities, a more complete understanding is needed of the enzymes that
degrade 2-AG in vivo, along with selective inhibitors for these enzymes. About 85% of total
brain 2-AG hydrolytic activity can be ascribed to MAGL, with the remaining 15% being mostly
mediated by two uncharacterized hydrolases, ABHD6 and ABHD1213. Of these enzymes,
only MAGL is inhibited by both IDFP and CPO in vivo. We therefore conclude that the
elevations in brain 2-AG levels induced by OP agents are likely due to blockade of MAGL.
Since the OP agents used in this study are not completely selective for MAGL or FAAH, the
inactivation of additional hydrolases could have provided a potentiating background for the
dramatic CB1-dependent behavioral effects of these compounds. It is possible that partial and
selective blockade of MAGL could lead to heightened endocannabinoid activity that achieves
medicinal value without producing full-blown cannabinoid effects. If other 2-AG hydrolases,
such as ABHD6 or ABHD12, emerge as regulators of sub-pools of 2-AG in vivo, these proteins
might offer an alternative pharmacological strategy to control specific endocannabinoid
signaling circuits without altering bulk tissue levels of 2-AG in vivo13.

This study provides new global insights into brain lipid metabolism. For example, AA has
historically been considered to be under the control of cytosolic phospholipase A2, which
releases AA from the sn-2 position of phospholipids in a calcium-dependent manner30.
However, recent studies have shown that free AA levels in brain are unaltered in cPLA2 (−/−)
mice31. Our findings indicate that AA in the nervous system may largely originate from
endocannabinoids, and 2–AG in particular, by a pathway regulated by MAGL. Since free AA
exerts many cellular effects and serves as a precursor to prostaglandins30, our data suggest a
provocative model where the function of the endocannabinoid and eicosanoid signaling
pathways could be coordinately regulated in the nervous system.

OP toxicology has historically been ascribed to AChE inhibition, which is the principal target
responsible for the acute lethality caused by OP overdose. Our proteomic analysis establishes
MAGL and FAAH as additional in vivo targets of OP agents and demonstrates that several of
the non-cholinergic OP behavioral effects are mediated by the endocannabinoid system. The
interactions of IDFP and CPO with MAGL and FAAH (which have binding pockets accepting
long alkyl chains) are undoubtedly through phosphorylation of the active site serine (S122 for
MAGL and S241 for FAAH) conserved through the serine hydrolase superfamily11,16, 17,
24. Other IDFP and CPO targets in brain (Fig. 4) are the previously-known KIAA1363 which
hydrolyzes 2-acetyl monoalkylglycerol ether lipids in cancer cells and mice32–34, NTE which
hydrolyzes lysophosphatidylcholine35 and is associated with OP-induced delayed
toxicity28,36, HSL which hydrolyzes diacylglycerides and cholesteryl esters, AARE which
hydrolyzes N-acetyl peptides37–40, and a few enzymes of unknown function (NTE-R, ABHD3
and CE-N). Whether these additional hydrolases could also influence endocannabinoid
metabolism is unclear, although none of them possess substantial 2-AG hydrolytic
activity13. Some OP agents displace CB1 agonist binding, but do not directly influence
guanosine triphosphate binding or potentiate or antagonize the effects of THC18,41. These
earlier findings, coupled with this study, do not support a direct effect of IDFP at relevant
concentrations on the CB1 receptor. Nonetheless, we cannot exclude the possibility that an OP
might produce cannabinoid effects by a combination of blockade of endocannabinoid
metabolism and direct binding to CB1 or other cannabinoid receptors in vivo. Considering
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further that more than 98% of the anandamide-hydrolyzing activity in mouse brain can be
ascribed to FAAH10, we believe that the vast majority of the effects of the OP agents studied
on the endocannabinoid system are due to the dual blockade of FAAH and MAGL. The
dramatic cannabinoid phenotypes induced by combined inactivation of FAAH and MAGL
underscore the surprisingly high level of tonic endocannabinoid tone that can be achieved by
ablation of enzymatic degradative pathways.

A critical aspect for future endocannabinoid-based therapeutic pursuits will be to attain
adequate target selectivity to achieve a beneficial subset of full-blown cannabinoid
pharmacology.

METHODS
Chemicals

[3H-arachidonoyl]Anandamide (22) was from Perkin Elmer (Boston, MA). Analytical lipid
standards were from Sigma and Alexis Biochemicals (San Diego, CA). Compounds IDFP and
EOFP (>98 % pure) were synthesized in the Berkeley laboratory as reported earlier42,43. CPO
and chlorpyrifos were from ChemService (West Chester, PA), paraoxon from Sigma and
AM251 and WIN55212-2 from Tocris Cookson Inc. (Ellisville, MO) (all >99 % purity
according to the vendor).

Enzymatic and receptor assays
Brain membranes (1000 g supernatant, 100,000 g pellet) were assayed for hydrolytic activities
of MAGL, FAAH, and AChE. Homogenates of frozen brain were prepared in 100 mM
phosphate (pH 7.4) (AChE assays) or 50 mM Tris, 1 mM EDTA, 3 mM MgCl2 (pH 7.4) (Tris
buffer) (MAGL and FAAH assays). MAGL activity in brain membranes (10 µg protein) was
assayed with 100 µM 2-AG in Tris buffer incubated for 1 h at 37°C as reported13 except using
ethyl acetate for extractions and GC-MS for analysis of AA formation. FAAH activity was
determined by a similar partitioning method44, except with 1 µM [3H]anandamide incubated
for 1 h at 37°C. AChE activity was monitored colorimetrically using 1 mM acetylthiocholine
(ATCh, 23) in phosphate buffer for 5 min at 25°C44. The method for guanosine triphosphate
binding was based on a described procedure41.

ABPP analysis
ABPP was performed by incubating mouse brain membrane and cytosolic proteomes with FP-
Rh (50 µM, dimethyl sulfoxide stock) at a final concentration of 1 µM in 50 µl total reaction
volume13,27. Reactions were quenched after 30 min with 2X SDS–PAGE loading buffer at
90 °C, subjected to SDS-PAGE and visualized in–gel using a flatbed fluorescence scanner.
For ABPP-MudPIT analysis, mouse brain membranes were prepared as described above.
Membrane proteomes (1 mg protein) were then labeled with 5 µM FP-biotin in 1 ml phosphate-
buffered saline for 1 h at room temperature and prepared for ABPP-MudPIT analysis as
described previously13, 27. MudPIT analysis of eluted peptides was carried out on a coupled
Agilent 1100 LC-ThermoFinnigan LTQ MS system. All data sets were searched against the
mouse IPI database using the SEQUEST search algorithm, and results were filtered and
grouped with DTASELECT. Only proteins for which 3 or more spectral counts were identified
on average in the control samples were considered for comparative analysis. Specifically,
probe-labeled proteins were further identified by their presence in FP-treated samples with a
spectral number at least 5-fold greater than that observed in “no probe” control runs
(experiments performed as above, but without inclusion of FP-biotin).
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Endogenous lipid analysis
For glycerol esters and fatty acids, each brain was weighed and homogenized in 3 ml of ethyl
acetate and 3 ml of 100 mM phosphate buffer pH 7.4 containing 10 nmol of internal standard
[(1-O-dodecylglycerol (24)]. The ethyl acetate phase was recovered and after workup the
trimethylsilyl derivatives were analyzed by GC-MS19. An aliquot (1 µl) of the trimethylsilyl
derivatives was injected in the splitless mode into an Agilent Technologies model 6890N GC
equipped with a DB-XLB fused-silica capillary column (30 m × 0.25 mm × 25 µm) using a
temperature program of 100 to 280°C at 10°C/min and held for 10 min. The mass spectra were
obtained by electron impact ionization at 70 eV and an ion source temperature of 250 °C. An
Agilent 5973A mass selective detector was used for total scan of m/z 35 to 550 for metabolomic
analysis and single ion monitoring for quantitation of individual lipids. Normalization was
based on brain weight and internal standard. For NAEs, each brain was weighed and
homogenized in 8 ml of a chloroform:methanol:50 mM Tris pH 8.0 (2:1:1) mixture containing
standards for NAE measurements [0.02 and 0.2 nmol of d4-anandamide (25) and d4-
oleylethanolamine (26)]. LC-electrospray MS used an Agilent 1100-MSD SL instrument as
described previously10.

Animal studies
Male albino Swiss-Webster mice (25–30 g) and male and female C57BL/6 mice (15–20 g)
were from Harlan Laboratories (Indianapolis, IN). CB1 −/− mice (C57BL/6 background) to
establish a breeding colony were a generous contribution from Carl Lupica and Andreas
Zimmer (National Institutes of Health)21. Test compounds were administered ip with dimethyl
sulfoxide (1 µl/g body weight) as the carrier vehicle or dimethyl sulfoxide alone was injected
as a control. Brains on removal were immediately placed on powdered dry ice and held at −80°
C until analyzed. OP-treated mice were examined for possible cannabinoid-type hypomotility,
analgesia, catalepsy and hypothermia10 avertable by AM251. Motility was assessed by placing
each mouse in a clear box [46×25×22 cm (l×w×h)] marked on the floor with 7 cm square grids.
The number of grids traversed by the hind paws was counted for the period of 15–20 min
following the ip treatments. Analgesia was then determined by the tail immersion assay, where
each mouse was hand-held with 1 cm of the tip immersed into a water bath at 56°C for up to
20 sec and the latency period for the animal to withdraw its tail was scored. The data were
expressed as the percentage MPE equal to 100×(postinjection latency – preinjection latency)/
(20 – preinjection latency). Catalepsy was evaluated 1 h post-treatment by using the bar test,
in which the front paws of each mouse were placed on a rod (0.75 cm diameter) elevated 4.5
cm above the surface. Mice that remained motionless with their paws on the bar for 20 s (with
the exception of respiratory movements) were scored as cataleptic10. Hypothermia was
assessed 1 h post-treatment using a rectal thermometer and expressed as difference (Δ °C)
compared to the pretreatment temperature (36–37 °C) for the same mouse10. Catalepsy was
statistically analyzed using the Mann-Whitney U-test and hypothermia, analgesia and
hypomotility with a Student’s unpaired t-test.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CB1-dependent effects of IDFP in the tetrad tests for cannabinoid behavior. (a) Aversion with
CB1 antagonist AM251 (10 mg kg−1 ip). (b) Absence of IDFP effects with CB1 −/− mice.
Analgesia is scored as percentage maximum possible effect (MPE). CB1 −/− mice have
decreased activity in the open field21 so motility was not quantitated. Data represent mean
values ± S.D. for n=5–12 mice/group for (a) and n=4–8 mice/group for (b). Asterisks indicate
significance, **p<0.01, ***p<0.001.
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Figure 2.
Effects of IDFP and CPO on endocannabinoid and AA levels in brain. The 2-AG levels are
elevated by IDFP at 10 mg kg−1 to the same extent at 20 min as 4 h post-treatment (data not
shown). Data represent mean values ± S.D. for n = 8 for control, n=6 for IDFP and n=4 for
CPO. Asterisks indicate significance, *p<0.05, ***p<0.001.
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Figure 3.
Functional proteomic analysis showing only a few brain serine hydrolases are targeted by IDFP
(10 mg kg−1 ip) and CPO (4 mg kg−1 ip) at 4 h post-treatment. Assays were by gel-based ABPP
and ABPP-MudPIT. Six identified OP targets are designated as to protein band(s) (left) while
other OP targets (right) are either too low in abundance or not yet identified in gel–based ABPP.
For ABPP-MudPIT, activities are listed in descending order of spectral counts for the controls.
Abbreviations for serine hydrolase designations are listed in Supplemental Table 2.
Significantly (p<0.05) inhibited serine hydrolases are designated (a) for IDFP, (b) for CPO and
(ab) for both. Data represent mean values ± S.D. for n=3.
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Figure 4.
Proteomic targets of IDFP and CPO with significant (p<0.05) in vivo inhibition. Asterisks
indicate newly-recognized OP-sensitive targets. Data derived from Fig. 3.
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Scheme 1.
Endocannabinoids and their primary hydrolases relative to the action of OP nerve agents. 2-
AG is hydrolyzed by MAGL to glycerol (27) and AA. Anandamide is hydrolyzed by FAAH
to ethanolamine (28) and AA.

Nomura et al. Page 14

Nat Chem Biol. Author manuscript; available in PMC 2008 December 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Nomura et al. Page 15

Table 1
Selective action of OP nerve agents and analogs on enzymes of the
endocannabinoid versus cholinergic systems

IC50 (nM) mean ± S.D.a

Endocannabinoid Cholinergic

Compound MAGL FAAH AChE

MAGL- and FAAH-selective versus AChE
0.8 ± 0.2 3 ± 2 6300 ± 2300

5 ± 1 0.4 ± 0.2 120 ± 7b
10 ± 4 460 ± 160 63 ± 24

1200 ± 700 5900 ± 900 13 ± 1c

a
MAGL, FAAH and AChE 50 % inhibitory concentrations (IC50s) were determined with 2-AG, [3H]anandamide and ATCh substrates, respectively.

b
Data from ref 17

c
Bioactivated metabolite of the insecticide chlorpyrifos, the corresponding phosphorothionate.
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