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Abstract

A number of studies have examined the ability of the endogenous cannabinoid anandamide to 

elicit Δ9 -tetrahydrocannabinol (THC)-like subjective effects, as modeled through the THC 

discrimination paradigm. In the present study, we compared transgenic mice lacking fatty acid 

amide hydrolase (FAAH), the enzyme primarily responsible for anandamide catabolism, to 

wildtype counterparts in a THC discrimination procedure. THC (5.6 mg/kg) served as a 

discriminative stimulus in both genotypes, with similar THC dose-response curves between 

groups. Anandamide fully substituted for THC in FAAH knockout, but not wildtype, mice. 

Conversely, the metabolically stable anandamide analog O-1812 fully substituted in both groups, 

but was more potent in knockouts. The CB1 receptor antagonist rimonabant dose-dependently 

attenuated THC generalization in both groups and anandamide substitution in FAAH knockouts. 

Pharmacological inhibition of monoacylglycerol lipase (MAGL), the primary catabolic enzyme 

for the endocannabinoid 2-arachidonoylglycerol (2-AG), with JZL184 resulted in full substitution 

for THC in FAAH knockout mice and nearly full substitution in wildtypes. Quantification of brain 

endocannabinoid levels revealed expected elevations in anandamide in FAAH knockout mice 

compared to wildtypes and equipotent dose-dependent elevations in 2-AG following JZL184 

administration. Dual inhibition of FAAH and MAGL with JZL195 resulted in roughly equipotent 

increases in THC-appropriate responding in both groups. While the notable similarity in THC's 

discriminative stimulus effects across genotype suggests that the increased baseline brain 

anandamide levels (as seen in FAAH knockout mice) do not alter THC's subjective effects, FAAH 

knockout mice are more sensitive to the THC-like effects of pharmacologically induced increases 

in anandamide and MAGL inhibition (e.g., JZL184).
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1. Introduction

The major psychoactive constituent of marijuana, Δ9 -tetrahydrocannabinol (THC; Gaoni 

and Mechoulam 1964), exerts a range of pharmacological effects via activation of the 

endogenous cannabinoid (endocannabinoid) system. This system is comprised of two known 

receptors, cannabinoid type 1 (CB1) and cannabinoid type 2 (CB2), with notable differences 

in their distribution and function. Centrally located CB1 receptors are involved in THC's 

psychoactivity (Wiley et al. 1995), as well as its effects on anxiety (Tambaro and Bortolato 

2012), cognition (Hart et al. 2001), appetite (Kirkham 2009), and other physiological 

processes. A number of endogenous ligands have been identified for the endocannabinoid 

system, including the two best-characterized ligands: N-arachidonoylethanolamine (hereto 

referred as anandamide) and 2-arachidonoylglycerol (2-AG). These important 

neuromodulators are synthesized and released on demand (as opposed to being stored in 

vesicles), and they are short-lived in vivo, with anandamide rapidly degraded predominantly 

by fatty acid amide hydrolase (FAAH; Cravatt et al. 1996), and 2-AG metabolized primarily 

by monoacylglycerol lipase (MAGL; Blankman et al. 2007).

Development of pharmacological and genetic tools for probing the functions of the 

endocannabinoid system has aided understanding of its complex actions. For example, 

pharmacological inhibitors of FAAH (e.g., URB597, PF3845), MAGL (e.g., JZL184, 

KML29), and both enzymes (e.g. JZL195, SA57) have been generated and evaluated, as 

have transgenic mice lacking either of these enzymes (Cravatt et al. 2001; Schlosburg et al. 

2010). Of these two knockout strains, mice lacking FAAH have been better characterized 

and were selected for study in the present set of experiments. FAAH knockout mice possess 

roughly 15-fold higher levels of anandamide than wildtype counterparts and display a 

characteristic set of cannabimimetic responses to anandamide, including antinociception, 

catalepsy, hypomotility, and hypothermia (Cravatt et al. 2001). Further, these mice display a 

hypoalgesic phenotype (Lichtman et al. 2004), and enhanced cognitive impairment in the 

Morris water maze following anandamide or JZL184 treatment (Varvel et al. 2006; Wise et 

al. 2012). FAAH knockout mice have been trained in THC drug discrimination, a 

pharmacologically selective animal model of marijuana's subjective effects (Balster and 

Prescott 1992), but that study did not include characterization of the discrimination or direct 

comparison to THC-trained wildtype mice (Ignatowska-Jankowska et al. 2014). FAAH 

knockout mice (but not wildtype mice) also have been trained to discriminate anandamide 

from vehicle in drug discrimination (Walentiny et al. 2011).

The objectives of this study were to characterize the discriminative stimulus effects of THC 

in FAAH knockout mice compared to wildtype controls, and to determine potential 

phenotypic differences in responding with cannabinoid agonists and endocannabinoid 

metabolic enzyme inhibitors. Specifically, dose-response determinations were conducted 

with THC, anandamide, O-1812 (a metabolically stable anandamide analog; Di Marzo et al. 
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2001), JZL184 (MAGL inhibitor; Long et al. 2009a), and JZL195 (dual FAAH/MAGL 

inhibitor; Long et al. 2009b). Challenge tests with the CB1 receptor antagonist rimonabant 

were conducted when appropriate.

2.0 Material and Methods

2.1. Subjects

Adult male FAAH knockout (-/-; N=16) and wildtype mice (+/+; N=14) on a C57BL/6 

background were derived from heterozygous breeding pairs at Virginia Commonwealth 

University and served as subjects in the THC discrimination study. An additional 23 FAAH 

knockouts and 24 wildtype male mice were used to quantify anandamide and 2-AG levels 

following JZL184 administration. Mice were housed individually in a temperature 

controlled (20-22°C) vivarium on a 12 h light/dark cycle. Mice in the discrimination study 

were maintained at 85-90% of their free-feeding body weights by restricting postsession 

feeding and had ad libitum access to water in their home cage. All methods were approved 

by the Institutional Animal Care and Use Committee at Virginia Commonwealth University 

and adhered to the “Guide for the Care and Use of Laboratory Animals” (National Research 

Council 2003).

2.2. Apparatus

Experimental sessions were conducted in sound- and light-attenuated operant conditioning 

chambers (Med Associates, St. Albans, VT). Each chamber contained two nose-poke 

apertures on the front panel. A recessed food receptacle connected to a pellet hopper was 

centered in between the response apertures. Stimulus lights above each aperture were 

illuminated during experimental sessions. Fans provided ventilation and masking noise. A 

computer running Med-PC software (Med Associates) was used to control session 

parameters and record data.

2.3. Drugs

THC and rimonabant obtained from the National Institute on Drug Abuse (Bethesda, MD) 

and anandamide (Organix Inc., Woburn, MA) were dissolved in a solution of 0.78% 

Tween-80 (Fischer Scientific, Pittsburgh, PA) and 99.22% saline. JZL184 and JZL195 

(provided by Dr. Benjamin Cravatt, The Scripps Research Institute, La Jolla, CA) and 

O-1812 (Organix Inc.) were dissolved in an ethanol, emulphor-620, (Rhone-Poulenc, Inc., 

Princeton, NJ) and saline mixture at a ratio of 1:1:18. THC, anandamide, and O-1812 were 

administered s.c. 30 min prior to the session. JZL184 and JZL195 were administered i.p. 2 h 

presession. For antagonism tests, rimonabant was administered i.p. 10 min before treatment 

with the respective agonist/enzyme inhibitor. All drugs were administered at a volume of 10 

ml/kg. Doses were administered in ascending order.

2.4. Discrimination Procedure

Mice were prompted to initiate nose poke behavior in an overnight operant session, during 

which each response on either aperture resulted in delivery of a 14 mg sweetened pellet 

(Bio-Serv, Frenchtown, NJ). Next, fixed ratio requirements were systematically increased 

during daily training sessions (15 min) until each subject was required to respond 10 times 
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consecutively (i.e., fixed ratio 10; FR10) to receive a food pellet. Reliable responding on an 

FR10 schedule was obtained on both apertures before proceeding to discrimination training.

For discrimination training, drug and vehicle apertures (i.e., left or right) were randomly 

assigned to each subject. During sixteen daily training sessions, subjects were administered 

5.6 mg/kg THC or vehicle according to a double alternation sequence of drug delivery (i.e., 

DDVVDDVV…). Responses during these training sessions were restricted to the condition-

appropriate aperture (i.e., were errorless) by inserting a rubber stopper into the inactive 

aperture.

Following errorless training, the double alternation sequence of drug and vehicle 

administration continued and subjects were allowed to respond on either aperture. However, 

only responses on the condition-appropriate aperture resulted in the delivery of 

reinforcement according to the FR10 schedule. A response on the incorrect aperture reset the 

counter on the condition-appropriate aperture. During these training sessions, three criteria 

were used as indices of successful acquisition of the task: 1) first completed ratio on the 

condition-appropriate aperture, 2) ≥ 80% of total responses made on the condition-

appropriate aperture, and 3) response rate ≥ 10 responses/min. Testing began once a subject 

met all three of these criteria during 7 out of 8 consecutive training sessions.

During testing, session parameters were identical to training sessions, except that responses 

on either aperture resulted in reinforcement presentation according to an FR10 schedule. 

Prior to the initiation of each dose-response evaluation, control tests were conducted with 

the training drug and vehicle to demonstrate stimulus control. Tests were conducted up to 

twice per week, provided subjects met the three training criteria described above during the 

most recent training sessions with THC and vehicle. A minimum 72 h washout period was 

implemented between test sessions for most compounds, and test sessions with JZL184 or 

JZL195 were conducted at least one week apart due to their longer half-lives.

First, a THC dose-effect determination was conducted in all subjects, followed by a 

rimonabant challenge against the THC training dose. Next, systemic anandamide and its 

metabolically stable analog O-1812 were assessed for their ability to produce THC-like 

discriminative stimulus effects in each genotype. Rimonabant challenge against 10 mg/kg 

anandamide was assessed in FAAH knockout mice, but not in FAAH wildtype mice. Lastly, 

we determined whether either MAGL inhibition (JZL184) or dual inhibition of MAGL and 

FAAH (JZL195) would result in substitution for THC's discriminative stimulus. Rimonabant 

antagonism of the effects of 40 mg/kg JZL195 was also evaluated.

2.5. Quantification of Brain Concentrations of 2-AG and Anandamide

Adult male FAAH knockout and wildtype mice were injected i.p. with vehicle (1:1:18) or 

JZL184 (3-30 mg/kg) two hours before decapitation. After decapitation, the cerebellum was 

harvested and rapidly cooled by immersion in liquid nitrogen. Tissue was stored at -80°C 

until use. Anandamide and 2-AG were then extracted using a methanol/chloroform 

extraction (Burston et al. 2008; Hardison et al. 2006). Samples were homogenized on ice in 

2 mL chloroform: methanol (2:1, v/v). The internal standards, 1 pmol anandamide-d8 and 2 

nmol 2-AG-d8, were added to each sample, calibrator or control. Samples were mixed and 
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centrifuged after the addition of 0.2 mL of a 0.73% sodium chloride solution. The 

chloroform was collected and evaporated to dryness with nitrogen. The extracts were 

reconstituted with 100 μL methanol and placed in autosampler vials for analysis. The 

injection volume was 20 μL and the auto sampler temperature was set at 5°C. The 

chromatographic separation of anandamide and 2-AG was performed on a Discovery® HS 

C18 column 15cm × 2.1mm, 3μm (Supelco: Bellefonte, PA) kept at 40°C. The mobile phase 

was 10% water with 1g/L ammonium acetate and 0.1% formic acid, and 90% methanol with 

1g/L ammonium acetate and 0.1% formic acid. The flow rate was 0.3 mL/min. The 

following transition ions (m/z) were monitored in positive multiple reaction monitoring 

(MRM) mode: anandamide, 348>62 & 348>91; anandamide-d8, 356>62; 2-AG, 379>287 & 

279>269; and 2-AG, 387>296. Total run time was 10 min.

2.6. Data analysis

The percentage of responses made on the THC-paired aperture for each subject was 

calculated. Full substitution for THC was defined as ≥ 80% THC-appropriate responding. 

ED50 values (and 95% confidence intervals) were calculated for drugs that fully substituted 

for THC using least squares linear regression. Response rates were expressed as responses 

per min. Response rates (for all compounds) and % THC-appropriate responding (for 

rimonabant and THC combination tests) were analysed using split-plot analysis of variance 

(ANOVA), with genotype as the between subjects variable and dose as the within subjects 

variable. Rimonabant antagonism of anandamide in FAAH knockout mice was analysed 

with repeated measures ANOVA across dose. Brain levels of anandamide and 2-AG after 

JZL184 administration were analysed via factorial (genotype × dose) between-subjects 

ANOVA. For all ANOVAs, significant main effects and/or interactions were further 

evaluated with Tukey's post hoc tests (α=0.05). Discrimination data for subjects that made 

fewer than 10 responses during a test session for a particular dose were excluded from 

analysis, but the corresponding response rate data were included.

3. Results

Thirteen FAAH knockout and eleven wildtype mice met training criteria in a mean (± SEM) 

of 22.6 (± 1.6) and 25.2 (± 2.5) sessions, respectively, with no significant difference in the 

number of trials required to meet training criteria, t(22)=0.87, p< 0.05. Control tests were 

conducted with vehicle and with the 5.6 mg/kg THC training dose prior to each dose-effect 

curve determination (left side of panels A-D in Figure 1 and panels A, B, E and F in Figure 

2). In each case, THC produced responding primarily on the THC-associated aperture 

whereas vehicle engendered responding primarily on the other aperture. While mean 

response rates during control tests shown in Figure 2 were similar across test and genotype, 

mean response rates during control tests shown in Figure 1 exhibited more variability. This 

variability was more noted in control tests conducted across dose-effect curves rather than 

within the set of dose-effect data for each test compound. The reason for this unusual 

variability in the control response rate data is unclear; however, given the predominance of 

responding on the injection-appropriate aperture during control tests for each compound, 

choice behavior does not appear to have been affected.
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A dose-response assessment with THC revealed full, dose-dependent generalization to the 

training dose in both wildtype (Figure 1A) and FAAH knockout (Figure 1B) mice. Further, 

potency for generalization was similar across genotype (Table 1). THC did not decrease 

response rates (compared to vehicle) in either genotype (Figure 1C and 1D).

Similar to THC, O-1812 also elicited full, dose-dependent substitution for THC in wildtype 

(Figure 1A) and FAAH knockout mice (Figure 1B) without significant effect on response 

rates in either genotype (Figure 1C and 1D). Potency for substitution was approximately 2-

fold greater in FAAH knockout (vs. wildtype) mice (Table 1). In addition, O-1812 was more 

potent than THC in both genotypes (Table 1).

Not unexpectedly, the greatest divergence of results across genotypes was for anandamide. 

Whereas FAAH knockout mice exhibited full, dose-dependent substitution for THC when 

dosed with anandamide (Figure 1A), anandamide-treated wildtype mice responded primarily 

on the vehicle-associated aperture (Figure 1B). In FAAH knockout mice, anandamide was 

approximately 3 times less potent than THC (Table 1). Despite the dramatic difference in 

substitution, decreases in response rates were observed in both genotypes with the 30 mg/kg 

anandamide dose (Figure 1C and 1D) [main effect of dose: F(5,100)=16.11, p< 0.05].

Challenge tests with the CB1 receptor antagonist rimonabant and the training dose (5.6 

mg/kg) of THC resulted in dose-dependent decreases in THC-appropriate responding in both 

genotypes, as compared to injections with rimonabant vehicle and 5.6 mg/kg THC (Figure 

1E) [main effect of dose: F(5,100)=45.85, p< 0.05]. Similarly, rimonabant (1 mg/kg) 

decreased substitution of anandamide (10 mg/kg) for THC in FAAH knockout mice 

[F(4,16)=7.55, p< 0.05]. Response rates were also reduced in both genotypes at the highest 

rimonabant dose tested (1 mg/kg; Figure 1F) [main effect of dose: F(5,100)=18.11, p< 0.05]. 

When administered in combination with vehicle, 1 mg/kg rimonabant significantly reduced 

response rates and did not substitute for THC (data not shown).

Figure 2 shows the results of substitution tests with the MAGL inhibitor JZL184. In FAAH 

knockout mice, JZL184 produced dose-dependent increases in THC-appropriate responding, 

with full substitution at the 40 mg/kg dose (Figure 2A) and an ED50 of 4.5 mg/kg (Table 1). 

In contrast, JZL184 produced a maximum of approximately 50% responding on the THC-

appropriate aperture in the wildtype mice at doses up to 40 mg/kg. Hence, JZL184 was 

almost 10 times less potent in wildtype mice. These effects occurred in the absence of 

significant suppressant effects on response rates in either genotype (Figure 2B).

Measurement of endocannabinoid concentrations in the brains of separate mice revealed that 

doses of 3 and 30 mg/kg JZL184 increased 2-AG concentrations in both genotypes (Figure 

2C) [main effect of dose: F(3,39)=80.69, p< 0.05]. Consistent with the absence of FAAH in 

the knockout mice, anandamide concentrations were significantly higher compared to 

wildtype mice (Figure 2D) [interaction: F(3,39)=3.89, p< 0.05]. JZL184 did not affect 

concentrations of anandamide in the brains of either genotype compared to vehicle.

In a previous study (Long et al. 2009b), we demonstrated that the dual FAAH/MAGL 

inhibitor JZL195 (40 mg/kg) produced full substitution for THC in wildtype mice and that 

this effect was blocked by rimonabant (Figure 2E). Here, we report that JZL195 also 
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approaches full substitution (approximately 74 % THC-appropriate responding at the 40 

mg/kg dose) in FAAH knockout mice, with rimonabant (3 mg/kg) reversal (Figure 2E). 

Potency was slightly higher in wildtype mice (Table 1). Response rates were not affected by 

either dose of JZL195. Limited supply of the compound prevented testing of additional 

doses.

4. Discussion

The present study is one in a series of studies conducted in our lab that were designed, in 

part, to examine the role of endocannabinoids in THC's discriminative stimulus effects 

(Ignatowska-Jankowska et al. 2014; Vann et al. 2012; Walentiny et al. 2011; Wiley et al. 

2014). In this study, a combination of genetically altered mice (FAAH knockout and 

widltype) and pharmacological probes (THC, anandamide, O-1812, JZL184, JZL195) were 

used to manipulate brain levels of anandamide and/or 2-AG. Because FAAH knockout mice 

lack the primary enzyme that normally metabolizes anandamide, their brain anandamide 

concentrations substantially exceed those of wildtype mice (present study; Cravatt et al. 

2001). Despite this difference, mice in both genotypes learned the THC discrimination task 

within a similar time frame. Further, analysis of their THC dose-effect curves revealed full 

dose-dependent substitution with approximately equal potencies. While results with THC in 

wildtype mice represent a systematic replication of previous experiments in which THC 

served as an effective discriminative stimulus in C57/BL6 mice (Brents et al. 2013; 

McMahon et al. 2008; Vann et al. 2009; Wiley et al. 2013), this study is the first to report 

successful training of THC discrimination in FAAH knockout mice, thus allowing direct 

comparisons across genotype. As demonstrated previously in wildtype mice (McMahon et 

al. 2008; Vann et al. 2009), CB1 receptor mediation of THC's discriminative stimulus in 

both genotypes was indicated by the observed dose-dependent attenuation produced by 

rimonabant pretreatment. Together, these findings demonstrate that differences in 

endogenous brain anandamide concentration (e.g., FAAH knockout vs. wildtype mice) do 

not affect the efficacy or potency of THC as a discriminative stimulus under the present 

experimental parameters.

Evaluation of the role of anandamide in THC's discriminative stimulus effects was 

accomplished by substitution tests with anandamide and with O-1812, a metabolically stable 

anandamide analog. As might be expected, anandamide fully and dose-dependently 

substituted for THC in mice lacking FAAH, but it failed to substitute in wildtype mice even 

at a behaviorally active dose that suppressed overall responding. Similarly, most previous 

studies have shown that anandamide failed to substitute in rats and wildtype mice trained to 

discriminate THC from vehicle (Järbe et al. 2001; Vann et al. 2009; Wiley et al. 1998) 

unless it was accompanied by an inhibitor of FAAH (Solinas et al. 2007b; Stewart and 

McMahon 2011; Vann et al. 2009). Further, injection with a FAAH inhibitor (e.g., PF3845, 

URB 597) in the absence of co-administration of anandamide did not produce THC-like 

effects in rodents trained to discriminate THC (Solinas et al. 2007b; Wiley et al. 2014) nor 

did anandamide alone serve as a discriminative stimulus in rats (Wiley 1999). In contrast, 

FAAH knockout mice were readily trained to discriminate anandamide from vehicle, with 

full dose-dependent substitution of anandamide and cross-substitution of THC (Walentiny et 

al. 2011). Rimonabant reversal of the discriminative stimulus effects of anandamide in 
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anandamide-and THC-trained FAAH knockout mice indicates CB1 receptor mediation of 

anandamide substitution for itself (Walentiny et al. 2011) and its cross-substitution for THC 

(present study). Together, these results suggest that anandamide-induced stimulation of CB1 

receptors produces THC-like discriminative stimulus effects, but only at brain 

concentrations much higher than normal physiological levels; i.e., endogenous levels must 

be enhanced by exogenous administration of anandamide and rapid degradation of this 

anandamide must be prevented by genetic deletion of FAAH or by co-administration of a 

FAAH inhibitor.

This hypothesis receives additional support from results of substitution tests with 

metabolically stable anandamide analogs in animals trained to discriminate THC from 

vehicle. A variety of these analogs with good affinity for the CB1 receptor have been shown 

to produce THC-like discriminative stimulus effects in several species (Järbe et al. 2001; 

Stewart and McMahon 2011; Wiley et al. 1997; Wiley et al. 2004). Further, several of these 

analogs have been trained as discriminative stimuli, with substitution and cross-substitution 

with THC as the typically observed pattern (Järbe et al. 2009; Järbe et al. 2001; Wiley et al. 

2004; Wiley et al. 2011). Consistent with these previous results, O-1812 fully and dose-

dependently substituted for THC in both groups of mice, showing greater potency than 

anandamide in FAAH knockout mice and compared to THC in mice of both genotypes. 

Notably, however, O-1812 was roughly twice as potent in FAAH knockout (vs. wildtype) 

mice, suggesting that increased anandamide present in the brains of FAAH knockout mice 

may have enhanced sensitivity to the THC-like effects of O-1812. Although rimonabant 

reversal of O-1812 was not attempted in the present study, previous studies have shown that 

the cannabinoid discriminative stimulus effects of O-1812 and other anandamide analogs 

were blocked by rimonabant (Wiley et al. 2004; Wiley et al. 2011).

Following completion of tests with anandamide and O-1812, evaluation of the role of 2-AG 

in THC's discriminative stimulus effects was initiated. To this end, the MAGL inhibitor 

JZL184 and the dual FAAH / MAGL inhibitor JZL195 were tested for substitution in THC-

discriminating mice of each genotype. In both FAAH knockout and wildtype mice, JZL184 

dose dependently increased responding on the THC-associated aperture, an effect that was 

rimonabant reversible in wildtype mice (Wiley et al. 2014). JZL184 concomitantly elevated 

brain 2-AG concentrations in both genotypes. While these results seem to suggest that 

blocking the metabolism of endogenous 2-AG provides sufficient stimulation of CB1 

receptors to engender THC-like responding, several findings argue against this hypothesis. 

First, full substitution occurred only in the FAAH knockout mice, not in the wildtype mice, 

despite nearly equal increases in JZL184-induced 2-AG concentrations in the brain. Second, 

other 2-AG inhibitors [N-arachidonyl maleimide (NAM), KML 29] failed to engender 

substantial responding on the THC lever in wildtype mice trained to discriminate THC from 

vehicle (Ignatowska-Jankowska et al. 2014; Wiley et al. 2014). Co-administration of NAM 

with exogenous 2-AG also did not produce substitution for THC (Wiley et al. 2014). Hence, 

the ability of increased endogenous 2-AG alone to produce THC-like discriminative 

stimulus effects is still unclear. On the other hand, results from this and other studies suggest 

increased endogenous brain concentrations of both major endocannabinoids (i.e., 2-AG and 

anandamide) may be sufficient to elicit THC-like subjective state. For example, the 2-AG 
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metabolic inhibitor JZL184 fully substituted in mice with high brain concentrations of 

anandamide (i.e., FAAH knockout mice). Further, dual pharmacological inhibition of the 

metabolism of 2-AG and anandamide (i.e., JZL195) produced full (84%) or nearly full 

(74%) substitution for THC in wildtype and FAAH knockout mice, respectively, as did 

coadministration of JZL184 and the FAAH inhibitor URB597 in rats (Wiley et al. 2014). 

Together, these data suggest that MAGL inhibition alone has the potential to elicit mild to 

moderate cannabimimetic effects, with a greater propensity to produce THC-like 

psychoactivity when interfering with the major metabolic processes for anandamide and 2-

AG degradation. If its metabolism by FAAH is inhibited, anandamide alone also can 

produce THC-like discriminative stimulus effects, but only when the brain is flooded by 

exogenous pharmacological (vs. endogenous physiological) concentrations.

In summary, to the extent that the present results may apply to humans, they suggest that 

both anandamide and 2-AG may be capable of mimicking the subjective effects of 

marijuana to varying extents. Consequently, balancing desired therapeutic outcomes with 

potential abuse-related effects will be of considerable importance to endocannabinoid-based 

medication development efforts. Based upon the results showing increased sensitivity of 

FAAH knockout (vs. wildtype) mice to several of the test compounds, any drug 

development effort will also need to take into account the genetic vulnerability of certain 

populations to substance abuse. For example, a single nucleotide polymorphism observed in 

the gene encoding FAAH (385C→A) is correlated with a higher likelihood of street drug 

use and adverse drug and/or alcohol use (Sipe et al. 2002). While this polymorphism is not 

associated with alterations in FAAH catabolism (Sipe et al. 2002), it may play a role in 

withdrawal-related effects in chronic marijuana users (Schacht et al. 2009). Given the 

observed interplay between the endocannabinoid system and other drugs of abuse 

(Beardsley et al. 2009; Solinas and Goldberg 2005; Solinas et al. 2007a), alterations in 

FAAH activity may confer functional changes to an individual's response to marijuana or 

other drugs of abuse, though this hypothesis will require further rigorous testing.
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Highlights

• THC served as a discriminative stimulus in FAAH knockout and wildtype mice.

• The THC dose-response curve was similar in both genotypes.

• Anandamide substituted for THC in knockout mice only.

• MAGL inhibition promoted higher levels of THC-like responding in FAAH 

knockouts.

• Dual inhibition of FAAH and MAGL produced THC-like responding.
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Figure 1. 
Panels A and B show the effects of THC (filled squares), anandamide (AEA; unfilled 

squares), and O-1812 (unfilled circles) on % THC-aperture responding in FAAH wild type 

(+/+; panel A) and knockout (-/-; panel B) mice trained to discriminate 5.6 mg/kg THC vs. 

vehicle. Response rates for each genotype (responses/min on both apertures) are shown in 

corresponding bottom panels (panels C and D, respectively). In panels A-D, points above 

VEH and THC represent the results of control tests with vehicle and THC, respectively, on 

% THC-aperture responding (panels A and B) and response rates (panels C and D) 

conducted prior to the dose-effect curve determination for each test compound. The 

rightmost panels show the effects of 5.6 mg/kg THC in combination with vehicle and with 

increasing doses of rimonabant (0.1 – 1 mg/kg) on % THC-appropriate responding (panel E) 

and response rates (panel F) in FAAH knockout and wildtype mice. Also shown in these 

panels are the effects of 10 mg/kg anandamide in combination with vehicle and with 

increasing doses of rimonabant (0.1 – 1 mg/kg) on the same measures (right side of panels E 

and F, respectively). Values represent the mean (±S.E.M.) of data from 13 FAAH knockout 

mice for THC, THC/rimonabant combination, and anandamide tests and 6 FAAH knockout 

mice for O-1812 tests. Values represent the mean (±S.E.M.) of data from 9-11 wildtype 

mice for THC, THC/rimonabant combination, and anandamide tests and 7-8 wildtype mice 

for O-1812 tests. Number signs (#) designate a significant main effect of dose across 

genotypes (p< 0.05) and subsequent Tukey post hoc determination of a significant decrease 

in THC-appropriate responding or response rate compared to mean responding during the 

vehicle control test.
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Figure 2. 
Panel A shows the effects of MAGL inhibitor JZL184 (administered alone) on % THC-

aperture responding in FAAH knockout (unfilled circles) and wildtype (filled circles) mice 

trained to discriminate 5.6 mg/kg THC vs. vehicle. Panel B shows the response rates for 

each genotype during these tests. The middle panels show concentrations of 2-AG (panel C) 

and anandamide (panel D) in the brains of FAAH knockout and wildtype mice following a 

single injection with vehicle or JZL184 (N=5-6 per group). Panels E and F show the effects 

of the dual MAGL/FAAH inhibitor JZL195 (administered alone) on % THC-appropriate 

responding and response rates, respectively, in FAAH knockout (unfilled circles) and 

wildtype (filled circles) mice. Results of combination tests of 40 mg/kg JZL195 and 3 mg/kg 

rimonabant on % THC-appropriate responding (panel E) and response rates (panel F) in 

FAAH knockout (unfilled triangles) and wildtype (filled triangles) are also shown. Points 

above VEH and THC (panels A, B, E, and F) represent the results of control tests with 

vehicle and THC, respectively, conducted prior to the dose-effect curve determination for 

each test compound. Values in the drug discrimination graphs represent the mean (±S.E.M.) 

of data from 6 FAAH knockout mice and 6-7 wildtype mice. Number signs (#) designate a 

significant main effect of dose across genotype (p< 0.05) and subsequent Tukey post hoc 

determination of a significant increase in 2-AG concentrations in the brain. Asterisks (*) 

designate a significant genotype × dose interaction (p< 0.05) and Tukey post hoc 

determination of a significant increase in anandamide concentrations in the brain of FAAH 

knockout mice compared to wildtype mice at the same JZL195 dose.
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Table 1
Cannabinoid potencies in FAAH wildtype and FAAH knockout mice trained to 
discriminate 5.6 mg/kg THC from vehicle

Compound
ED50 (95% confidence limits)

FAAH wildtype FAAH knockout

THC 1.2 mg/kg (0.9 - 1.5) 1.2 mg/kg (1.0 – 1.4)

Anandamide No substitution 4.0 mg/kg (3.3 – 4.9)

O-1812 0.33 mg/kg (0.24 - 0.43) 0.17 mg/kg (0.12 – 0.23)

JZL184 ∼ 40 mg/kg 4.5 mg/kg (2.72 - 7.42)

JZL195 25.4 mg/kg (21.7 - 29.7) ∼ 20 mg/kg
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