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Nonstandard Abbreviations 

AA: arachidonic acid; 

AEA: anandamide, N-arachidonoylethanolamine; 

2-AG: 2-arachidonoylglycerol; 

CB1: cannabinoid receptor type 1; 

CB2: cannabinoid receptor type 2; 

CP55,940: 2-[(1R,2R,5R)-5-hydroxy-2-(3-hydroxypropyl) cyclohexyl]-5-(2-methyloctan-2-yl)phenol; 

FAAH: fatty acid amide hydrolase; 

JZL184: 4-nitrophenyl 4-(dibenzo[d][1,3]dioxol-5-yl(hydroxy)methyl)piperidine-1-carboxylate; 

JZL195: (4-nitrophenyl) 4-[(3-phenoxyphenyl)methyl]piperazine-1-carboxylate 

MAGL: Monoacylglycerol lipase; 

PF-3845: N-3-pyridinyl-4-[[3-[[5-(trifluoromethyl)-2-pyridinyl]oxy]phenyl]methyl]-1-

piperidinecarboxamide; 

THC: Δ9-tetrahydrocannabinol; 

WIN55,212-2: R-(+)-[2,3-dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-

6-yl]-1-1naphthalenylmethanone mesylate; 
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Abstract 

Complementary genetic and pharmacological approaches to inhibit the monoacylglycerol lipase 

(MAGL) and fatty acid amide hydrolase (FAAH), the primary hydrolytic enzymes of the respective 

endogenous cannabinoids 2-arachidonoylglycerol (2-AG) and N-arachidonoylethanolamine 

(anandamide; AEA), enable the exploration of potential therapeutic applications and physiological roles 

of these enzymes.  Complete and simultaneous inhibition of both FAAH and MAGL produces greatly 

enhanced cannabimimetic responses, including increased antinociception, and other cannabimimetic 

effects, far beyond inhibition of either enzyme alone.  While CB1 receptor function is maintained 

following chronic FAAH inactivation, prolonged excessive elevation of brain 2-AG levels, via MAGL 

inhibition, elicits both behavioral and molecular signs of cannabinoid tolerance and dependence.  Here, 

we evaluated the consequences of high dose of the MAGL inhibitor, JZL184 (40 mg/kg) given acutely 

or for six days in FAAH (-/-) and (+/+) mice.  While acute administration of JZL184 to FAAH (-/-) mice  

enhanced the magnitude of a subset of cannabimimetic responses, repeated JZL184 treatment led to 

tolerance to its antinociceptive effects, cross-tolerance to the pharmacological effects of THC, decreases 

in CB1 receptor agonist stimulated [35S]GTPγS binding, and dependence as indicated by rimonabant-

precipitated withdrawal behaviors, regardless of genotype.  Together, these data suggest that 

simultaneous elevation of both endocannabinoids elicits enhanced cannabimimetic activity, but MAGL 

inhibition drives CB1 receptor functional tolerance and cannabinoid dependence. 
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Introduction 

Δ9-tetrahydrocannabinol (THC) and other CB1/CB2 receptor agonists produce many beneficial 

effects in conditions related to pain, inflammation, anxiety, muscle spasticity, feeding and nausea (Di 

Marzo, 2008; Blankman and Cravatt, 2013; Mechoulam and Parker, 2013; Pacher and Kunos, 2013).  

However psychomimetic effects, memory impairing actions, and dependence liabilities dampen 

enthusiasm for therapeutic development of CB1 receptor agonists. Conversely, inhibition of enzymes 

hydrolyzing the endogenous cannabinoids (endocannabinoids), N-arachidonoylethanolamine 

(anandamide; AEA (Devane et al., 1992)) and 2-arachidonoylglycerol (2-AG (Mechoulam et al., 1995; 

Sugiura et al., 1995)) may offer advantages over direct-acting agonists. In particular, inhibitors of fatty 

acid amide hydrolase (FAAH (Cravatt et al., 1996; Cravatt et al., 2001)) and monoacylglycerol lipase 

(MAGL (Dinh et al., 2002)), the respective primary of these hydrolytic enzymes, produce 

antinociceptive (Ahn et al., 2009; Long et al., 2009a), anxiolytic-like (Patel and Hillard, 2006; Sciolino 

et al., 2011), and anti-emetic (Parker et al., 2009; Sticht et al., 2012) actions.  

Given that endocannabinoids are produced selectively at their intended sites of action, signaling 

should occur through cannabinoid receptors via synthesis in a regionally specific manner, which 

presumably would yield beneficial outcomes with minimal consequences of excessive activation 

elsewhere.  Consistent with this premise, FAAH (Solinas et al., 2007) and MAGL (Long et al., 2009b; 

Long et al., 2009c) inhibitors produce a reduced cannabimimetic profile compared with direct-acting 

CB1 receptor agonists. However, FAAH and MAGL inhibitors lack full efficacy in acute (Kathuria et 

al., 2003; Long et al., 2009a; Long et al., 2009c), neuropathic (Kinsey et al., 2009; Kinsey et al., 2010), 

and inflammatory (Alhouayek et al., 2011; Anderson et al., 2013; Ghosh et al., 2013) preclinical models 

of pain, though they appear fully efficacious in a rat cisplatin-induced peripheral neuropathy assay 

(Guindon et al., 2011).  Conversely, simultaneous blockade of these enzymes produces enhanced 

antinociceptive efficacy (Long et al., 2009c; Anderson et al., 2013), though at the expense of evoking 
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other CB1 receptor mediated effects, including catalepsy, generalization to the discriminative cue of 

THC in the drug discrimination paradigm, and impaired performance in a repeated acquisition Morris 

water maze task (Long et al., 2009c; Wise et al., 2012). Thus, prevention of both AEA and 2-AG 

hydrolysis within the brain allows for enhanced CB1 receptor signaling that impacts a variety of 

behavioral processes. 

Prolonged inactivation of FAAH and MAGL yields profoundly distinct consequences on CB1 

receptor function.  FAAH (-/-) mice or wild type mice treated repeatedly with FAAH inhibitors 

(Schlosburg et al., 2010; Ghosh et al., 2013), such as PF-3845, generally display normal CB1 receptor 

function, with no signs of cross-tolerance to cannabinoid receptor agonists. Moreover, repeated dosing 

of high dose AEA to FAAH (-/-) mice does not reduce CB1 expression or function (Falenski et al., 

2010). In marked contrast, repeated administration of high doses of the MAGL inhibitor JZL184 leads to 

tolerance to its antinociceptive effects, cross-tolerance to the pharmacological effects of THC, and 

reductions in both CB1 receptor expression and function (Schlosburg et al., 2010; Ghosh et al., 2013). 

Likewise, MAGL (-/-) mice exhibit a phenotypic loss of CB1 receptor expression and function (Chanda 

et al., 2010; Schlosburg et al., 2010; Taschler et al., 2011). Furthermore, repeated high-dose JZL184, but 

not repeated administration of high-dose PF-3845, leads to physical dependence, evidenced by 

precipitated somatic withdrawal (Schlosburg et al., 2010).  However, it should be noted that repeated 

low-dose administration of JZL184 continues to elicit anxiolytic-like activity in rats (Busquets-Garcia et 

al., 2011; Sciolino et al., 2011), as well as sustained antinociceptive effects and normal CB1 receptor 

expression in mice (Kinsey et al., 2013).  

The objective of the present study was to investigate the consequences of acute and prolonged 

inhibition of FAAH and MAGL.  The observations that AEA behaves as a partial CB1 receptor agonist 

(Mackie et al., 1993) with limited capacity to induce CB1 receptor adaptations in vivo (Falenski et al., 

2010), and that 2-AG acts as a full agonist (Sugiura et al., 1999) capable of down-regulating CB1 
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receptors in vivo, raises the intriguing possibility that their combined blockade over time would result in 

less CB1 receptor functional tolerance than prolonged blockade of MAGL alone.  At least one previous 

study suggests that synaptic AEA can inhibit the actions and synthesis of local 2-AG (Maccarrone et al., 

2008).  Accordingly, the behavioral effects caused by single or dual FAAH-MAGL inhibition were 

assessed. Additionally, brain levels of AEA and 2-AG were quantified to compare the impact of single 

enzyme inhibition to combined FAAH and MAGL inhibition. Finally, cross-tolerance to THC, physical 

dependence, and CP55,940-stimulated [35S]GTPγS binding were also evaluated to assess CB1 receptor 

function.    
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Materials and Methods 

Animals  

Subjects consisted of male C57BL/6J (The Jackson Laboratory, Bar Harbor, ME) that were 

approximately eight weeks of age at the beginning of the study. In addition, male FAAH (-/-) and age-

matched FAAH (+/+) mice from the Center Transgenic Colony at Virginia Commonwealth University, 

backcrossed onto a C57BL/6J background (13 generations), were used. Mice were housed in a 

temperature (20–22°C) and humidity-controlled, Association for Assessment and Accreditation of 

Laboratory Animal Care-approved facility, with ad libitum access to food and water. Subjects weighed 

approximately 25 g, were housed four to six mice per cage, and maintained on a 12:12 light cycle. All 

experiments were approved by the Institutional Animal Care and Use Committee at Virginia 

Commonwealth University. Mice were temporarily individually housed two days prior to repeated 

injections, and through all behavioral testing. 

 

Drugs 

JZL184 and JZL195 (Long et al., 2009a; Long et al., 2009c) as well as the selective FAAH 

inhibitor PF-3845 (Ahn et al., 2009) were synthesized as previously described.  Rimonabant and Δ9-

THC were obtained from the Drug Supply Program of the National Institute on Drug Abuse (Rockville, 

MD). AEA was provided by Organix Inc. (Woburn, MA).  Deuterated standards for AEA and 2-AG 

were purchased from Cayman Chemical (Ann Arbor, MI).  CP55,940, GDP, & unlabeled GTPγS was 

purchased from Sigma (St. Louis, MO).  [35S]GTPγS was purchased from PerkinElmer (Waltham, MA) 

 

Drug administration 

Drugs were dissolved in a vehicle consisting of ethanol, Alkamuls-620 (Sanofi-Aventis, 

Bridgewater, NJ), and saline in a ratio of 1:1:18, sonicated as necessary, and injected intraperitoneally 
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(i.p.) in a volume of 10 μl/g body mass.  Mice were assigned to the following groups: vehicle control 

(vehicle daily for six days), acute JZL184 (vehicle for five days and JZL184 (40 mg/kg, i.p.) on day six, 

repeated JZL184 (40 mg/kg, i.p. for six days), repeated JZL195 (20 mg/kg; twice daily injections for six 

days), and repeated PF3845 (10 mg/kg for six days). In an additional experiment, FAAH (-/-) mice were 

given JZL184 (40 mg/kg, i.p.) or vehicle once a day and AEA (50 mg/kg, s.c) or vehicle twice daily for 

six consecutive days. 

 

Behavioral assessment 

Initial studies examined the pharmacological effects of acute and repeated JZL184 in FAAH (-/-) 

and (+/+) mice.  Catalepsy was evaluated using the bar test, in which the front paws of each subject were 

placed on a rod (0.75 cm diameter) that was elevated 4.5 cm above the surface of the bench top (Kinsey 

et al., 2013). Mice were scored as cataleptic if they remained motionless (with the exception of 

respiratory movements) with their forepaws on the bar during the 60 s test.  Mice that showed a sudden 

pushing off the bar or biting/gnawing the bar during placement were recorded as hyper-reflexive.  

Antinociceptive effects were assessed in the tail immersion test, in which each mouse was placed 

head first into a small bag fabricated from absorbent under pads (VWR Scientific Products; 4 cm 

diameter, 11 cm length) with the tail out of the bag (Kinsey et al., 2013). The experimenter gently held 

the mouse and immersed approximately 1 cm of the tip of the tail into a water bath maintained at 52.0° 

C. The latency for the animal to withdraw its tail from the water within a 10 s cut off time was scored.  

Rectal temperature was determined by inserting a thermocouple probe 2.0 cm into the rectum, and 

temperature was obtained from a BAT-10 telethermometer (Physitemp Instruments, Clifton, NJ).  

 Mice previously given repeated injections of vehicle or JZL184 were then tested for cross-

tolerance to THC the day following the final injection.  A cumulative dosing regimen was used to 

investigate the dose-response relationship of THC in producing catalepsy, antinociception, and 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 21, 2014 as DOI: 10.1124/jpet.114.212753

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #212753 

9 
 

hypothermia (Falenski et al., 2010), which served to reduce the number of animals used and individual 

animal variability.  Thirty min after each injection, mice were assessed for catalepsy, antinociception, 

and hypothermia, and then immediately given the next injection.  The entire procedure took less than 4 h 

to complete.  

To evaluate physical dependence, male C57BL/6J FAAH(+/+), or FAAH (-/-) mice were given 

two daily i.p. injections (8:00 and 16:00 h) of various endocannabinoid catabolic enzyme inhibitors for 

5.5 days.  1.5 h following the final injection, mice were placed in observation chambers to habituate for 

30 min. All animals were placed into white (for contrast) acrylic chambers (20×20×20 cm), with a clear 

acrylic front panel and a mirrored back panel, enclosed in sound-attenuating cabinets.  At the 30-min 

time point, the animals were briefly removed from the chambers, given an i.p. injection of the CB1 

receptor antagonist rimonabant, and immediately returned to water-cleaned chambers for a 1-h 

observation period. Behavior was recorded through the clear front panel using a series of Fire-i™ digital 

cameras (Unibrain, San Ramon, CA), and the videos were processed and saved using ANYmaze™ 

video tracking software (Stoelting Co., Wood Dale, IL). The videos were subsequently placed in 

randomized order in a separate ANY-maze™ protocol for a trained observer to score somatic behaviors 

using a keyboard-based behavioral tracking system blinded to treatment group. Videos were scored 

using time sampling, examining every other 5-min interval post-rimonabant injection (i.e., 5–10 min, 

15–20 min, etc.) and totaled for the 30 min of observation over the 1 h recording.  The primary behavior 

observed was front paw tremors that included a range of behavior from single-paw twitches to full 

fluttering or shaking of both paws simultaneously. Also recorded were head twitches, which generally 

manifest as rotational shakes of the head, similar to what is described as “wet dog shakes” in rats. 

 

Extraction and quantification of endocannabinoids by liquid chromatography-tandem mass 

spectrometry.   
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Two experiments were conducted in which brain levels of endocannabinoids were quantified. In 

the first experiment, whole brain levels of AEA and 2-AG were quantified in FAAH (-/-) and (+/+) mice 

following acute or repeated JZL184 administration.   Two h after acute or the final JZL184 injection, 

mice were decapitated, brains were removed and snap-frozen on dry ice, and then stored at -80°C until 

assay preparation.  In the second experiment, male FAAH (-/-) mice were given two daily i.p. injections 

(10:00 and 20:00 h) of vehicle or AEA (50 mg/kg for six days) for 5.5 days and one daily i.p. injection 

(09:00 h) of vehicle or JZL184 (40 mg/kg) for six consecutive days. Twenty-four h following the final 

injection, the subjects were decapitated, brains were removed, dissected in half along the midsagittal 

plane, snap frozen on dry ice, and stored at -80°C.  Half of each brain was used to quantify 

endocannabinoid levels and the other half was used for CP55,940 stimulated [35S]GTPγS binding (see 

below). 

On the day of processing, tissues were weighed and homogenized with 1.4 ml of 

chloroform/methanol (2:1 v/v containing 0.0348 g of phenylmethylsulfonyl fluoride/ml) after the 

addition of internal standards to each sample (2 pmol of AEA-d8 and 1 nmol of 2-AG-d8; Cayman 

Chemical). Homogenates were then mixed with 0.3 ml of 0.73% w/v NaCl, vortexed, and then 

centrifuged for 10 min at 3220 g (4°C). The aqueous phase plus debris were collected and extracted two 

more times with 0.8 ml of chloroform. The organic phases from the three extractions were pooled and 

the organic solvents were evaporated under nitrogen gas. Dried samples were reconstituted with 0.1 ml 

of chloroform and mixed with 1 ml of ice-cold acetone. The mixtures were then centrifuged for 5 min at 

1811 g (4°C) to precipitate the proteins. The upper layer of each sample was collected and evaporated 

under nitrogen. Dried samples were reconstituted with 0.1 ml of methanol and placed in autosample 

vials for analysis. 

Liquid chromatography-tandem mass spectrometry was used to quantify AEA and 2-AG. The 

mobile phase consisted of water/methanol (10:90) with 0.1% ammonium acetate and 0.1% formic acid. 
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The column used was a Discovery HS C18, 2.1* 150 mm, 4.6 × 15 cm, 3 μm (Supelco, Bellefonte, PA). 

The mass spectrometer was run in electrospray ionization in positive mode. Ions were analyzed in a 

multiple-reaction-monitoring mode and the following transitions were monitored: (348 > 62) and (348 > 

91) for AEA; (356 > 62) for AEA-d8; (379 > 287) and (279 > 269) for 2-AG; and (387 > 96) for 2AG-

d8. A calibration curve was constructed for each assay based on linear regression with use of the peak 

area ratios of the calibrators. The extracted standard curves ranged from 0.03 to 40 pmol for AEA and 

from 0.039 to 64 nmol for 2-AG for whole brain. 

 

CP55,940-Stimulated  [35S]GTPγS binding 

Brains stored at -80 °C were homogenized with an ULTRA-TURRAX T25 in cold membrane 

buffer (50 mM Tris-HCl, 3 mM MgCl2, 1 mM EGTA, pH 7.4) and then centrifuged at  48,000 g for 10 

min at 4 °C.  Pellets were re-suspended in membrane buffer and centrifuged again at 48,000 g for 

another 10 min at 4 °C. Pellets from the second centrifugation were homogenized in assay buffer 

(50 mM Tris-HCl, 3 mM MgCl2, 0.2 mM EGTA, 100 mM NaCl, pH 7.7) to measure protein 

concentration and then incubated for 10 min at 30 °C in 0.004 U/ml adenosine deaminase (240 U/mg 

protein: Sigma Chemical Co). The assay was conducted at 30 °C  for  2 h in assay buffer including 10 

µg of membrane protein with 0.1 % bovine serum albumin (BSA), 30 µM GDP, various concentrations 

of CP-55,940 (10 µM, 3 µM, 1 µM, 0.3 µM, 0.1 µM and 0.03 µM) and 0.10 nM [35S]GTPγS  in a final 

volume of 0.5 ml. Nonspecific binding was determined in the absence of agonist and the presence of 

20 µM unlabeled GTPγS. Reactions were terminated by rapid filtration under  vacuum  through 

Whatman GF/B glass fiber filters (Brandel), followed by three washes with cold Tris HCl buffer, pH 

7.4. Bound radioactivity was determined by liquid scintillation spectrophotometry at 50 % efficiency for 

35S after 1 h shaking of the filters in 4 ml of Budget Solve scintillation fluid (RPI Corp., Mount Prospect, 

IL). 
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Data analysis and statistics 

All results are expressed as mean ± SEM.  Results were considered to be significant at p < 0.05.  

All endocannabinoid brain concentrations and behavioral endpoints were evaluated by two-way 

ANOVA (genotype and drug treatment), or three-way ANOVA (genotype, drug treatment, and time 

course).  When appropriate, dose-response and JZL184 time course data were further assessed using 

Dunnett’s test, and the Tukey-Kramer post-hoc test was used in other experiments. CP-55,940 

concentration-effect curves for stimulation of [35S]GTPγS binding were performed in triplicate and 

analyzed by non-linear regression using GraphPad/Prism software.  The resulting Emax and EC50 values 

were compared by one-way ANOVA with post-hoc Dunnett’s or Newman-Keuls test to determine 

significant differences between groups. 
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Results 

 The pharmacological effects of acute and repeated administration of JZL184 in FAAH (+/+) and 

(-/-) mice are shown in Figure 1.  Three-way ANOVA revealed a significant Time by Treatment by 

Genotype interaction [F(8,156) = 4.0, p < 0.001].  Acute administration of JZL184 (40 mg/kg) produced 

significant increases in tail withdrawal latency in wild type mice (Fig. 1, top left) and further enhanced 

the antinociceptive effects in FAAH (-/-) mice (Fig. 1, bottom left).  The antinociceptive effects of 

JZL184 underwent complete tolerance following repeated dosing, regardless of FAAH inactivation 

genotype.  

 During the bar test, the occurrence of hyper-reflexive behavior and biting or gnawing of the bar 

interfered with the assessment of catalepsy.  Acute administration of JZL184 elicited hyper-reflexia that 

followed the antinociceptive time course of this drug. A greater percentage of FAAH (-/-) mice 

presented with hyper-reflexive behavior than FAAH (+/+) mice [Genotype: F(1,39) = 6.9, p < 0.01; Fig. 

1, middle columns].  However, this response underwent tolerance following repeated dosing of JZL184 

in both genotypes. The hyper-reflexia waned by 4 h [Time by Treatment interaction: F(3,117) = 10.2, p 

< 0.001].  JZL184 also elicited biting behavior exclusively in FAAH (-/-) mice, with a similar time 

course as antinociception and hyper-reflexia [Time by Treatment by Genotype interaction: F(6,117) = 

2.5, p < 0.05].  As with the other behavioral measures, repeated JZL184 treatment resulted in nearly 

complete tolerance of biting responses, regardless of genotype (Fig. 1, right columns). In contrast, 

JZL184 did not produce relevant hypothermic responses (data not shown). 

 FAAH (+/+) and (-/-) mice were treated repeatedly with vehicle or JZL184 and at 24 h after the 

final injection were assessed for cross-tolerance to the antinociceptive, hypothermic, and cataleptic 

effects of THC.  FAAH (-/-) and (+/+) mice treated with vehicle showed typical THC dose-response 

relationships for each measure.  In the tail immersion test (Fig. 2, left column), both genotypes treated 

repeatedly with JZL184 displayed tolerance to the antinociceptive effects of THC [THC dose by 
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Treatment interaction: F(6,168) = 47.7, p < 0.001].  Similarly, cross-tolerance was observed for THC-

induced hypothermia (Fig. 2, middle column), with repeated JZL184 groups showing minimal loss in 

body temperature following THC, regardless of genotype [THC dose by Treatment interaction: F(6,168) 

= 62.3, p < 0.001].  However, neither genotype displayed cross-tolerance to the cataleptic effects of 

THC (Fig. 2, right column). All groups showed similar dose-responsive immobility in the bar test [main 

effect of THC dose: F(6,168) = 26.6, p < 0.001]. 

The data set depicted in Figure 3a shows the effects of rimonabant challenge in C57BL/6J mice 

treated repeatedly with vehicle,  PF-3845 (10 mg/kg), JZL184 (40 mg/kg), combination of PF-3845 and 

JZL184, or the dual FAAH-MAGL inhibitor JZL195 (20 mg/kg).  Rimonabant did not elicit cannabinoid 

withdrawal behavior in mice treated repeatedly with vehicle or PF-3845. However, rimonabant did 

precipitate significant increases in paw tremors in mice treated repeatedly with JZL184, with or without 

PF-3845, and mice treated repeatedly with the dual FAAH-MAGL inhibitor JZL195 [Treatment main 

effect: F(4,41) = 9.8, p < 0.001; Fig. 3A].  Rimonabant elicited a significant increase in head twitching 

behavior in the JZL195 treatment group, only [Treatment main effect: F(4,41) = 7.9, p < 0.001; Fig. 

3B]. Rimonabant precipitated significant increases in paw fluttering behavior in FAAH (+/+) and (-/-) 

mice treated repeatedly with JZL184, irrespective of genotype [Treatment main effect: F(1,69) = 45.0, p 

< 0.001; Fig. 3C].  No significant difference in the magnitude of withdrawal was observed based on 

FAAH genotype (Treatment by Genotype interaction: p = 0.36).  In addition, no significant effect of 

head twitching was elicited based on either treatment or genotype [Fig. 3D]. 

Brain levels of AEA and 2-AG were measured following acute and repeated treatment of JZL184 

in FAAH (+/+) and (-/-) mice.  AEA was significantly elevated in bulk brain tissue from FAAH (-/-) 

mice, regardless of JZL184 treatment [Genotype: F(1,29) = 102.6, p < 0.001], with roughly 20-fold 

elevations above that of respective FAAH (+/+) groups (Fig. 4A).  In the FAAH (+/+) mice, repeated 

JZL184 produced approximately a doubling of AEA content, significantly elevated from vehicle or 
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single JZL184 treatment [Treatment: F(2,14) = 28.7, p < 0.001].  Acute JZL184 produced roughly 10-

fold increases in 2-AG levels in brain, while repeated JZL184 treatment resulted in 20-fold 

accumulation of 2-AG [Treatment: F(2,29) = 132.1, p < 0.001; Fig. 4B].  FAAH genotype had no 

significant influence on the levels of 2-AG following vehicle or JZL184 administration [Genotype: p = 

0.25]. 

Because AEA is a partial CB1 receptor agonist and 2-AG is a full CB1 receptor agonist (Hillard, 

2000), the final experiment tested whether exogenously administered AEA would prevent CB1 receptor 

desensitization caused by repeated administration of high dose JZL184 (40 mg/kg).   Repeated JZL184 

caused a significant decrease in the Emax value of CP55,940-stimulated [35S]GTPγS binding [Treatment: 

F(4,31) = 12.6, p < 0.001; Fig. 5A]. While AEA-treated FAAH (-/-) mice exhibited similar CB1 receptor 

activation as FAAH (-/-) mice treated with vehicle or FAAH (+/+) control mice, FAAH (-/-) mice co-

administered JZL184 and AEA displayed a further decrease in the CP55,940 Emax value compared to 

JZL184 treatment alone.  No significant differences in CP55,940 EC50 values were obtained between 

groups (not shown).  Thus, repeated JZL184 administration decreased maximal CB1 receptor-mediated 

G-protein activation and repeated injections of both JZL184 and exogenous AEA further reduced CB1 

receptor activity in FAAH (-/-) mice relative to repeated injections of JZL184 alone.  

Repeated administration of JZL184 significantly elevated 2-AG [F(1,24) = 1088; p < 0.001; Fig. 

5B], but did alter AEA levels [p = 0.54, Fig. 5C], in whole brain of FAAH (-/-) mice. Repeated 

administration of AEA [F(1,24) = 12.8; p = 0.002], but not JZL184 [p = 1], significantly elevated AEA 

levels in FAAH (-/-) mice [Fig 5C]. There was no interaction between AEA and JZL184 on 2-AG 

[p = 0.35] or AEA [p = 0.74] levels in the brain. FAAH (-/-) mice treated with vehicle showed elevated 

AEA [T(13) = 7.9, p < 0.001], but not 2-AG [p = 0.11] levels as compared to wild-type mice 

administered with vehicle. However, exogenous AEA administration resulted in an approximately 20-

fold increase in brain AEA levels 24 h after the last administration.   
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Discussion 

As previously reported (Long et al., 2009c; Anderson et al., 2013), complete blockade of both 

endocannabinoid catabolic enzymes FAAH and MAGL produced enhanced antinociceptive effects that 

were accompanied with increased cannabimimetic activity. The pharmacological effects of high doses of 

JZL184 in wild type mice, as well as the augmented effects of this compound in FAAH (-/-) mice, 

underwent tolerance following six days of daily dosing. Repeated high-dose JZL184 administration also 

led to cross-tolerance to the antinociceptive and hypothermic effects of THC that occurred irrespective 

of FAAH genotype. Likewise, prolonged JZL184 administration produced mild dependence, as 

indicated by a significant increase in of rimonabant-precipitated paw fluttering, previously demonstrated 

to be roughly equivalent to a mild daily dosing (10 mg/kg) regimen of THC (Schlosburg et al., 2010).  

This effect was neither abated nor enhanced based on of FAAH genotype.  Increased AEA content in 

FAAH (-/-) mice, including substantial exogenously administered AEA, only increases CB1 receptor 

desensitization produced by repeated JZL184. 

These data continue the line of findings that enhancing both endogenous cannabinoids 

simultaneously produces a full array of cannabimimetic effects.  Simultaneous blockade of FAAH and 

MAGL produces enhanced antinociceptive effects, but also THC-like subjective effects in the drug 

discrimination paradigm (Long et al., 2009c; Ignatowska-Jankowska et al., 2014), as well as impaired 

performance in a repeated acquisition Morris water maze task (Wise et al., 2012).  Here, we show that 

the pharmacological effects of JZL184 in wild type mice and its augmented effects in FAAH (-/-) mice 

undergo a similar magnitude of tolerance and dependence following repeated drug administration.  

Similarly, FAAH (-/-) or (+/+) mice treated with repeated JZL184 display cross-tolerance to the 

antinociceptive and hypothermic, but not cataleptic effects of THC.  This is consistent with the 

heterogeneous desensitization of CB1 receptors in repeated JZL184-treated brains, in which reductions 

in agonist-stimulated [35S]GTPγS binding were found in brain regions associated with pain (i.e., PAG 
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and cingulate cortex), but not motor function (i.e., caudate putamen, globus pallidus, substantia nigra, 

and cerebellum)(Schlosburg et al., 2010).  Also in agreement with previous reports, FAAH (-/-) mice 

showed identical pharmacological effects to THC as their wild type counterparts (Cravatt et al., 2001; 

Falenski et al., 2010).  Also of interest is the seemingly complete independent regulation of bulk 

endocannabinoid content within the brain.  2-AG levels were not impacted by FAAH inactivation or 

repeated injections of AEA to FAAH (-/-) mice, suggesting independent regulation of these two major 

brain endocannabinoids.   

Taken together, the results of the present study indicate that prolonged elevations in 2-AG are 

capable of CB1 receptor functional tolerance, regardless of FAAH genotype, though a role for other 

substrates of JZL184 cannot be ruled out.  Off-target effects of JZL184 (e.g., FAAH and ABHD6) are 

observed using a similar repeated dosing paradigm (Chang et al., 2012), which might contribute to the 

effects observed here.  While JZL184’s effect on FAAH is apparent following repeated treatment, 

especially in the form of moderately enhanced AEA in brain (Fig. 4A), there is evidence that ultimately 

MAGL inhibition and 2-AG elevations are the common underlying means for CB1 receptor adaptations.  

Prolonged enhancement of AEA brain content in FAAH-disrupted mice by itself does not lead to CB1 

receptor tolerance (current paper; Falenski et al., 2010).  Also, repeated administration of the far more 

MAGL-selective inhibitor KML29 shows tolerance in numerous pain models, while not showing any 

increases in AEA (Ignatowska-Jankowska et al., 2014).  Finally, profound CB1 receptor adaptations are 

observed in MAGL (-/-) mice, with no compensatory alterations in FAAH or ABHD6 activity observed 

(Chanda et al., 2010; Schlosburg et al., 2010; Pan et al., 2011).  In both previous cases, MAGL was 

selectively inactivated, and AEA levels were unaffected.  This evidence suggests that MAGL inhibition 

is sufficient to produce the examined CB1 receptor adaptations, in which the current studies suggest 

concurrent elevation of AEA provides no protective or diminishment thereof.  Whether MAGL is 

necessary for endocannabinoid dependence and downregulation remains to be seen, as studies of 
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knockout models and drugs selective for the other major 2-AG hydrolyzing enzymes become available 

(Marrs et al., 2010; Blankman et al., 2013; Hsu et al., 2013). 

While the mechanism underlying differential CB1 receptor desensitization by repeated elevation 

of 2-AG or AEA concentration is not entirely clear, the fact that 2-AG and AEA interact at the receptor 

in distinct fashions is likely important.  Specifically, AEA behaves as a partial CB1 receptor agonist 

(Mackie et al., 1993) and prolonged high levels of AEA provoke no or minimal CB1 receptor down-

regulation/desensitization (Falenski et al., 2010). In contrast, 2-AG behaves as a full CB1 receptor 

agonist (Sugiura et al., 1999).  Differences in efficacy likely account for AEA’s attenuation of 2-AG 

functional activity in hCB2-transfected CHO cells (Gonsiorek et al., 2000). Accordingly, we tested 

whether elevated brain AEA levels caused by FAAH deletion or exogenous AEA administration to 

FAAH (-/-) mice might protect the CB1 receptor from functional tolerance following prolonged MAGL 

inhibition. However, elevatin AEA levels did not prevent functional tolerance caused by repeated high-

dose JZL184 administration.  In fact, the addition of high-dose exogenous AEA in FAAH (-/-) mice 

enhanced CB1 receptor desensitization caused by repeated JZL184.  These results parallel in vitro 

findings in isolated cerebellar membranes, in which AEA did not antagonize 2-AG stimulated G-protein 

activity (Savinainen et al., 2001). 

Though the current studies focused specifically on CB1 receptor function, both AEA and 2-AG 

elevations may interact through alternative signaling pathways.  For example, MAGL (-/-) mice display 

no apparent decreases in CB2 receptor binding (Chanda et al., 2010), and numerous examples 

demonstrate CB2-mediated antinociceptive effects, particularly in peripheral inflammatory models 

(Khasabova et al., 2011; Anderson et al., 2013; Ignatowska-Jankowska et al., 2014).  Moreover, not only 

is AEA known to affect nociceptive behavior via TRPV1-mediated mechanisms (Dinis et al., 2004; 

Maione et al., 2006; Horvath et al., 2008; Guindon et al., 2013), but also this endocannabinoid has been 

suggested to alter local 2-AG production via TRPV1 receptors (Maccarrone et al., 2008). Though 
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alternative signaling pathways may contribute to overall therapeutic efficacy, for behaviors attributed to 

CB1 receptor activation, MAGL inhibition adaptations are reversible by co-treatment with the CB1 

receptor antagonist rimonabant (Schlosburg et al., 2010; Alhouayek et al., 2011; Wise et al., 2012).  

Two distinctions emerge from the receptor adaptations observed following functional tolerance 

produced via either 2-AG or AEA: localization and downregulation.  Repeated exogenous AEA given to 

FAAH (-/-) mice produces cannabinoid tolerance comparable to that of THC, yet with only minimal 

physical signs of withdrawal and desensitization of receptors in only a few distinct regions (e.g. caudate, 

cerebellum). Furthermore, exogenous AEA failed to elicit significant loss of cannabinoid receptor 

binding pools in these same regions (Rubino et al., 2008; Falenski et al., 2010).  Conversely, the 

magnitude of CB1 receptor desensitization following repeated administration of JZL184 closely parallels 

the degree of CB1 receptor downregulation (Schlosburg et al., 2010), with regions such as caudate and 

cerebellum notably not altered following repeated JZL184. This bias towards downregulation of 

receptors is shared with the partial agonist THC and full agonist WIN55,212-2 (Sim-Selley and Martin, 

2002), suggesting receptor efficacy alone does not account for the different consequences between 

prolonged FAAH and MAGL inhibition on CB1 receptor functional tolerance.  One suggested intrinsic 

property that could be a predictor of ligand-directed adaptations is the rate of CB1 receptor 

internalization and recycling; however, in these tests AEA and THC showed equivalently slow 

desensitization (Luk et al., 2004; Wu et al., 2008).  Membrane receptor interactions with intracellular 

regulators responsible for trafficking, along with new understanding of how ligands can produce biased 

intracellular signaling, will become important factors to study.  The ultimate goal is to determine the 

crucial differences in why chronic elevation of the two major endocannabinoids produce partial 

cannabimimetic effects, but lead to highly divergent long-term consequences in the overall function of 

the endocannabinoid system. 

Our study indicates that partial, rather than full blockade, of MAGL may be a preferred strategy for 

achieving beneficial CB1 receptor activation while avoiding functional antagonism. While CB1 receptor function 
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is preserved following repeated low doses of JZL184, generating tempered elevations in brain 2-AG (Kinsey et 

al., 2013), it remains to be determined whether CB1 receptor function would also be retained following partial 

inhibition of MAGL in combination with a FAAH inhibitor for several days.  However, the strategy of using 

drugs that produce complete FAAH inhibition with partial MAGL inhibition alleviated withdrawal signs in 

morphine-dependent mice, without untoward cannabimimetic effects of loss of CB1 receptor function following 

repeated administration (Ramesh et al., 2013).

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 21, 2014 as DOI: 10.1124/jpet.114.212753

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #212753 

21 
 

Author Contributions 

Participated in research design: Schlosburg, Kinsey, Ignatowska-Jankowska, Selley, Cravatt, Lichtman 

Conducted experiments: Schlosburg, Kinsey, Ignatowska-Jankowska, Ramesh, Abdullah, Tao, Booker, 

Long 

Performed data analysis: Schlosburg, Ignatowska-Jankowska, Ramesh, Abdullah, Long, Selley, 

Lichtman  

Wrote or contributed to the writing of the manuscript: Schlosburg, Kinsey, Ignatowska-Jankowska, 

Selley, Cravatt, Lichtman 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 21, 2014 as DOI: 10.1124/jpet.114.212753

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #212753 

22 
 

References 

Ahn K, Johnson DS, Mileni M, Beidler D, Long JZ, McKinney MK, Weerapana E, Sadagopan N, 

Liimatta M, Smith SE, Lazerwith S, Stiff C, Kamtekar S, Bhattacharya K, Zhang Y, Swaney S, 

Van Becelaere K, Stevens RC and Cravatt BF (2009) Discovery and characterization of a highly 

selective FAAH inhibitor that reduces inflammatory pain. Chemistry & biology 16:411-420. 

Alhouayek M, Lambert DM, Delzenne NM, Cani PD and Muccioli GG (2011) Increasing endogenous 

2-arachidonoylglycerol levels counteracts colitis and related systemic inflammation. FASEB J 

25:2711-2721. 

Anderson WB, Gould MJ, Torres RD, Mitchell VA and Vaughan CW (2013) Actions of the dual 

FAAH/MAGL inhibitor JZL195 in a murine inflammatory pain model. Neuropharmacology 

81C:224-230. 

Blankman JL and Cravatt BF (2013) Chemical probes of endocannabinoid metabolism. Pharmacol Rev 

65:849-871. 

Blankman JL, Long JZ, Trauger SA, Siuzdak G and Cravatt BF (2013) ABHD12 controls brain 

lysophosphatidylserine pathways that are deregulated in a murine model of the 

neurodegenerative disease PHARC. Proc Natl Acad Sci U S A 110:1500-1505. 

Busquets-Garcia A, Puighermanal E, Pastor A, de la Torre R, Maldonado R and Ozaita A (2011) 

Differential role of anandamide and 2-arachidonoylglycerol in memory and anxiety-like 

responses. Biol Psychiatry 70:479-486. 

Chanda PK, Gao Y, Mark L, Btesh J, Strassle BW, Lu P, Piesla MJ, Zhang MY, Bingham B, Uveges A, 

Kowal D, Garbe D, Kouranova EV, Ring RH, Bates B, Pangalos MN, Kennedy JD, Whiteside 

GT and Samad TA (2010) Monoacylglycerol lipase activity is a critical modulator of the tone 

and integrity of the endocannabinoid system. Mol Pharmacol 78:996-1003. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 21, 2014 as DOI: 10.1124/jpet.114.212753

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #212753 

23 
 

Chang JW, Niphakis MJ, Lum KM, Cognetta AB, 3rd, Wang C, Matthews ML, Niessen S, Buczynski 

MW, Parsons LH and Cravatt BF (2012) Highly selective inhibitors of monoacylglycerol lipase 

bearing a reactive group that is bioisosteric with endocannabinoid substrates. Chem Biol 19:579-

588. 

Cravatt BF, Demarest K, Patricelli MP, Bracey MH, Giang DK, Martin BR and Lichtman AH (2001) 

Supersensitivity to anandamide and enhanced endogenous cannabinoid signaling in mice lacking 

fatty acid amide hydrolase. Proc Natl Acad Sci U S A 98:9371-9376. 

Cravatt BF, Giang DK, Mayfield SP, Boger DL, Lerner RA and Gilula NB (1996) Molecular 

characterization of an enzyme that degrades neuromodulatory fatty-acid amides. Nature 384:83-

87. 

Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, Griffin G, Gibson D, Mandelbaum A, 

Etinger A and Mechoulam R (1992) Isolation and structure of a brain constituent that binds to 

the cannabinoid receptor. Science 258:1946-1949. 

Di Marzo V (2008) Targeting the endocannabinoid system: to enhance or reduce? Nature reviews Drug 

discovery 7:438-455. 

Dinh TP, Carpenter D, Leslie FM, Freund TF, Katona I, Sensi SL, Kathuria S and Piomelli D (2002) 

Brain monoglyceride lipase participating in endocannabinoid inactivation. Proc Natl Acad Sci U 

S A 99:10819-10824. 

Dinis P, Charrua A, Avelino A, Yaqoob M, Bevan S, Nagy I and Cruz F (2004) Anandamide-evoked 

activation of vanilloid receptor 1 contributes to the development of bladder hyperreflexia and 

nociceptive transmission to spinal dorsal horn neurons in cystitis. J Neurosci 24:11253-11263. 

Falenski KW, Thorpe AJ, Schlosburg JE, Cravatt BF, Abdullah RA, Smith TH, Selley DE, Lichtman 

AH and Sim-Selley LJ (2010) FAAH-/- mice display differential tolerance, dependence, and 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 21, 2014 as DOI: 10.1124/jpet.114.212753

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #212753 

24 
 

cannabinoid receptor adaptation after delta 9-tetrahydrocannabinol and anandamide 

administration. Neuropsychopharmacology 35:1775-1787. 

Ghosh S, Wise LE, Chen Y, Gujjar R, Mahadevan A, Cravatt BF and Lichtman AH (2013) The 

monoacylglycerol lipase inhibitor JZL184 suppresses inflammatory pain in the mouse 

carrageenan model. Life Sci 92:498-505. 

Gonsiorek W, Lunn C, Fan XD, Narula S, Lundell D and Hipkin RW (2000) Endocannabinoid 2-

arachidonyl glycerol is a full agonist through human type 2 cannabinoid receptor: Antagonism 

by anandamide. Molecular Pharmacology 57:1045-1050. 

Guindon J, Guijarro A, Piomelli D and Hohmann AG (2011) Peripheral antinociceptive effects of 

inhibitors of monoacylglycerol lipase in a rat model of inflammatory pain. Br J Pharmacol 

163:1464-1478. 

Guindon J, Lai Y, Takacs SM, Bradshaw HB and Hohmann AG (2013) Alterations in endocannabinoid 

tone following chemotherapy-induced peripheral neuropathy: effects of endocannabinoid 

deactivation inhibitors targeting fatty-acid amide hydrolase and monoacylglycerol lipase in 

comparison to reference analgesics following cisplatin treatment. Pharmacol Res 67:94-109. 

Hillard CJ (2000) Biochemistry and pharmacology of the endocannabinoids arachidonylethanolamide 

and 2-arachidonylglycerol. Prostaglandins Other Lipid Mediat 61:3-18. 

Horvath G, Kekesi G, Nagy E and Benedek G (2008) The role of TRPV1 receptors in the 

antinociceptive effect of anandamide at spinal level. Pain 134:277-284. 

Hsu KL, Tsuboi K, Chang JW, Whitby LR, Speers AE, Pugh H and Cravatt BF (2013) Discovery and 

optimization of piperidyl-1,2,3-triazole ureas as potent, selective, and in vivo-active inhibitors of 

alpha/beta-hydrolase domain containing 6 (ABHD6). J Med Chem 56:8270-8279. 

Ignatowska-Jankowska BM, Ghosh S, Crowe MS, Kinsey SG, Niphakis MJ, Abdullah RA, Tao Q, 

O'Neal ST, Walentiny DM, Wiley JL, Cravatt BF and Lichtman AH (2014) In vivo 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 21, 2014 as DOI: 10.1124/jpet.114.212753

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #212753 

25 
 

characterization of the highly selective monoacylglycerol lipase inhibitor KML29: 

antinociceptive activity without cannabimimetic side effects. Br J Pharmacol 171:1392-1407. 

Kathuria S, Gaetani S, Fegley D, Valino F, Duranti A, Tontini A, Mor M, Tarzia G, La Rana G, 

Calignano A, Giustino A, Tattoli M, Palmery M, Cuomo V and Piomelli D (2003) Modulation of 

anxiety through blockade of anandamide hydrolysis. Nat Med 9:76-81. 

Khasabova IA, Chandiramani A, Harding-Rose C, Simone DA and Seybold VS (2011) Increasing 2-

arachidonoyl glycerol signaling in the periphery attenuates mechanical hyperalgesia in a model 

of bone cancer pain. Pharmacol Res 64:60-67. 

Kinsey SG, Long JZ, Cravatt BF and Lichtman AH (2010) Fatty acid amide hydrolase and 

monoacylglycerol lipase inhibitors produce anti-allodynic effects in mice through distinct 

cannabinoid receptor mechanisms. The journal of pain : official journal of the American Pain 

Society 11:1420-1428. 

Kinsey SG, Long JZ, O'Neal ST, Abdullah RA, Poklis JL, Boger DL, Cravatt BF and Lichtman AH 

(2009) Blockade of endocannabinoid-degrading enzymes attenuates neuropathic pain. Journal of 

Pharmacology and Experimental Therapeutics 330:902-910. 

Kinsey SG, Wise LE, Ramesh D, Abdullah R, Selley DE, Cravatt BF and Lichtman AH (2013) 

Repeated low-dose administration of the monoacylglycerol lipase inhibitor JZL184 retains 

cannabinoid receptor type 1-mediated antinociceptive and gastroprotective effects. J Pharmacol 

Exp Ther 345:492-501. 

Long JZ, Li W, Booker L, Burston JJ, Kinsey SG, Schlosburg JE, Pavon FJ, Serrano AM, Selley DE, 

Parsons LH, Lichtman AH and Cravatt BF (2009a) Selective blockade of 2-arachidonoylglycerol 

hydrolysis produces cannabinoid behavioral effects. Nat Chem Biol 5:37-44. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 21, 2014 as DOI: 10.1124/jpet.114.212753

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #212753 

26 
 

Long JZ, Nomura DK and Cravatt BF (2009b) Characterization of monoacylglycerol lipase inhibition 

reveals differences in central and peripheral endocannabinoid metabolism. Chem Biol 16:744-

753. 

Long JZ, Nomura DK, Vann RE, Walentiny DM, Booker L, Jin X, Burston JJ, Sim-Selley LJ, Lichtman 

AH, Wiley JL and Cravatt BF (2009c) Dual blockade of FAAH and MAGL identifies behavioral 

processes regulated by endocannabinoid crosstalk in vivo. Proc Natl Acad Sci U S A 106:20270-

20275. 

Luk T, Jin W, Zvonok A, Lu D, Lin XZ, Chavkin C, Makriyannis A and Mackie K (2004) Identification 

of a potent and highly efficacious, yet slowly desensitizing CB1 cannabinoid receptor agonist. 

British journal of pharmacology 142:495-500. 

Maccarrone M, Rossi S, Bari M, De Chiara V, Fezza F, Musella A, Gasperi V, Prosperetti C, Bernardi 

G, Finazzi-Agro A, Cravatt BF and Centonze D (2008) Anandamide inhibits metabolism and 

physiological actions of 2-arachidonoylglycerol in the striatum. Nat Neurosci 11:152-159. 

Mackie K, Devane WA and Hille B (1993) Anandamide, an endogenous cannabinoid, inhibits calcium 

currents as a partial agonist in N18 neuroblastoma cells. Mol Pharmacol 44:498-503. 

Maione S, Bisogno T, de Novellis V, Palazzo E, Cristino L, Valenti M, Petrosino S, Guglielmotti V, 

Rossi F and Di Marzo V (2006) Elevation of endocannabinoid levels in the ventrolateral 

periaqueductal grey through inhibition of fatty acid amide hydrolase affects descending 

nociceptive pathways via both cannabinoid receptor type 1 and transient receptor potential 

vanilloid type-1 receptors. Journal of Pharmacology and Experimental Therapeutics 316:969-

982. 

Marrs WR, Blankman JL, Horne EA, Thomazeau A, Lin YH, Coy J, Bodor AL, Muccioli GG, Hu SS, 

Woodruff G, Fung S, Lafourcade M, Alexander JP, Long JZ, Li W, Xu C, Moller T, Mackie K, 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 21, 2014 as DOI: 10.1124/jpet.114.212753

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #212753 

27 
 

Manzoni OJ, Cravatt BF and Stella N (2010) The serine hydrolase ABHD6 controls the 

accumulation and efficacy of 2-AG at cannabinoid receptors. Nat Neurosci 13:951-957. 

Mechoulam R, Ben-Shabat S, Hanus L, Ligumsky M, Kaminski N, Schatz A, Gopher A, Almog S, 

Martin B, Compton D, Pertwee R, Griffin G, Bayewitch M, Barg J and Vogel Z (1995) 

Identification of an endogenous 2-monoglyceride, present in canine gut, that binds to 

cannabinoid receptors. Biochem Pharmacol 50:83-90. 

Mechoulam R and Parker LA (2013) The endocannabinoid system and the brain. Annu Rev Psychol 

64:21-47. 

Pacher P and Kunos G (2013) Modulating the endocannabinoid system in human health and disease--

successes and failures. The FEBS journal 280:1918-1943. 

Pan B, Wang W, Zhong P, Blankman JL, Cravatt BF and Liu QS (2011) Alterations of endocannabinoid 

signaling, synaptic plasticity, learning, and memory in monoacylglycerol lipase knock-out mice. 

J Neurosci 31:13420-13430. 

Parker LA, Limebeer CL, Rock EM, Litt DL, Kwiatkowska M and Piomelli D (2009) The FAAH 

inhibitor URB-597 interferes with cisplatin- and nicotine-induced vomiting in the Suncus 

murinus (house musk shrew). Physiol Behav 97:121-124. 

Patel S and Hillard CJ (2006) Pharmacological evaluation of cannabinoid receptor ligands in a mouse 

model of anxiety: further evidence for an anxiolytic role for endogenous cannabinoid signaling. J 

Pharmacol Exp Ther 318:304-311. 

Ramesh D, Gamage TF, Vanuytsel T, Owens RA, Abdullah RA, Niphakis MJ, Shea-Donohue T, 

Cravatt BF and Lichtman AH (2013) Dual inhibition of endocannabinoid catabolic enzymes 

produces enhanced antiwithdrawal effects in morphine-dependent mice. 

Neuropsychopharmacology 38:1039-1049. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 21, 2014 as DOI: 10.1124/jpet.114.212753

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #212753 

28 
 

Rubino T, Viganò D, Costa B, Colleoni M and Parolaro D (2008) Loss of Cannabinoid-Stimulated 

Guanosine 5′-O-(3-[35S]Thiotriphosphate) Binding Without Receptor Down-Regulation in Brain 

Regions of Anandamide-Tolerant Rats. Journal of Neurochemistry 75:2478-2484. 

Savinainen JR, Jarvinen T, Laine K and Laitinen JT (2001) Despite substantial degradation, 2-

arachidonoylglycerol is a potent full efficacy agonist mediating CB(1) receptor-dependent G-

protein activation in rat cerebellar membranes. Br J Pharmacol 134:664-672. 

Schlosburg JE, Blankman JL, Long JZ, Nomura DK, Pan B, Kinsey SG, Nguyen PT, Ramesh D, Booker 

L, Burston JJ, Thomas EA, Selley DE, Sim-Selley LJ, Liu QS, Lichtman AH and Cravatt BF 

(2010) Chronic monoacylglycerol lipase blockade causes functional antagonism of the 

endocannabinoid system. Nat Neurosci 13:1113-1119. 

Sciolino NR, Zhou W and Hohmann AG (2011) Enhancement of endocannabinoid signaling with 

JZL184, an inhibitor of the 2-arachidonoylglycerol hydrolyzing enzyme monoacylglycerol 

lipase, produces anxiolytic effects under conditions of high environmental aversiveness in rats. 

Pharmacol Res 64:226-234. 

Sim-Selley LJ and Martin BR (2002) Effect of chronic administration of R-(+)-[2,3-Dihydro-5-methyl-

3-[(morpholinyl)methyl]pyrrolo[1,2,3-de]-1,4-b enzoxazinyl]-(1-naphthalenyl)methanone 

mesylate (WIN55,212-2) or delta(9)-tetrahydrocannabinol on cannabinoid receptor adaptation in 

mice. The Journal of pharmacology and experimental therapeutics 303:36-44. 

Solinas M, Tanda G, Justinova Z, Wertheim CE, Yasar S, Piomelli D, Vadivel SK, Makriyannis A and 

Goldberg SR (2007) The endogenous cannabinoid anandamide produces delta-9-

tetrahydrocannabinol-like discriminative and neurochemical effects that are enhanced by 

inhibition of fatty acid amide hydrolase but not by inhibition of anandamide transport. The 

Journal of pharmacology and experimental therapeutics 321:370-380. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 21, 2014 as DOI: 10.1124/jpet.114.212753

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #212753 

29 
 

Sticht MA, Long JZ, Rock EM, Limebeer CL, Mechoulam R, Cravatt BF and Parker LA (2012) 

Inhibition of monoacylglycerol lipase attenuates vomiting in Suncus murinus and 2-arachidonoyl 

glycerol attenuates nausea in rats. Br J Pharmacol 165:2425-2435. 

Sugiura T, Kodaka T, Nakane S, Miyashita T, Kondo S, Suhara Y, Takayama H, Waku K, Seki C, Baba 

N and Ishima Y (1999) Evidence that the cannabinoid CB1 receptor is a 2-arachidonoylglycerol 

receptor - Structure-activity relationship of 2-arachidonoylglycerol ether-linked analogues, and 

related compounds. Journal of Biological Chemistry 274:2794-2801. 

Sugiura T, Kondo S, Sukagawa A, Nakane S, Shinoda A, Itoh K, Yamashita A and Waku K (1995) 2-

Arachidonoyglycerol:  A possible endogenous cannabinoid receptor ligand in brain. Biochemical 

& Biophysical Research Communications 215:89-97. 

Taschler U, Radner FP, Heier C, Schreiber R, Schweiger M, Schoiswohl G, Preiss-Landl K, Jaeger D, 

Reiter B, Koefeler HC, Wojciechowski J, Theussl C, Penninger JM, Lass A, Haemmerle G, 

Zechner R and Zimmermann R (2011) Monoglyceride lipase deficiency in mice impairs lipolysis 

and attenuates diet-induced insulin resistance. J Biol Chem 286:17467-17477. 

Wise LE, Long KA, Abdullah RA, Long JZ, Cravatt BF and Lichtman AH (2012) Dual fatty acid amide 

hydrolase and monoacylglycerol lipase blockade produces THC-like Morris water maze deficits 

in mice. ACS Chem Neurosci 3:369-378. 

Wu DF, Yang LQ, Goschke A, Stumm R, Brandenburg LO, Liang YJ, Hollt V and Koch T (2008) Role 

of receptor internalization in the agonist-induced desensitization of cannabinoid type 1 receptors. 

J Neurochem 104:1132-1143. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 21, 2014 as DOI: 10.1124/jpet.114.212753

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #212753 

30 
 

Footnotes 
 
Financial support was provided by the National Institutes of Health grants [T32DA007027, 

F31DA026279, F31DA028333, P01DA009789, P01DA017259, P30DA033934, R01DA015197, R01 

DA032933] and a Toni Rosenberg Fellowship. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 21, 2014 as DOI: 10.1124/jpet.114.212753

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #212753 

31 
 

Figure Legends 

Figure 1. Timelines of behaviors elicited by high dose JZL184 (40 mg/kg) in wild type mice (top row) 

and FAAH (-/-) mice (bottom row). Simultaneous FAAH and MAGL blockade produces enhanced 

effects that undergo tolerance following repeated JZL184 administration.  JZL184 increases tail 

withdrawal latency (left column) compared to vehicle, an effect whose magnitude is enhanced and 

prolonged in FAAH (-/-) mice.  Similar enhanced effects are seen in FAAH (-/-) mice in hyper-reflexive 

responses (middle column) and biting responses (right column) when undergoing catalepsy testing in 

the bar test.  All behavioral responses undergo significant tolerance following repeated administration of 

JZL184 for six days.  **p < .01, ***p < 0.001 versus all other treatment groups; n = 8 per group. 

 

Figure 2.  Cross-tolerance to the antinociceptive and hypothermic effects of THC following repeated 

JZL184 administration is independent of FAAH activity.  Mice treated with JZL184 (40 mg/kg) for six 

days no longer show antinociceptive effects in the tail withdrawal test (left column) or decreases in 

body temperature (middle column) following increasing doses of THC.  No cross-tolerance was seen to 

THC-induced catalepsy (right column).  For each behavioral endpoint, FAAH (+/+) mice (top row) 

and FAAH (-/-) mice (bottom row) displayed a  similar pattern of responses to THC.  *p < 0.05, **p < 

0.01, ***p < 0.001 versus vehicle controls; n = 8 per group. 

 

Figure 3. Rimonabant precipitated cannabinoid withdrawal responses following prolonged MAGL 

inhibition, regardless of FAAH blockade.  (A) Rimonabant precipitated paw fluttering behavior in mice 

injected repeatedly with high-dose JZL184 (40 mg/kg), with or repeated treatment of high doses of the 

FAAH inhibitor PF3845 (10 mg/kg) or the dual inhibitor JZL195 (20 mg/kg).  (B) Rimonabant 

precipitated head shakes in mice treated repeatedly with JZL195, only.  (C,D) Repeated JZL184 but not 

repeated vehicle produced similar precipitated paw fluttering response in FAAH (+/+) and (-/-) mice, but 
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did not significantly affect head-shaking behavior in either genotype.  p < .001 versus vehicle controls; n 

= 8-12 per group. 

 

Figure 4.  Effects of acute and repeated administration of JZL184 in FAAH (+/+) and (-/-) mice on 

whole brain (A) AEA and (B) 2-AG levels.  FAAH (-/-) mice had AEA levels that were approximately 

10-fold higher than those of wild type mice, while repeated JZL184 also elevated AEA 2-fold in FAAH 

(+/+) mice.  JZL184 enhanced the brain content of 2-AG in bulk tissue samples about 8-10 fold above 

vehicle-treated mice and the magnitude of this accumulation was further enhanced by repeated JZL184 

administration for six days.  *p < 0.05, ***p < 0.001 versus vehicle controls; †††p < .001 versus 

respective FAAH (+/+) group; #p < .05 versus respective single JZL184 group; n = 8 per group. 

 

Figure 5.   Effects of repeated JZL184 (40 mg/kg, i.p.) and AEA (50 mg/kg, s.c., twice daily) on CB1 

receptor function (A) and endogenous cannabinoid levels (B, C) in whole brain of FAAH (-/-) mice.  

JZL184 elicited a significant decrease in Emax and co-administration of AEA and JZL184 further 

reduced CP-55,940-stimulated [35S]GTPγS  binding.  Repeated JZL184 (40 mg/kg, i.p.) and AEA (50 

mg/kg, s.c., twice daily) administration elevated 2-AG and AEA levels in the whole brain of FAAH (-/-) 

mice. FAAH (-/-) mice showed significantly increased AEA levels compared to wild-type mice treated 

with vehicle. Data presented as mean ± SEM, n = 7 mice per group (each sample in triplicate). A: *p < 

0.5, ** p < 0.01 vs. vehicle; #p < 0.05 vs. JZL184 alone. B, C: **p < 0.01, ***p < 0.001 vs vehicle; ##p 

< 0.01, ###p < 0.001 vs. AEA or JZL184 alone; $$$p < 0.001 vs. wild-type treated with vehicle.  
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